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Abstract

Tamoxifen, an aryl containing tetrasubstituted olefin, is an essential drug used to treat
breast cancer. Despite its clinical success, intraindividual differences in plasma
concentration of non-therapeutic metabolites can cause variation in tamoxifen’s
efficacy and could contribute to acquired tamoxifen resistance. One approach to
address this issue includes the introduction of a benzene bioisostere that has an
improved metabolic stability. An example of a C(sp°)-rich benzene bioisostere that may
offer improved metabolic stability is cubane, a highly strained cage structure first
synthesised by Eaton and Cole. Consequently, in this thesis, we aimed to synthesise
cubane derivatives of tamoxifen as a method to improve its metabolic profile. Several
synthetic strategies were explored to construct a tetrasubstituted olefin bearing a
cubane scaffold, ultimately leading to the successful preparation of a cubane-

containing derivative of tamoxifen.

In addition, bioisosteric replacement of benzene for cubane in pharmaceuticals has
primarily been used to mimic terminal or para-substituted benzene rings, arising from
the lack of general synthetic methods for the functionalisation of cubane. Given the
prevalence of phenols in pharmaceuticals, it is noteworthy that synthetic routes to
cubanols are virtually unknown. We postulated that the Bayer-Villiger rearrangement of
cubane ketones, with a subsequent ester hydrolysis, could readily provide access to
functionalised cubanols for applications in medicinal chemistry. Initially, we
determined how steric and electronic factors influence the migratory aptitude of
functionalised cubanes. We also demonstrate the synthetic utility of the hydrolysis of
cubyl acetates to yield cubanols; this strategy was successfully applied to two

analogues of the biologically active compound resveratrol.



Acknowledgements

I would like to thank my supervisor Matthew for all the support and guidance during my
PhD. | am grateful for you providing an environment that allowed me to try new things
and for helping me develop greater confidence in my own abilities. | have thoroughly
enjoyed being a member of your research group. | would also like to thank my second

supervisor lan, for your feedback and support.

To Pawan, | am grateful for all your help, laughter and advice along the way. To Brandon,

Tim, Annika and Marong, thank you for your friendship and well needed coffee breaks.

I would like to thank my mum, dad, sister and grandparents for their constant support,
encouragement and late-night calls. To my partner Louise, thank you for being my
constant over the last decade, your endless support during the stressful moments and

the countless hours spent on GWR trains coming to Cardiff.

Lastly, thank you to the EPSRC for the funding my PhD.



Table of Contents

YAV o] 1 - Lo PPN i
W AVod o) T = To f= =T 0 1 1= g 1 £ S PR PSRt ]
L] o] o) = {0 4= PP v
TADIE OF TADIES. ...ttt ettt e e e et e e e e e e e e e s e eaaaessneaaaaanens vii
TADIE OF SCREIMES ..ottt et e e e e e e e e e e e et e s et s e eaaaaanens viii
ADDIEVIATIONS .cueeeeeeeei ettt et e e e e e e e et e e e e e s s eaaaesnsaaaassnsaenasnenaens Xii
(051 o) (=Tl I g 14 oo (U o] 1 o] o PP 1
Y B E- T 0103 (=Y o I PP 1
I I B Y1 o VT PR 1
1.1.2 Mechanism of action of tamoOXifeN .....ceiniiii e 4
1.1.3 Acquired TamoOXIfEN FE€SISTANCE c.uiuiii i et e e e e e e e e e eans 10
1.2 BENZENE DIOISOSTEIES ..uenenieiiiiiiiiieiiei ettt ettt ettt e et e e e ee s s eae s s saaaaaasnsaaaasnenaans 16
I B F Yo 1] =] - S PPt 17
IV T o1 1< o £ =] T TP PPt 17
1.2.2.1 ClasSiCal DiOISOSTEIES ..uuiiuiiiiiieiiie ettt ettt e et e et e eae et et eeneeeneeneannns 18
1.2.2.2 Benzene Non-classiCal DiOiSOSIEIES . ....vuuiiuiiieiieeiieeii ettt ete et eeae e e eeneeaans 20

1.3 Benzene bioisosteric replacement in (Z)-tamoXifen ........ceveeeiuiiiiiiiiiiiiiiiiieinennnns 34
1.4 AIiM OF tNE PIOJECT ...ttt ettt e et e e e e e eae s s eaete s saaaaasnsranasnenaans 37
Chapter 2 Synthesis of CUBYI-tamMOXIfEN .........c..vuiiiiiiiiiiiiiie e ae s 38
2.1 [ [a14goTe (¥ o34 o] s FOT PPt 38
2.1.1 Routes towards (Z2)-1amoOXifen ... 38
2.1.2 Routes towards alkenylcubanes ... 39
2.2 RESUILS QNG QISCUSSION....c..eiiiiiii ittt ee e e e e e e e ae e e eaaaaanenaans 42
2.2.1 Route 1: MCMUITY @pPrOaCh .. c.ee et e e e e e e e e eas 42
2,277 LITEIATUIE . eeeieieeiei et ettt e et et et e et e et e et e et et eaueennaenneannsannsanssennsennsanseesnsennsssnneens 42
2.2.7.2 OUI WOTK ettt ettt et ettt et et e et e et e et e et et etaatanetusaensetnnsensrenssenssenssennsenseennsennssnnnenns 45
2.2.2 Route 2: Organometallic approach .......ceeuveuiiiiiiiiiiir e e 55
2.2.2.7 LI BIatUI . ceu it eii et et ettt et et et et e et e et e et e et etaneaueeausetnneannaennsanssennsennsenseesnsennssnneenns 55
2.2.2.2 OUNWOTK 1ttt ettt et e et e et e et e et et e eta et eauesenesannsannsannsanneennsannssnnneens 58
2.2.3 Route 3: Cross-coupling appProach .....cuuveuiieiiiriieiie it ete et ere e seeenseneeaees 81
2.2.3.7 LI BIatUIE . ceueiiieie et ettt et ettt et e et e et e et e et et et eanseaneeannsannsannsannsennsanneennsennsssnnenns 81
2.2.3.2 OUINWOTK 1ttt ettt et et et e et e et e et et e eeaetaeetuneanesanesannsannsanneennsannssnnneens 84
2.2.4 Route 4: Horner-Wadsworth-Emmons approach....c.ceeeiiiciiiiiiiiiiciicceeec e, 91
2.2.4.1 Literature and retrosynthetiC @analySis ....ccuoiiiiiiiiiiii e e e e e 91
2.2.4.2 OUINWOTK 1ttt ettt e et et e et e et e et et e eta et eaueeanesanssannsannsanneennsesnssnnnenns 93

2.3 o = 1 ST OTRPRPPP PR 109
Chapter 3 Baeyer-Villiger oxidation of CUDYLKETONES ......ccceuiuiiviiiiiiiiiiiiiiiiiiiiinieeenns 113



ST I 0} /(0 Yo 13 103 1 [0 o HF S 113

T Iy B 0 o} (=)« PRt 113
3.1.2 The Baeyer-Villiger OXidation. . ..o et ee e e eaae 116

R T IR I\ 1= Yod o T Y 1 1< o [PPSR 119
3.1.4 Primary and secondary stereoelectronic effects ......coovviiiieiiiiiiiiiiiiiiinc e, 123
3.1.5 Migratory aptituUde trendS ...t 129
3.1.6 Impact of reagent SELECTION . .....ccui i e e e 136
3.1.7 Migratory aptitude of strained hydrocarbons .........coi i 137
3.2 RESUILS @NA QISCUSSION c..eueniiiiiiiiiiiie ittt ettt e e e e e ee e et e aeae s saeaesaensaeaaananns 142
3.2.1 Preparation of substrate for BV optimisation studies .......c.cccveiiiiiiiiiiiiiiiinninienenen. 142
3.2.2 Baeyer-Villiger optimisSation .......c.oee e e e 145
3.2.3 18] oF] 6= (oI oT 0] o1 151
3.2.3.1 Migratory aptitude Of CUDANE ... .c..iiuiiiiiei e et et et e et eeeeeaeeennee 151
3.2.3.2 Effect of cubyl substituents on cubyl migratory aptitude ..........c.eeeeriiiriiiiiiriiiniieeieeennns 155

3.3 SUDSIrate SCOPE SYNENESIS . ..cuiuiiiiiiiiiiii ittt et e e e e e ae e e eae s e eaeaaananns 160
3.3.1 Synthesis of 4-phenyl substituted cubyl ketones..........ccooviiiiiiiiiiiiiiiireens 160
3.3.2 Synthesis of the 4-substituted cubyl j-propyl ketones ........ccccceviieiiiiiiiiiiiiiiiiinenenns 161
3.3.2.1 Trimethylsilyl substituted BV substrate (3.9718): ccuuiieiiiiiiiiiie et eeeeeaeee 161
3.3.2.2 Mono-substituted BV substrate (3.91h): ... 166
3.3.2.3 Alkyl substituted BV sUbStrate (3.971) . et et e e aans 167
3.3.2.4 Amide substituted BV substrate (3.97)): cuuiuuiiiiiiiii e 169
3.3.2.5 Bromo substituted BV substrate (3.9TK): . .ceuiiniiiii e 170
3.3.2.6 Fluoro substituted BV substrate (3.911): c..un ettt aans 171

Bel SUMIMIAIY ..ttt ettt et et e et e e e e e et e s e e aeae s s eaeaesnstanesensaenasnenns 177
Chapter4 (017 o -] 4 Lo ] FOT PPN 178
T/ I I oY Vg0 To [¥ o3 [0 s FR PP 178
4.2, RESUIE QNG QISCUSSION . .cueneiiiiiiiiee ittt ettt tertereeteneenseasensenesnsseeneeneens 182
4.2.1 HydrolySis OptimiSation ...u.ee e ee et e e e e e e e e e e e sa e eaaanenaans 182
4.2.2 Application to complex molecule SYNthesSiS.....ccciuiiiiiiiiiiiii e eeaes 186
4.2.2.1 Overview of CUDYL-reSVEratrol .......cue et e e e e ae e e e e e 186
4.2.2.2 Synthesis Of CUDYL-rESVEIatrol.......cuniuniiiiiiei e e e e e e e 187

5.1 GeNEralinfOrmMaAtiON .......cu.eueuieiiiiiiie ettt e e e e e e e e e e e eaaeaanenns 196
5.2 Chapter 2 eXPerimeENTal.........cueeiieiiiiiiiee et e e e e e e aeaaaenns 197
5.2. 1 Route 1: MCMUITY @PPrOACKH ... i it e e e e e e e e e e e ees 197
5.2.1.1 Synthesis of (Z/E)-tamoXifEN (1.7) cuueueiiiiiieiieiee e e et e e e e e et e et e e e anaanns 197
5.2.1.2 Synthesis towards (Z/E)-cubyl-tamoxifen (1.18).....ceiuiiuiiiiiiiiiiieeec e eens 201
5.2.2 Route 2: OrganometalliC approacCh.....cicuiiiiiiiiiiiiee e e ee e e eees 206
5.2.2.1 Synthesis towards (Z/E)-cubyl-tamoxXifen (1.17) ...t eens 206
5.2.2.2 Synthesis of (Z/E)-tamoXifEN (1.7) cuueuieiiiiieiieiie et e et e ee e e e e e et e e e aaaanns 212
5.2.2.3 Synthesis towards (Z/E)-cubyl-tamoxifen (1.18).....c.eeuiieiiiiiiiiiieeeece e eans 216
5.2.3 Route 3: Cross-coupling approacCh ......icuiiiieiieiiir ettt e e e e e e e eens 218



5.2.3.1 Synthesis of methyl (2)-4-(1-(4-methoxyphenyl)-2-phenylbut-1-en-1-yl)cubane-1-carboxylate

(02215 PRSP RPPTPR PPN 218
5.2.4 Route 4: Horner-Wadsworth-EMMONS ......cuieeiiiiiii e e 222
5.2.4.1 Synthesis towards (Z/E)-cubyl-tamoxifen (1.18).....ceeuiiuiiiiiiiii et eens 222
5.2.4.2 Synthesis towards (Z/E)-tamoXifen (1.7) ... ieiiiiiiiie et e e e e e e e e anns 224
5.2.4.3 Synthesis towards (Z/E)-cubyl-tamoxXifen (1.17) ...t eeeens 226
LI o3 Mo - 3 P PP PP PP PPPRPRRt 231
5.2.5. 1 HPLC METNOGS . ittt ettt et e e et et e et e eaeea e et e esaeansaanneennsanaennns 231
5.2.5.2 L0g P calibration PLOT ....eue ittt et e et e e e e e et e ee e et e ea e et e e eaaaannas 231
5.3 Chapter 3 eXpPerimeEntal..........couiuiiieiiiiiiiiiiiie ittt e e e te e e e re e eaeeeanenaans 232
5.3.1 Synthesis of Baeyer-Villiger oxidation sUbSTrates......ccc.covvvivieiiiiiiiiiiiiiieiie e, 232
5.3.1.1 SyYNThESIS Of 3.0 AT . it e e e e e e e e eae e e e re et s e e anaanns 232
T TN B Y 14 T T T o e TR = PP PTPRPPRR 239
5.3.1.3 SYNThESiS Of S.0T T et et et e e e e e et et e ae et e e e aaanns 245
LT T I Y g LTS [ 1 e Pt 246
LT T S Y e L g LT [ T S e I PPt 249
5.3.1.6 SYNTNESIS Of B.0TK ceniiiiii ettt et e e e e e s e et eaeeaeae et eanaanaanns 252
5.3.1.7 SYNTNESIS OF S.0T L. iniiiiiiii e et et et e e e e e e e et eaeeaeere et aaaaanaanns 254
5.3.2 Baeyer-VillIGer STUAIES ...ttt et et r e e e e e e e e enne 258
5.3.2.1 Baeyer-Villiger eneral ProCEAUIE .......ivuiiuriiiie ittt et et e eeeeeteetaeeteeeneeeneeneeanaaennns 258
5.3.2.2 Baeyer-Villiger SUDSTIate SCOPE ..cuuiuuiiiuriieiiiiie et ettt et eeieeteeteetaeereetneennseeneeennaennns 259
5.3.3Computational Details ....cuiuiiiiiiiiiii e e e e aaas 277
5.4 Chapter 4 eXperimental..........co.iuiiieiiiiiiiiiiiieieieiee e ete e ee e e e te s e eaeeeenenaanes 279
LIt B O8] o -1 [ ] E PR PP PRPP 279
5.4.2 Synthesis of cubyl-resveratrol 4.13a and 4. 13D ....cueuiiniiiiiiiiiieeee e 279
5.4.2.1 Synthesis of cubyl aldehyde 4.20..........iiniiiiiiiiiee e e e et e e aaanns 279
5.4.2.2 Synthesis of cubyl aldehyd@ 4.24...........con it e et e e aaaans 285
5.4.2.3 Synthesis of phosphonium Salt 4.23a ......ccuiiiiiiiiiee et eaeaans 286
5.4.2.4 Synthesis of phosphonium salt 4.230 ......eniiiiiniiii e aaas 287
B5.4.2. 5 Wittig rEACTIONS ceuuiieiiiieiiiiie et ettt et et et ettt e et eenasesneenaeannsasaaensaenesnnsennsennns 289
B5.4.2.5 CUDBANOLS .ttt ettt et et e et e ea e et e et e n e e et eaaeaanaannas 292
RETEIEINICES ..ottt et e et et et e e e e e e e s e seansaneaananens 294
APPENAIX - NMR SPECTIA: ...ttt et e e e e e ae e e e e ae e e e aaaeaneans 312
Table of Figures
Figure 1: Timeline of tamoxifen development. .. ... 1
Figure 2: Pharmaceuticals for breast cancertreatment. ......ccoooviviiiiiiiiiiiiiiiiniciieeeenns 2

Figure 3: Mechanism of action of SERMs at oestrogen positive breast cancer cells.®* %419
Figure 4: Examples of bioisosteric replacement of a flat para-substituted benzene for

saturated three-dimensional ring SyStemS.5487 ... .. 16
Figure 5: Examples of classical bioiSOStEres. ..ooiiiiiiiiiiiiiii e, 20
Figure 6: Reported dimensions of potential benzene bioisosteres®” (a) para-

substituted®??®s (b) meta-substituted®® 7-¢% 888 (c) ortho-substituted®® 67.6%.86.88-50 22
Figure 7: Common literature routes towards (2)-tamoxifen. ......cccceeeveviiiiiiiiiinineninnenn. 38



Figure 8: Shielding effect in "H NMR of (2)-tamoxifen and (E)-tamoxifen. ..................... 47
Figure 9: "H NMR (500 MHz, CDCl;) spectrum of isolated product from McMurry

reaction, tentatively assigned as 2.14b. ... 53
Figure 10: HSQC NMR (500 MHz, CDCls) spectrum of proposed 2.14b. ......c..cceenvenenen 55
Figure 11: "TH NMR overlay of cubylmethanol 2.19 and the syn-elimination crude
NTIXEUTE. eeeeeei ettt et ee et ettt ea et et eaeaetaeeneaeeananstneensaesnnannensenssnsnssnsensensensnssnsensensnnens 70
Figure 12: LRMS (ESI*) spectrum of the crude mixture for the syn-elimination of

(o8] )Y Ua =10 g =] g Lo ] B2 K PP 71
Figure 13: "TH NMR (300 MHz, CDCl;) of isolated mixture post purification from the syn-
elimination of cubylmethanol 2.1, ... i e e 71
Figure 14: LRMS (ESI*) spectrum of the crude mixture for the elimination of
cubylmethanol 2.19 via a trifluoroacetate intermediate. .......cccoviiiiiiiiiiiiiiiiinen, 75
Figure 15: "TH NMR (400 MHz, CDCLl;) of ester 2.43 formed in the Kowalski homologation
=1 Tox (o] o FANUO O P PP PP PP R 78
Figure 16: Crude "H NMR (300 MHz, CDCL;) of the a-alkylation of cubane acetate 2.43
WIth I0OETNANE. ...eeieei ettt et e et e e e e e e e e eeeanans 80
Figure 17: "H NMR overlay of isolated (2)-2.65 via a Ni-mediated cubane cross-coupling,
against crude reaction mixture and starting materials. ......cccoveeiiiiiiiiiiiiiiiiii e 90

Figure 18: "TH NOESY NMR spectrum of the 1:10 mixture of (Z/E)-2.68 post silica gel
column chromatography revealed the major geometric isomer has the E-configuration.

.............................................................................................................................. 94
Figure 19: "H NMR overlay of the Heck reaction between olefin (E)-2.68 (Z/E ratio of 1:10)
and arylbromide 2.34 after 5 hOUIS. c.iuiiiiii e e 97
Figure 20: Analytical HPLC trace of HWE 1:3 mixture of (Z/E)-1.17 post silica gel column
(o] gl foT an =1 107=1£=1o] 1 /NP 105
Figure 21: Semi-preparative HPLC trace of HWE 1:3 mixture of (Z/E)-1.17 post silica gel
(ofo] (N[ g el s et gl fol aq F= 10 =1 £=1 o] 1) /NPT 106
Figure 22: Selected NMR data of (E)-1.17 and (2)-1.717. cceuieiiiiiiiiiiiiiiiieieeieeeeeeane, 108
Figure 23: Calibration plot of Valko test C-18 mix (10 compounds) atpH 7.4. ............ 111
Figure 24: HPLC (C-18) chromatograms of (Z)-tamoxifen (1.1), (E)-cubyl-tamoxifen 1.17
and a 3:1 ratio mixture of (Z/E)-cubane-tamoxifen 1.17atpH 7.4. ....cccoveviiiiinininnnn.n. 111
Figure 25: HPLC-determined LOg D7.4ValUBS....c.iuiiiniiiiiiiiiiiiiieeiieeeeiee e e e 112
Figure 26: The two reactive conformers of the Criegee intermediate for ketone 3.57.%

............................................................................................................................ 127
Figure 27: General migratory aptitude trend in the BV rearrangement and cubyl ketone
3.97a selected for BV optimisation stUdIes. ....ceiriiiiiiiiiiiiiiiiiircrre e 143

Figure 28: Stacked "H NMR for 3.94a being resubjected to the optimised reaction
conditions (Table 29, entry 4). After quench and bicarbonate work up 3.94a was re-
iSOlated IN @ 73 0 YIElA. c.iuiriiiii i e e e e et e e e e e eas 148
Figure 29: Stacked "H NMR for 3.95a being resubjected to the optimised reaction
conditions (Table 29, entry 4). After quench, 3.95a was re-isolated in a 76 % yield. After

quench with a bicarbonate work up 3.95a was re-isolated in a 72 % yield.................. 149
Figure 30: Stacked "H NMR of ketone 3.91f (top) and 8:1 mixture of 3.91f to 3.95a from
BV rearrangement of 3.91f after silica gel chromatography (bottom). .......cccceevenenieni. 153
Figure 31: Stacked "*C NMR of ketone 3.91f (top) and 8:1 mixture of 3.91f to 3.95a from
BV rearrangement of 3.91f after silica gel chromatography (bottom). .......c.cccvenenieee. 154
Figure 32: 4-substituted cubyl Cations. ....cciuiiiiiiiii e 158

Vi



Figure 33: Stacked 'H NMR spectra of crude mixture containing fluorocubane 3.119

(highlighted iN YEIOW). e e e e e e e e et e e e e e e e e ens 174
Figure 34: '"HNMR of 3.119: 3.120: 3.99 in a ratio of 13:1:1 after purification by silica gel
(ofo] (N[ g ol sl ed gl fol ap F= 10 =1 £=1 0] 1)/ 175
Figure 35: Cubanol as a phenol bioiSOSIEre. ...ccciuiiiiiiiiiii e 178
Figure 36: Decomposition of cubanol 4.11 in NMR solvent CDCl;after 1 hour. .......... 185
Figure 37: Resveratrol (4.12) and cubyl-resveratrol analogues 4.13a and 4.13b. ........ 186
Figure 38: HPLC trace of semi-preparative separation of (Z/E)-1.17. ...cccccuveviiuninennn.. 229
Table of Tables
Table 1: Geometric isomers of tamoXifeN.20........ccuuiiiiiiiiiiie e 4
Table 2: Average percentage of ['“C](Z2)-tamoxifen in serum and faecal samples over two
WBEBKS. ettt ettt ettt et ettt et eee e e e et et eaeeusanetnsaeenanstnsensaanaenstnreesnaensenrenrnesnaenrenne 6
Table 3: Important metabolites of (Z)-tamoxifen.?* 28, ... .....cooiiieiiiriieeeeeeeeeeeeeeaas 7
Table 4: Inhibitory effect and plasma concentration of (Z2)- tamoxifen and its major (2)-
=] a Lo U =) Bl e g =1 €1 o o] 1] =T JA PP 13
Table 5: Grimm’s hydride displacement law - expanded definition of an isostere......... 17
Table 6: BCP replacement of the para-substituted benzene in the y-secretase inhibitors
LIPS TS RSP UTRRRt 23
Table 7: BCP replacement of the ortho-substituted benzene in Telmisartan.%............. 24
Table 8: BCH replacement of the ortho-substituted benzene in Axitinib.%................... 25
Table 9: BCH replacement of the arylring in Sonidegib.8..........ccovvieiiiiiiiiiiiiiiieei. 26
Table 10: BCO replacement of the para-substituted benzene.”® ..........cccoevveevveevnnnnnn. 28
Table 11: Cubane replacement of the terminal benzene ring in the chemotherapy drug
LYo Yo 1] 7= SRR OUTRPPRRNt 29
Table 12: Cubane replacement of the para-substituted benzene ring in the insecticide
drug DifluDENZUION.T% L. et e e et e et e e e e et e et e eae e s esaeranaennnns 30
Table 13: Products from enzymatic oxidation of methylcubanes.”" ............cccevvuneenneene. 32
Table 14: Cubane replacement of the meta-substituted benzene ring in the cystic
fibrosis drug LUmacafton88. ... ...t e e e et e e ae e e e eaa e 33
Table 15: Elimination optimisation for aromatic model substrate 2.35a. ...........c.......... 72
Table 16: Reaction screening of Suzuki-Miyaura cross-coupling........cccevvveviiiiiineninnnnn. 85
Table 17: HWE reaction SCreENING. ittt et e e ae e e s aeeaenaaaan 102
Table 18: The effect substituents hindering the formation of the Criegee intermediate.?®’
............................................................................................................................ 126
Table 19: The electronic influence that different para-substituted benzophenones have
on the Baeyer-Villiger oxidation using peracetic acid.?* .........ccceevveeeieeeieeeiieeieeennnen. 130
Table 20: Rate data for the Baeyer-Villiger oxidation of para-substituted acetophenones,
using trifluoroperacetic acidin DCM at 30°C.2%........ccviiiieiiieeeiieeeieeeeeeeeeve e eaas 131
Table 21: The relative migratory aptitudes of alkyl groups during the oxidation of phenyl
alkyl ketones using trifluoroperacetic acid.?®..........ccovveiiiiiiiiiiii e, 132
Table 22: The steric and electronic influence of different ortho-substituted
benzophenones have on the Baeyer-Villiger oxidation using peracetic acid.?* .......... 133
Table 23: Oxidation of primary and secondary aldehydes (13 mmol) with m-CPBA (1.2
eq) in DCM at room temperature for 2 hours.2 ........ooueiviieiieeieeeeeeee e eaa e, 135

Vii



Table 24: Impact on regioselectivity when employing different strength peracids. ..... 136
Table 25: The effect of solvent polarity on the regioselectivity for the oxidation of 3.784

AN B.8200. 228 ittt e e et e et e et e et e eta e et e et e ataaaerraaaannaaes 137
Table 26: The migratory aptitude of different cyclopropyl ketones.®® ...........ccccuueeenees 138
Table 27: Comparison of the rate of the Beckmann rearrangement of polycyclic
bridgenead OXIMES.28 ... .. et e et e et e e e e et e et e eaeeaaaeaanas 141
Table 28: Screening of peracid loading in dichloromethane and chloroform.............. 146
Table 29: Screening of catalyst, temperature and time........ccocvviiiiiiiiiiiiiiicniin e, 147
Table 30: Migratory aptitude of cubane in the Baeyer-Villiger oxidation ..................... 151
Table 31: Effect of cubyl substituents on migratory aptitude ........cccceveviiiiiiininann.. 156
Table 32: Rate of solvolysis of 4-substituted cubyl triflates — Kevill et al.?’>................ 158
Table 33: Enzymatic oxidation of methylcubane.” .. .........coiviiiiiiiiiiiieeeeeeeeeees 180
Table 34: Synthesis of cubanol 4.11 under basic conditions. .......cccceveviiiiiniininennnn.. 182
Table 35: Synthesis cubanol 4.11 under acidic conditions. ......ccccviviiiiiiiinininennnn.. 184
Table 36: Screening of elimination conNditioNS .......cccciuviiiiiiiiiiii e 211
Table 37: Screening of elimination conditionNS .......cccivviiiiiiiiiiii e 214
Table 38: Screening of Suzuki-Miyaura cross-coupling conditions..........ccccevvvenennen.. 219
Table 39: Raw data for calibration plot using Valko C-18 test mix using HPLC conditions
B. Literature CHI values obtained from Valko.™® ..........ccccoviiiiiiiiiiiiie e, 231
Table 40: LOZ P raW data....ccuiuiiiiiiiieiiiee et e e e e te e et e s et et e aete e sae s snsaasnenaanan 232

Table of Schemes

Scheme 1: Proposed isomerisation mechanism of (£)-4-hydroxytamoxifen (1.1a) via
radical and cationic intermediates.* % ... .....ciuiiiiii i 11
Scheme 2: Primary metabolites of (Z)-tamoxifen (1.1a - 1.1¢) and the major non-
therapeutic metabolites from either undesired hydroxylation (oxidation) or
isomerisation are displayed iN Fred. ....cuiiniiiiiiiiiii e e e 12
Scheme 3: Literature approaches to prevent or reduce alkene isomerisation in vivo.”” 14
Scheme 4: An example of bioisosteric replacement to increase the metabolic stability

(o] 074 B €= Y0 0T )41 {=] o VAPPSR 15
Scheme 5: Chemotherapy agent 5-fluorouracil - a monovalent classical bioisostere. . 19
Scheme 6: CYP450-mediated oXidation. ..o veiiiiiiiiiiiiiieiiee e e e 31
Scheme 7: Late-stage biofunctionalisation of cubane 1.15 to afford cubanols 1.15a and
LIPS ) o RSP PUTRRRRt 32
Scheme 8: CYP2D6-mediated hydroxylation towards therapeutic metabolites and non-
therapeutic Metabolites. 253 ... . et e e e re e e e eaneee 35
Scheme 9: (Z)-Tamoxifen bioisosteric replacement with cubane. ...........ccccoviiiiininn, 36
Scheme 10: Literature examples of Wittig and Horner-Wadsworth-Emmons reactions
WiIth CUDYL aldEnYdES. ..oeiiiiii e et e e e e e e s eaaans 40
Scheme 11: The single example of a Wittig-Horner reaction using cubyl ketones.™°.... 41
Scheme 12: Two disconnections of (Z2)-tamoxifen (1.1). cccveiiviiiiiiiiiiiiiiiiiereeeeens 42
Scheme 13: Classical mechanism of the McMurry reaction.”™® ...........cccoveeivviinnennnnnn. 43
Scheme 14: Two McMurry literature examples towards the synthesis of (2)-tamoxifen."®
.............................................................................................................................. 44

viii



Scheme 15: Two routes investigated to synthesise (Z/E)-tamoxifen (1.1) via a McMurry

(o701 U] o111 o T - PP 46
Scheme 16: Synthetic plan of cubanylpropan-1-0ne (2.13). c.ceveiiiiiiiiiiiiiiiiiieieeeeeeens 48
Scheme 17: Literature protocols for cubyl decarboxylation.........cccooviiiiiiiiiiniinninnan, 49
Scheme 18: Our photoredox decarboxylation protocol of cubyl phthalimide 2.9......... 50

Scheme 19: Continued synthesis of cubanylpropan-1-one (2.13)...ccccieiviiiiiiiiiienenennnns
Scheme 20: Attempted McMurry reaction between cubanylpropan-1-one (2.13) and 4-
(0)Y/e1€0)4Y] oT=1aVe] o] aT=] alo] 1=K 172 <) PPN 52
Scheme 21: Literature examples of Wagner-Meerwein rearrangement of

[o1010)Y] g aT=Y 1 g F=Ta o] K- T RPRRPRRNt 54
Scheme 22: ICl pharmaceuticals patent to prepare (Z/E)-tamoxifen.’® ...................... 56
Scheme 23: Consequences of E; dehydration in compound 2.19-2.21.......ccevveviennen. 57
Scheme 24: Syn-elimination of tertiary alcohol 2.23 towards the stereoselective

synthesis of (2)-tamoxifen - GOSSEliN GroUP. ™ ....ccuuiiiiieiiieeieeeeeeeeeeee e eaanes 58

Scheme 25: Retrosynthesis of cubylmethanol 2.21 via a cubane C-O cross-coupling. 59

Scheme 26: Cubane metal-mediated cross-coupling literature methods. .................. 60
Scheme 27: Methods towards alkoxylated cubanes. .......c.cooviviiiiiiiiiiiiiiiinceeeens 61
Scheme 28: Retrosynthetic analysis of cubylmethanol2.19. ......ccviiiiiiiiiiiiiiiinninan, 62
Scheme 29: Preparation of carbonyl 2.31 via an alkylation reaction. .........cccceveviiennn. 63
Scheme 30: Deviation from Gosselin group approach required to synthesise cubyl-
L= 1 0 0] (=1 o TN G S 1 TS RPN 64
Scheme 31: Synthesis of cubylmethanol 2.19 via 1,2-addition of an aryl organolithium.
.............................................................................................................................. 65
Scheme 32: Same major diastereoisomer of 1,2-addition of aryllithium into cubyl
ketone 2.31 (our work) and aryl ketone 2.22 (GoSSelin 8roup).....cccceuveeeiiuiiiiiinneneninnnnn. 66
Scheme 33: Diastereoselectivity for the 1,2-nucleophilc addition into carbonyl 2.22 and
2RGSO PP PR PPRPRPPRRt 67
Scheme 34: Syn-elimination of tertiary alcohols via a phosphate intermediate........... 68
Scheme 35: Attempted elimination of cubylmethanol 2.19 via phosphate intermediate
G 1 F O PSPPSR PPRPRPPRRt 69
Scheme 36: Leh et al continuous-flow method to synthesise (Z/E)-tamoxifen, by the
treatment of lithium alkoxide 2.39 with trifluoroacetic anhydride.””®.........ccccevvnnennnne. 73
Scheme 37: Elimination of cubylmethanol 2.19 via trifluoroacetate intermediate. ...... 74
Scheme 38: Retrosynthetic analysis of cubyl-tamoxifen 1.18 via cubylethanol 2.20. ... 76
Scheme 39: Kowalski homologation reaction of cubyl ester 2.10. ......cccviviiiiiiiiinininnan, 77
Scheme 40: Cubylcarbinyl anion formation. .........ceviiiiiiiiiiiierece s 79
Scheme 41: Metal-mediated arylation of cubane. ........ccviiiiiiiiiiiiiieeens 82
Scheme 42: Ni-mediated cubane Cross-COUPLING. ....ccuiiiiiiiiiiiiiiiiiiiei e eeeeeeees 83
Scheme 43: Synthesis towards alkenylbromide 2.60. ......ccciviiiiiiiiiiiiiiiiiiieceeeeens 84
Scheme 44: Synthetic plan for the cubane Ni-catalysed cross-coupling........c..ccccceuuee. 87

Scheme 45:
Scheme 46:
coupling. ...
Scheme 47:
and 1.18. ...

Grignard derived from alkenylbromide (Z/E)-2.60 analysed by LRMS (ESI*).

Stereoselective synthesis of (£)-2.65 via a Ni-mediated cubane cross-

............................................................................................................. 89

Retrosynthetic analysis for the HWE olefination of cubyl-tamoxifen 1.17

............................................................................................................. 92



Scheme 48: HWE olefination between cubyl ketone 2.13 and diethyl

beNzZY lPhOSPRONAtE 2.67. ..ot e e et e e e e e e 93
Scheme 49: Pd-catalysed cross-coupling for aromatic verses cubane species. .......... 95
Scheme 50: Cubane stability in the presence of Pd-catalysts. .....ccccoiviiiiiiiiiiinininnan, 96
Scheme 51: Heck cross-coupling outcomes using the conditions described by Chang et
AL e e et e et ettt e eta ettt etta ettt eataeataattaaaraaaatanaaraans 98
Scheme 52: Heck reaction of di- and tri-substituted olefins. ......ccooviiiiiiiiiiiiiiiinininan.e. 99
Scheme 53: Retrosynthetic analysis of two remaining HWE olefination.................... 100
Scheme 54: Preparation of starting materials for cubyl HWE reactions..................... 101
Scheme 55: Previous HWE between cubyl ketone 2.13 and phosphonate 2.67. ........ 101

Scheme 56: Pandey and co-workers synthesis of tamoxifen via a HWE olefination.’®® 103
Scheme 57: Overview of HWE to synthesise (Z/E)-cubyl-tamoxifen 1.17 and separation

Of the tWO ZEOMETIIC ISOMEIS. cuitiiiii it e et e et e e e e e e e e ens 107
Scheme 58: Retrosynthetic analysis of cubane-tamoxifen. .........cccvvvvviiiiiiniinininnnn, 113
Scheme 59: Literature examples for the Baeyer-Villiger oxidation cubyl ketones. ...... 114
Scheme 60: Alternative routes to the Baeyer-Villiger oxidation to synthesise cubyl

LS (=] £ TP 115
Scheme 61: Baeyer-Villiger oxidation of menthone (3.14a) and carvomenthone (3.14b)
using potassium peroxymonosulfate.’..........oeivuiiiiiiiiiie s 116
Scheme 62: 25,000 tonnes of e-caprolactone was produced yearly by the Baeyer-Villiger
oxidation of CyCloheXxanone.217-220 | . ..t e e e et e e a e e aas 117
Scheme 63: Synthesis of cyclopropanol via a Baeyer-Villiger oxidation.?................. 118
Scheme 64: Snead and co-workers work on developing a continuous flow methodology
towards cyclopropanol via a Baeyer-Villiger oxidation........c.ccoveiiiiiiiiiiiiiiiniininenenns 119
Scheme 65: The '®0-labeling experiment designed by Doering and Dorfman to clarify the
mechanism of the Bayer-Villiger oxidation. .......coiviiiiiiiiiiiiiiie e 120
Scheme 66: The Baeyer-Villiger oxidation mechanisSm. ......coceiviiiiiiiiiiiiiiiiiciiieeenns 121
Scheme 67: Two early examples that provided evidence that the Baeyer-Villiger
oxidation proceeds with retention of stereochemistry. .....cccooviiiiiiiiiiiiiiiiiiiiinnn, 122
Scheme 68: Primary and secondary stereoelectronic requirements for the Criegee
intermediate in the Baeyer-Villiger oxidation. .......c.ccocviiiiiiiiiiiiiiie e, 123
Scheme 69: Chandrasekhar and Roy’s model to demonstrate the primary
stereoelectronic effect in the Baeyer-Villiger oxidation.?¢ ............cccovveiviieiiiieinnennnnnn. 124
Scheme 70: Crudden and co-workers’ model to demonstrate the primary
stereoelectronic effect in the Baeyer-Villiger oxidation.?®® ............cccoeveeiiiieiiieiineennnnnn. 125
Scheme 71: Isolation of Criegee intermediate by suppressing the primary
Stere0eleCtroNiC BffECT. 2 ... i et e e e e e 128
Scheme 72: Isolation of a protected Criegee intermediate during the BV oxidation of
NEXaflUOrOACETONE. ..cuin ittt et et e e et e e ea e e et eaenaanaanns 129
Scheme 73: Baeyer-Villiger oxidation of a methyl ketone to shorten the carbon chain.®®
............................................................................................................................ 133
Scheme 74: Oxidation of a tertiary aldehyde (1:1 mixture of diastereomers) with m-

(0] 2 7L ORI 135
Scheme 75: Eaton literature examples for BV oxidations of cubyl ketones. ............... 139
Scheme 76: Further examples of the Baeyer-Villiger oxidation of cubyl ketones. ....... 140
Scheme 77: Mechanism of the Beckmann rearrangement. .........cccvivviiiiiiiiniiiininenenns 142
Scheme 78: Synthesis of 2.3 via a Ni-mediated cross-coupling........c.cocvevviviiiniinennnns 144



Scheme 79: Continued synthesis of BV optimisation substrate 3.91a via the Weinreb

=1 o1 Lo [T PP P PP PPPTN 145
Scheme 80: Comparison of migratory aptitude of cubane versus phenyl for 3.6f and
3.97a with comparable reaction CoONditiONS ....ciuiviiiiiiiiiii e 150
Scheme 81: Previous reports on the BV rearrangement of cubyl methyl ketones. 0916910
............................................................................................................................ 152
Scheme 82: Rationale behind the observed regioselectivity in our BV studies.?”....... 157
Scheme 83: Migratory aptitude of cubane verses phenylin 3.6f and 3.91a under
comparable reaction CONAItIONS. ....iiiiiiiiiii e e e 159
Scheme 84: Synthesis of the cubyl ketones (3.91b-c and 3.91¢e) used in Section 3.2.3.1
(Table 29) for studying the migratory aptitude of cubane. ........ccccevviiiiiiiiiiiiinninenen, 160
Scheme 85: Synthesis of cubyl aldehyde 3.91d used in Section 3.2.3.1 (Table 29) for
studying the migratory aptitude of Cubane. .......ccviiiiiiiiiii e, 161

Scheme 86: Retrosynthetic analysis of trimethylsilyl substituted cubyl i-propyl ketone
(3.91g), based on the published work by Eaton and Zhou on silylation of cubanes.’® 162
Scheme 87: lododecarboxylation of 2.8 using blue LED light source and lithium-halogen

exhange of CubyLiodide 3.99. ... e 163
Scheme 88: Literature examples of lithium-halogen exhange of substituted cubyl
iodides followed by addition of chlorotrimethylsilane. .......ccccooeiiiiiiiiiiiiiinnnn, 163
Scheme 89: Protocol for silylation of cubane towards the synthesis of trimethylsilyl

(of 8] o)1 B G o] g (o R TR I TP 164
Scheme 90: Final steps in the synthesis towards 3.91g for our study on the migratory
aptitude of cubane (Section 3.2.3.2, Table 30). ceciiiiiiiiiiiiiierer e, 165
Scheme 91: Synthesis of 3.91h for our study on the migratory aptitude of cubane
(Section 3.3.3.2, Table B0) ettt e et e e et e e e e e e e e ans 166
Scheme 92: Retrosynthetic analysis of the alkyl substituted cubyl ketone 3.91i and
reported protocols for the alkylation and benzylation of cubylmethanols. ................ 167
Scheme 93: Synthesis of 3.91i for our study on the migratory aptitude of cubane
(Section 3.2.3.2, Table B0) ...ttt et e e e e et e e e e e e e eas 168
Scheme 94: Synthesis of 3.91j for our study on the migratory aptitude of cubane
(Section 3.2.3.2, Table B0) ...ttt et e e e e et e e e e e e e eas 169
Scheme 95: Synthesis of 3.91k for our study on the migratory aptitude of cubane
(Section 3.2.3.2, Table B0) ...ttt e et e e te e e et e e e e e e e e ans 171
Scheme 96: Literature repots for the synthesis of fluorocubanes. ..........cccccveiiiennn, 172

Scheme 97: Fluorodeiodination of 3.99 using xenon difluoride in hexane and DCM... 173
Scheme 98: Continued synthesis of 3.911 for our study on the migratory aptitude of
cubane (Section 3.2.3.2, Table 30). ..uiuiiiiiiiiiiiiieie e 176
Scheme 99: Retrosynthetic analysis towards cubyl tamoxifen 1.19, incorporating the
Baeyer-Villiger oxidation of cubyl ketones (Chapter 3) followed by hydrolysis of the

resulting cubyl esters to afford cubanols (Chapter4)....cccoveeiiiiiiiiiiiiiiiiiiiiieeeeene, 177
Scheme 100: Synthetic routes to cubyl and homocubyl alcohols. ..........c.cccviiiiniiis 179
Scheme 101: Cubane ring-opening by homoketonisation - Eaton.’ ........................ 180
Scheme 102: Proposed synthetic approach towards cubanols and its derivatisation into
(o1 o)1 B €=T 0 0100 41 {1 o Tt I = TP 181

Scheme 103: Retrosynthetic analysis of cubyl-resveratrol analogues 4.13a and 4.13b via
the BV rearrangement of the cubyl methyl ketone 4.17. PG = tert-butyldimethylsilyl
(oo Y =T oxu T Tl ={ (o 10 ] o F PPN 187

Xi



Scheme 104: Synthetic sequence towards precursor 4.17 for the BV rearrangement

(=] o OO PP PSPPSR 188
Scheme 105: BV rearrangement (A) under our optimised reaction conditions (B) under
our adapted reaction conditions, towards precursor 4.20 for the Wittig reaction....... 189

Scheme 106: Preparation of the phosphonium salts 4.23a-b for the Wittig reactions. 191
Scheme 107: Outcome of room temperature Wittig reaction for aldehyde 4.24 and 4.20

With phosphonium Salt 4.23D. ... e e e e e e aas 192
Scheme 108: Stereoselectivity of Wittig reaction between phosphonium salts 4.23a and
4.23b with cubylaldehyde 4.20. ... e e 193
Scheme 109: Hydrolysis of cubyl acetates to prepare two cubanol analogues of the
NAtural ProducCt reSVEIATIOL. ...iviiiiii et e e e e e e e e e e an 195
Abbreviations

BCP Bicyclo[1.1.1]pentane

BCH Bicyclo[2.1.1]hexane

BCHep Bicyclo[2.1.1]heptane

BCO Bicyclo[2.2.2]octane

BV Baeyer-Villiger

CHI Chromatographic hydrophobicity index

cuB Pentacyclo[4.2.0.0%°.0%8.0*"]octane = Cubane

COosYy Correlation spectroscopy

d Doublet

DCC N,N’-Dicyclohexylcarbodiimide

DCM Dichloromethane

DES Diethylstilboestrol

DIPEA N,N-Diisopropylethylamine

DMAP 4-(Dimethylamino)pyridine

DME Dimethoxyethane

DMF Dimethylformamide

ER Oestrogen receptor

E, Unimolecular elimination

E, Biomolecular elimination

m Multiplet

HPLC High performance liquid chromatography

HRMS High resolution mass spectrometry

HSQC Heteronuclear single quantum coherence spectroscopy

HWE Horner-Wadsworth-Emmons

LED Light-emitting diode

LRMS Low resolution mass spectrometry

m-CPBA meta-Chloroperoxybenzoic acid

Xii



rt

SERM

TFA

THF
TLC

Room temperature

Singlet

Selective oestrogen receptor modulator
Triplet

Trifluoroacetic acid

Tetrahydrofuran

Thin-layer chromatography

Xiii



Chapter 1 Introduction

1.1 Tamoxifen

1.1.1 Overview

Tamoxifen is a blockbuster drug that has been used to treat breast cancer for the last
five decades worldwide, although its origins date back to the 1960s where it was
originally evaluated by ICI pharmaceuticals (currently known as AstraZeneca) as a
potential antifertility agent (Figure 1).* Unfortunately, after extensive studies it was
discovered that tamoxifen failed to elicit anti-oestrogenic effects in the ovaries in
women, causing ICl pharmaceuticals to reconsider the future of tamoxifen.* In fact, ICI
pharmaceuticals were prepared for this eventuality and already had approval to carry
out therapeutic studies of tamoxifen for the treatment of breast cancer.? Notably at the
time, the standard endocrine treatment for advanced breast cancer involved high doses

of diethylstilboestrol (DES), a compound structurally similar to tamoxifen (Figure 2).°
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Figure 1: Timeline of tamoxifen development.

The clinical trial evaluating tamoxifen’s effectiveness to treat breast cancer revealed it

produced an equivalent response to DES, albeit with fewer side effects.® In addition,



tamoxifen was found to have a response for post-menopausal women, a group of
patients that in the past had previously been insensitive to DES hormone therapy.®
Based on these encouraging results tamoxifen was approved in the UK for the treatment
of advanced breast cancer, despite incomplete understanding of its mode of action.’
Interestingly, around the same time period other pharmaceutical companies
abandoned their own development of breast cancer drugs over concerns of serious side
effects with long-term use (e.g. cataract formation).” The breast cancer drugs in
development were triparanol, ethamoxytriphetol and clomiphene; all compounds

structurally similar to tamoxifen (Figure 2).’

..................................................................
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Figure 2: Pharmaceuticals for breast cancer treatment.

A few years later it was discovered that tamoxifen was in fact a prodrug that was
converted into the anti-oestrogenic metabolite (£)-4-hydroxytamoxifen (1.1a), which
has a high affinity for the oestrogen receptor (ER) (Figure 2)."” The mode of action for
1.1ais to competitively inhibit the binding of the hormone oestrogen to the ERs in breast
cancer cells, thus preventing oestrogen-stimulated breast tumour growth.®'® Tamoxifen
was later classified as a selective oestrogen-receptor modulator (SERM) that has anti-
oestrogenic properties in breast tissue, but can act as an oestrogen-like compound
elsewhere in the body.* ' With a better understanding of the mode of action, ICI

pharmaceuticals and others began to investigate how effective tamoxifen would be as



an adjuvant therapy.’ > The Early Breast Cancer Trialist’s’ Collaborative Group collated
information obtained from 37,000 women over 55 randomised clinical trials, to evaluate
the optimal timeframe for tamoxifen adjuvant therapy treatment for women diagnosed
with early-stage oestrogen positive or negative breast cancer.” In clinical trials of 1, 2 or
5 years of adjuvant tamoxifen there was a reduction in tumour recurrence of 21 %, 29 %
and 47 % respectively and a decrease of mortality of 13 %, 26 % and 47 % respectively
after a 10-year follow-up.” Based on these results, the collaborative group concluded
that better clinical outcomes were observed with longer dose regimes, leadingto 5
years of tamoxifen adjuvant therapy becoming the standard treatment for individuals
with early-stage breast cancer. Tamoxifen’s clinical application continued to expand; it
was later shown it could be used for chemoprevention, reducing the incidence of

invasive breast cancer by 50 % in high-risk patients.™

Currently breast cancer is the second most commonly diagnosed cancer and has the
fourth highest mortality rate worldwide.’® The most common form of breast cancer is
oestrogen-receptor-positive (ER positive), accounting for around 80 % of all cases.' In
the UK, tamoxifen is offered as a first-line treatment to men, pre- and perimenopausal
women with ER positive advanced breast cancer, as a form of endocrine therapy." In
early and localised ER positive breast cancer, tamoxifen is also used as an adjuvant
endocrine therapy, usually taken for 5 years after initial cancer treatment to supress
secondary tumour formation." In addition, it is licenced for chemoprevention in
premenopausal women who have been identified as being at moderate to high-risk of
developing breast cancer based on family history."” The multiple clinical applications of
tamoxifen is partly why it is one of the most successful breast cancer drugs. Tamoxifen’s
development as an orally administered drug also makes it accessible and with all
patents expired, generic versions make tamoxifen treatment highly affordable.'® This is
reflected by the World Health Organisation including tamoxifen on its list as an essential

medicine for the treatment of breast cancer.’®



1.1.2 Mechanism of action of tamoxifen

Shortly after Harper and Walpole first synthesised tamoxifen in the 1960s the
antiestrogenic properties of the Z- and E-geometric isomers were first examined in
immature rats (Table 1).2 When (2)-tamoxifen was administered the weight of the uterus
decreased, which was indicative of antiestrogenic activity, whereas for (E)-tamoxifen
the weight of the uterus increased, which suggested it behaved as a conventional
oestrogen.® Based on the positive antiestrogenic properties of (2)-tamoxifen the first
clinical trial was funded.® In the clinical trial individuals with advanced breast cancer
were given 10 mg of (2)-tamoxifen daily, after 3 months of treatment a reduction in
tumour mass in 22 % of patients was observed.® This provided strong evidence that in
breast tissues (Z)-tamoxifen behaves as an antioestrogen for the ER. However, in
different species and tissues (Z)-tamoxifen can behave as a partial or full oestrogen
agonist, for example, a clinical trial evaluating tamoxifen as an antifertility agent found it

actually induced ovulation in women by acting as a full oestrogen.* "

Table 1: Geometric isomers of tamoxifen.?®

| | ;
A QO
o/\/N\ O/\/N\ E

(2)-Tamoxifen (E)-Tamoxifen
(-11) ((E)-1.1)
(Z)-Tamoxifen (E)-Tamoxifen
Effect on MCF-7 oestrogen receptor Weak antioestrogen Weak oestrogen
Binding affinity / % 2.5 0.3

2 percentage of binding to MCF-7 estrogen receptor compared to estradiol (a type of oestrogen).”
[2,4,6,7-3H]estradiol with asterisk indicating the position of tritium labelling.

The binding affinity of (2)-tamoxifen (and (E)-tamoxifen) in vitro (MCF-7 breast cancer
cell line) is low compared to estradiol, a type of oestrogen hormone that has a high
affinity for the ER (Table 1). One study measured the concentration of (2)- and (E)-

tamoxifen required to produce a 50 % decrease in specific binding of tritiated estradiol,



which indicated that (2)-tamoxifen and (E)-tamoxifen had an affinity of 2.5 % and 0.3 %
respectively for the ER compared to estradiol.?’ In addition, (Z)-tamoxifen also has a
high binding affinity to serum albumin, with one study reporting up to 98 % of (2)-
tamoxifen was protein bound.?' In this instance the protein binding was determined by
ultracentrifugation of a patient’s serum (40 mg of tamoxifen twice daily for 78 days) and

measuring the percentage of serum albumin that co-sedimented with tamoxifen.?'

It was only after (Z)-tamoxifen was initially approved for treatment of advanced breast
cancer in the UK, that metabolic studies revealed (Z)-tamoxifen was a acting as a
prodrug.’ The first study to investigate (2)-tamoxifen metabolism in humans included
multiple women receiving a single dose of *C-labelled (2)-tamoxifen (20 mg tamoxifen
containing 1.5 MBq ["*C]tamoxifen).? Following a single dose, after 4 hours 33 % of the
radiolabelled material from a serum sample was attributed to the parent compound
and after an additional 6 hours only 8 % of the parent compound remained (Table 2).22
Two weeks after receiving the labelled dose over 65 % (faeces = 51 %, urine = 14 %) of
the dose was accounted by excretion, with still detectable radioactivity remaining in the
blood samples (although components were not measured).? ['*C]4-Hydroxytamoxifen
was identified as one of the metabolites of ['“C](2)-tamoxifen, and only a few years later
Jordan et al confirmed (2)-4-hydroxytamoxifen had a higher binding affinity and potency
for the ER than (2)-tamoxifen.? Jordan and co-workers also identified several other
important metabolites of the prodrug (2)-tamoxifen.?® Notably, the detectable levels of
['“C](2)-tamoxifen observed in both the serum and faecal samples after one week
demonstrated that (Z)-tamoxifen has a long half-life, which could be attributed to (2)-
tamoxifen having a high affinity to plasma proteins, thus reducing the rate the prodrug is

metabolised in vivo (Table 2).%



Table 2: Average percentage of ['*C](Z)-tamoxifen in serum and faecal samples over two weeks.

[**C](2)-Tamoxifen ['“C]Metabolites
/% /% O
4 33 39 |
Serum 10 8 57 O O |
O/\/N\
sample/ 25 11 49
['“C](2)-Tamoxifen
hours 75 4 53 1 dose of 1.5 MBgq
172 4 65
6 16 67
Faecal
12 66
sample / days
13 4 67

The metabolism of (Z2)-tamoxifen (1.1) begins with phase | metabolism in the liver by
cytochrome P450 enzymes, generating the two primary metabolites 4-hydroxytamoxifen
(1.1a) and N-desmethyltamoxifen (1.1b), with the major metabolic pathway highlighted
with bold arrows in Table 3.2*2° Secondary metabolism of the two primary metabolites
1.1a and 1.1b produces endoxifen (1.1¢c). The metabolites 1.1a and 1.1¢, which both
have a phenolic group in common, notably have much lower plasma concentrations
compared to (Z)-tamoxifen and metabolite 1.1b (Table 3). The metabolites 1.1a and
1.1¢c are widely considered the most important metabolites for the antiestrogenic
activity, due to their binding affinities to the ER being 60-fold greater than (Z)-tamoxifen
and metabolite 1.1b (Table 3). %%’ In addition, the ICs, (MCF-7 breast cancer cell line
with ER overexpression) of metabolites 1.1a and 1.1c are in the low nM range (0.51 nM
and 1.45 nM respectively) compared to (Z)-tamoxifen and metabolite 1.1b (81.8 nM and
96.2 nM respectively), making metabolites 1.1a and 1.1¢ far more potent and effective

at supressing breast cancer cell growth (Table 3).2% %’



Table 3: Important metabolites of (2)-tamoxifen.?* 2

O CYP3A4/5
| S |
Saey 0,
o/\\/N\ O/\\/N\

(2)-Tamoxifen
(1.1)
Prodrug

CYP2D6
CYP3A4
CYP2C9
CYP2B6
CYP2C19

(2)-N-Desmethyltamoxifen
(1.1b)
Primary metabolite

CYP2D6

| O CYP3A4/5 |
O U DRGWY
HO o >N~ HO o ™M~
(2)-Hydroxytamoxifen (2-Endoxifen
(1.1a) (1.1¢)
Primary metabolite Secondary metabolite
11 1.1a 1.1b 1.1c
Effect on oestrogen receptor Weak Strong Weak Strong
antioestrogen antioestrogen antioestrogen antioestrogen
Relative binding affinity 2/ 2.8 181 2.4 181
%26
ICso (MCF-7 / nM)*’ 81.8 0.51 96.2 1.45
Plasma concentration ° 377 9 655 63
(nM)ZQ
Approximate half-life (days) 723,30, 31 n.d 14% 23

2Compared to estradiol. ® Mean concentration for subjects taking (Z)-tamoxifen (20 mg/day by

oral administration) after 4 months; n.d — not determined.

In the literature it remains unclear as to whether metabolite 1.1a or 1.1¢c contributes

more significantly to the antioestrogen activity of the drug. The primary difference
between metabolites 1.1a and 1.1c¢ is the enzymes that are used to generate them
(Table 3).28 Notably, metabolite 1.1c is formed predominately by CYP2D6 enzymes
whereas for 1.1a several enzymes contribute to its formation. Some clinical studies
have shown an association between genetic variations in the enzyme CYP2D6 and poor
clinical outcomes, which implies metabolite 1.1¢c has a more important role in reducing
breast cancer growth, whilst other authors have reported no association between the

two.%234 Therefore the question remains whether metabolite 1.1c is the most important



and if itis, should we consider 1.1¢c as a novel SERM over (2)-tamoxifen. Early findings
from a phase | clinical study evaluating 1.1c against (£)-tamoxifen for patients with
estrogen positive metastatic breast cancer concluded it had an acceptable half-life (49-
55 hours) and toxicity, whilst maintaining antitumour activity.>>*” This supports the
suggestion that there could be clinical advantages of using 1.1c over (Z2)-tamoxifen in
the future if it is proven that genetic variations in the enzyme CYP2D6 impact the anti-

tumour activity of (2)-tamoxifen.

The biological target of (Z)-tamoxifen and the antioestrogen metabolites (which are all
SERMs) is the estrogen receptor (ER), a hormone-regulated transcription factor that
controls cell division and differentiation (Figure 3).3¢ The two tamoxifen metabolites 4-
hydroxytamoxifen (1.1a) and endoxifen (1.1¢) have a high affinity for the ER due to the
appropriately positioned phenolic group, which forms important hydrogen bonds with
key amino acid residues in the ER binding pocket (Glu353 and Arg394) (Table 3 and
Figure 3a).3*° These interactions anchor a SERM into the binding pocket. The
alkylaminoethoxy side chain of the SERM forms an ionic interaction to the anionic 3-
carboxylate of the ASP351 amino acid residue (Figure 3a).3*“° The binding extends
outside the ligand binding domain, inducing a conformational change of the ER which

promotes inhibition of oestrogen-stimulated breast cancer growth,%-39:40
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Figure 3: Mechanism of action of SERMs at oestrogen positive breast cancer cells.® %

SERM = selective oestrogen receptor modulator, ER = oestrogen receptor, ERE = oestrogen
response elements.

When a SERM binds to an ER it induces a distinct conformational change in the
receptor, which promotes the heat shock proteins to dissociate and allows two SERM-
bound ER’s to dimerise (Figure 3b).>*' The role of the heat shock proteins is to regulate
ER-mediated cell proliferation, without ER activation the heat shock proteins would not
dissociate and ER-simulated cell division will not occur.® In addition, different ER

ligands induce different conformational changes in the receptor, influencing which co-



regulator proteins can subsequently interact with the ER receptor dimer to regulate
gene transcription.®*' For SERM’s, the two co-regulator proteins that bind to the ER
dimer are called co-repressors, which switch off oestrogen-responsive gene
transcription when the ER dimer binds to the oestrogen response elements (EREs) of
the DNA.* %' The downstream effects include a reduction in ER-stimulated breast

cancer cell division and differentiation.®®

1.1.3 Acquired Tamoxifen resistance

The efficacy of tamoxifen can widely vary between individuals who have oestrogen-
receptor-positive breast cancer, with approximately 35 % not responding to this
hormone therapy.?® Tumours that do not respond well to tamoxifen will typically become
resistant to this treatment.?® Therefore, developing methods to minimise acquired
resistance to tamoxifen is highly important for continued clinical success. One
mechanism for acquired tamoxifen resistance includes variations in how tamoxifen is

metabolised by different individuals.*?44

The metabolism of (Z2)-tamoxifen was previously discussed, although only the principal
metabolites were mentioned. In fact, the metabolism of (Z2)-tamoxifen is significantly
more complex and variations in metabolite formation are believed to contribute to an
individual’s clinical response to therapy. Despite tamoxifen being administered as the
(2)-geometric isomer, in vivo it has been shown that phenolic metabolites canisomerise
into their respective (E)-geometric isomers by CYP450 enzymes, particularly by CYP1B1
(Scheme 1).%-“¢ Based on how CYP-mediated oxidations usually proceed, the
isomerisation may begin with the abstraction of a hydrogen atom from the phenolic
group by a reactive iron-oxo species (Scheme 1).“¢ Subsequently, the generated radical
species 1.2a could undergo an electron abstraction to form the cationic species 1.2b,
in which the resonance structure of both 1.2¢c and 1.2d would facilitate Z/E
isomerisation.*® DFT calculations by Eriksson et al revealed that the Z/E isomerisation is
energetically more favourable via the cationic species rather than the radical species for
4-hydroxytamoxifen (1.1a), although this may be different for other (2)-tamoxifen

phenolic metabolites.* In addition, 1.1a has been reported to isomerise to a Z/E
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mixture in acidic solvent, therefore, in vivo pH dependant isomerisation may also occur

for the (2)-tamoxifen phenolic metabolites.%°
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o‘ gOR
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Scheme 1: Proposed isomerisation mechanism of (2)-4-hydroxytamoxifen (1.1a) via radical and

cationic intermediates.*® 4°

A major clinical trial revealed that increased concentrations of (E)-4-hydroxytamoxifen
(1.1a’), primarily a weak antioestrogen which can exhibit some estrogenic activity,
compared to (Z2)-4-hydroxytamoxifen (potent antioestrogen, 1.1a) were found in tumour
samples for patients not responding to tamoxifen treatment (n = 14).>4 Whereas,
higher concentrations of (2)-4-hydroxytamoxifen (1.1a) were observed in patients
responding to tamoxifen treatment.*>*’ Thus, it has been implied that tamoxifen
resistance could be reduced by finding a way to minimise isomerisation.**** Evidence
that supports this includes a two to six-fold overexpression of the enzyme CYP1B1,
which predominately catalyses the isomerisation of (2)-4-hydroxytamoxifen to (E)-4-

hydroxytamoxifen in tamoxifen resistance breast cancer cell lines (Scheme 2).5'-%2
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Scheme 2: Primary metabolites of (£)-tamoxifen (1.1a - 1.1¢) and the major non-therapeutic
metabolites from either undesired hydroxylation (oxidation) or isomerisation are displayed in
red.

Tamoxifen metabolites that have been identified to isomerise in vivo are those with a
phenolic group.*’ This includes the potent antioestrogens (2)-4-hydroxytamoxifen (1.1a)

and (2)-endoxifen (1.1c) and the non-therapeutic metabolites 1.1d and 1.1f (Scheme
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2).53 These 4’-isomers of hydroxytamoxifen (1.1d) and endoxifen (1.1f) have no inhibitory
effect on the ER, as the phenolic groups are no longer appropriately positioned to form
hydrogen bonds in the ER binding pocket (Table 4 and Figure 3).5 Unfortunately the
steady state concentration of the 4’-isomers (1.1d: 9 nM; 1.1f: 21 nM) are comparable
to 4-hydroxytamoxifen (1.1a: 6 nM) and endoxifen (1.1¢c: 29 nM), ultimately reducing the
efficacy of tamoxifen (Table 4).5° A potential approach to overcome having high plasma
concentrations of the non-therapeutic hydroxyl metabolites, that can also isomerise to
their respective E-geometric isomers, would be to stop hydroxylation altogether at the

4’-position altogether.

Table 4: Inhibitory effect and plasma concentration of (Z)- tamoxifen and its major (£)- and (E)-
metabolites.

Compound ICs, (MCF7, Mean steady state
nmol/L) concentration (nM)#°
(&)-Tamoxifen (1.1) n.r 428 + 157
(£)-4-Hydroxytamoxifen (1.1a) 7 5.81+£2.17 (0.56 £1.06)
(2)-N-Desmethyltamoxifen (1.1b) n.r 762+ 297
(2)-Endoxifen (1.1c) 3 29.1+14.4(1.17 £3.56)
(£)-4’-Hydroxytamoxifen (1.1d) n.r 9.12+3.53(0.63£0.73)
(Z/E)-3-Hydroxy-N-desmethyltamoxifen (1.1e) n.r 3.16+1.66
(£)-4’-Hydroxy-N-desmethyltamoxifen (1.1f) n.r 21.3+£8.00(0.99+£1.52)
(£)-a-Hydroxy-N-desmethyltamoxifen (1.1g) n.r 3.35+1.74

n.r =50% inhibition was not reached. ? After 6 months of adjuvant treatment of tamoxifen
20mg/day. * Mean steady state concentration for the respective E-geometric isomer in brackets.

In terms of preventing isomerisation of the potent antioestrogen metabolites of (2)-
tamoxifen in vivo, one strategy that could be utilised is the introduction of a scaffold that
has a fixed geometry that prevents conformational rotation.** % An example of this
approach is the substitution of the central Z-double bond in (2)-tamoxifen for a 7-
member heterocyclic scaffold (1.3) by Meegan et al (Scheme 3a).>* Computational
docking studies indicated that 1.3 had a similar orientation to (£)-4-hydroxyltamoxifen
(1.1a) in the binding pocket of the ER, providing evidence that the increase in structural

rigidity was not preventing compound 1.3 entering the ER binding pocket.>* This was
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supported by in vitro studies, with 1.3 exhibiting a similar antiestrogenic potency to (2)-
tamoxifen (1.1) in human MCF-7 breast cancer cell line, which are known to overexpress
the ER (ICs0: 1.1 =11.3 uM and 1.3 = 16.2 uM).>* Interestingly raloxifene, a next
generation SERM of (2)-tamoxifen has a central ring system which also prevents

isomerisation (Scheme 3a).%%:%¢

A) Fixed ring systems.*>
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Scheme 3: Literature approaches to prevent or reduce alkene isomerisation in vivo.*’

An alternative approach investigated by Valliant and co-workers to disfavour
isomerisation of (2)-tamoxifen phenolic metabolites, was to replace the 4-substituted
phenylring in (2)-4-hydroxytamoxifen (1.1a) for a bulky carborane ring system (Scheme
3b).%” It was reported that the (E)-carborane analogue 1.4 did not isomerise using
microwave irradiation at 120 °C for 20 minutes, with only 15 % isomerisation when
increasing the temperature to 160 °C.% In the discussion they did notinclude
isomerisation percentages for (Z2)-4-hydroxytamoxifen (1.1a) under the same
conditions, although they did state the carborane analogues had a superior stability in
solution. The reasoning behind the slower E/Z isomerisation of the carborane analogue

1.4 compared to 1.1a was explained by considering the mechanism of isomerisation.
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As previously discussed, for the phenolic metabolites CYP-mediated isomerisation can
occur via a radical or cation mechanism, with computational studies suggesting Z/E
isomerisation is energetically more favourable to proceed via the cationic mechanism
for 1.1a.%° Considering just a cationic mechanism to begin with, the Z/E isomerisation of
carborane analogue 1.4 should be unfavourable as the cation formation at the carbon
adjacent to an electron withdrawing carborane scaffold would provide destabilisation.
This is reflected in the experimental results, in which slow E/Z isomerisation of the
carborane analogue 1.4 in solution was observed compared to (2)-4-hydroxytamoxifen
(1.1a).5”-%8 Notably, the Z/E isomerisation of carborane analogue 1.4 via a radical
mechanism is unlikely to have the same effect as the radical at the carbon adjacentto a
carborane scaffold should not be unfavourable. To conclude the study, the authors
tested the potency of carborane 1.4 against (£)-tamoxifen. Evaluation of the
antiestrogenic activity of (2)- and (E)-1.4 using human MCF-7 breast cancer cell line
showed that cell growth was inhibited by 60 % over 10 days, comparable to 50 %

inhibition observed for (2)-tamoxifen over the same time period.%’

Despite the data from the carborane study providing strong evidence that bioisosteric
substitution of one of the aromatic groups in (£)-tamoxifen can occur without loss in
biological activity, only a handful of other studies have explored this approach.5”-%:6°
Furthermore, given the low metabolic stability of (Z)-tamoxifen and the resulting high
plasma concentrations of non-therapeutic hydroxylated metabolites in vivo, replacing a
benzene ring for a scaffold that is more resistant to CYP-mediated oxidation could offer
another approach to improve the clinical outcomes of tamoxifen treatments (Scheme

4).61

Bioisosteric
replacement in wvo

(2)-Tamoxifen
1

Scheme 4: An example of bioisosteric replacement to increase the metabolic stability of (2)-
tamoxifen.
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An objective of this thesis is to investigate this strategy of bioisosteric replacement of
the arylring(s) in (2)-tamoxifen in order to produce (Z)-tamoxifen derivatives with a
better in-vivo profile. In particular, we are interested in aryl bioisosteres that are more
metabolically stable than benzene to oxidation, with the aim of limiting the formation of

non-therapeutic metabolites via Z/E isomerisation.

1.2 Benzene bioisosteres

Benzene rings remain the most prevalent ring system in FDA approved small drug
molecules, followed by pyridine, which appears almost 10 times less frequently.5? ¢
However, drugs that are rich in aromatic rings can often suffer from poor
pharmacokinetic properties, such as metabolic instability and poor aqueous
solubility.®” A recent approach to improve the overall pharmacokinetic properties of
drugs that contain a benzene ring, includes replacing this motif for an strained sp?®
hybridised ring system (Figure 4).%" Bioisosteric replacement of flat sp? hybridised
aromatic rings for saturated ring systems also increases the three-dimensional shape of
a compound, creating more complex molecules that are more natural product-like that
have access to an expanded area of chemical space for novel target interactions.®*® In
terms of drug discovery this is extremely valuable as it offers a route to discover
additional libraries of bioactive compounds, thus providing greater opportunities for a

drug to be optimised towards a biological target.54¢°

O 22, O S 2

-substituted -substituted -substituted -substituted
benzene cubane bicyclo[1.1.1]pentane  bicyclo[2.2.2]octane

Figure 4: Examples of bioisosteric replacement of a flat para-substituted benzene for saturated

three-dimensional ring systems.%*¢’

In the past decade these strained saturated ring systems have proven to be valuable in
drug discovery, therefore in recent years research has focussed on developing
methodologies to synthesise structurally more complex strained saturated ring

systems.5" 6669
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1.2.1 Isosteres

The concept of isosterism was first considered by Moir, however, it was formally defined
by Langmuir years later.””" Langmuir stated that compounds such as CO and N, that
have the same number of atoms and valence electrons, also have similar physical
properties, which led him to define these compounds as isosteric. The definition of
isosterism was expanded by Grimm with his hydride displacement law, stating that
isosteres are groups of atoms that have the same number of valence electrons but not
necessarily the same number of atoms. For instance, elements of a lower periodic
group (up to four groups) were isosteres to elements of a higher period group by the

addition of hydrogen atoms (up to four groups) (Table 5).72

Table 5: Grimm'’s hydride displacement law - expanded definition of an isostere

C N o F
CH NH OH
CH. NH:
CHs

Grimm'’s definition of isosteres was later extended by Erlenmeyer as “elements,
molecules or ions in which the peripheral layers of electrons may be considered

identical”. 72

1.2.2 Bioisosteres

Friedman introduced the term bioisostere to relate the concept of isosteres to
biological systems, in which he defined the term as “isosteres that exhibit a similar
biological activity to the parent compound”.”® Therefore, according to this definition a
compound can be isosteric but not necessarily bioisosteric, thus a bioisostere for one
biological target may not be for an alternative target. The modern definition of a
bioisostere has since expanded to “groups or molecules which have chemical and

physical similarities producing broadly similar biological effects”. 7
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With a definition of a bioisostere being this broad, introducing a bioisostere has the
potential to alter the overall size, shape, electronic distribution, lipophilicity, polarity,
pK. and target binding for the better or worse.®'- 7% 7% Therefore, how beneficial a
bioisosteric replacement is will depend on which properties are most important, how
well the bioisostere can mimic these characteristics and how the molecule interacts
with its biological target. In terms of the wider context, making modifications to the
properties of a compound through bioisosteric replacement can be used as an
additional tactic to improve the potency and selectivity; whilst reducing the metabolism
and toxicity of lead compounds. To simplify the term bioisostere, Burger divided the
groups or molecules that are used for bioisosteric replacement into the category of

either classical or non-classical bioisosteres.”

1.2.2.1 Classical bioisosteres

A classical bioisostere can be divided into the five categories: monovalent, divalent,
trivalent, tetravalent and ring equivalent.” For a bioisosteric substitution to be
classified into of these categories, the substitution must follow the traditional isosteric
replacement principles of (1) Grimm’s Hydride Displacement Law or (2) Erlenmeyer’s

definition of an isostere.”?

A common example of a monovalent bioisosteric replacement is the substitution of
hydrogen for fluorine.”®”® While the van der Waal radius of fluorine is larger than
hydrogen (F: 1.47 Averses H:1.20 A), fluorine substitution of hydrogen can often occur
without imparting unfavourable steric interactions. However, there is a large difference
in the electronegativity between fluorine and hydrogen (3.98 verses 2.20), which is
reflected by a stronger C-F bond (105.4 kcal/mol verses 98.8 kcal/mol) and larger dipole
moment (1.41u verses -0.4 1).”® Therefore, bioisosteric replacement with fluorine can
often be used to modulate properties such as metabolism, lipophilicity and
conformation.”®”¢ The chemotherapy agent 5-fluorouracil is an excellent example of a
monovalent bioisosteric replacement of hydrogen for fluorine (Scheme 5).7>7” The C-F
bond in the active metabolite of 5-fluorouracil prevents the enzyme thymidylate

synthases performing its normal function of methylating the active metabolite. A
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consequence of this is the 5-fluorouracil active metabolite and the enzyme (thymidylate
synthases) remain strongly bound, which effectively inhibits the enzyme. The

downstream impact of this is a reduction in DNA synthesis, leading to cell death.

i X i
R. Thymidylate R.
HN™ "NH N~ "NH synthases N™ "NH _—
K/& —_— % — " “ ——» DNA-replication
o o o
Uracil Uracil o '
Active metabolite ; Other monovalent
- . bioisosteres:
Bioisosteric ,
replacement ' -H, -D, .
i -F, -OH, -NH,, -CH;
0 0 Thymidylate T I
HN” “NH R‘NJ\NH synthases
\/& —_— “ ——>X—> 1 Cell death
o o
5-Fluorouracil 5-Fluorouracil

Active metabolite

Scheme 5: Chemotherapy agent 5-fluorouracil - a monovalent classical bioisostere.

A divalent bioisostere includes substitution of an atom in a double bond (C=C, C=N,
C=0 and C=S8) or the substitution of an atom or group involved in two single bonds
(-CHaz-, -NH-, -O- and -S-).”® An application of the latter is the antihypertensive drug
Rilmenidine, in which bioisosteric replacement of C-O-C for C-CH,-C reduced non-
specific binding (receptor: a.ARs), whilst maintaining a similar potency (receptor: |1Rs)
(Figure 5a).”® Similar to a divalent bioisosteric replacement, a trivalent substitution can
include a double bond (-CH=and -N=, ) or three single bonds (CHRz;and NR;).”® For
instance, the bioisosteric replacement of a CH group in cholesterol for a N creates a
compound that acts as a potent inhibitor to cholesterol biosynthesis (Figure 5b).”®
Finally, a tetravalent bioisostere can be defined as the substitution of an atom with four
single bonds (CR,, N*R;and SiR,).”® A good example of a tetravalent bioisosteric
substitution includes the replacement of a tert-butyl group for a trimethylsilyl group in
Doramapimod, a phase Il drug candidate for the treatment of Crohn’s disease (Figure
5c¢). Barnes et al reported the silyl analogue had a comparable potency, with a slightly

improved metabolic stability in human liver microsomes.®



(a) Divalent: (b) Trivalent: (c) Tetravalent:
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pK; for a,ARs: 7.25 + 0.08 Microsomal turnover: 79%
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Figure 5: Examples of classical bioisosteres.

@ pKi = -log(binding affinity to receptor), a,ARs = receptor associated with side effects, I;Rs =
receptor associated with activity. ®* MED = minimal effective dose for a 10% reduction in serum
cholesterol levels. ° Human liver microsomes.

The final sub-class of classical bioisosteres are ring equivalents. The most common
examples include the interchange between a phenyl and pyridine ring or a furan and
thiophene.”® Although, there are instances where classical bioisosteric substitutions fit
into the sub-class of ring equivalents and another. The antihypertensive drug
Rilmenidine discussed earlier is an example of this, in which the substitution of the
oxazoline ring for a pyrroline ring can also be classified as a ring equivalent or a divalent

classical bioisostere (Figure 5a).”®

1.2.2.2 Benzene non-classical bioisosteres

A non-classical bioisostere includes any substitution that does not obey the principles
of (1) Grimm’s Hydride Displacement Law or (2) Erlenmeyer’s definition of an isostere,
whilst producing a similar biological effect.”? Therefore, non-classical bioisosteres can
be structurally distinct but must mimic or ideally improve the physicochemical

properties of the parent compound.’®
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As previously mentioned, a benzene ring is the most frequently used ring scaffold in
small drug molecules. ¥ % The abundance of this functional group has been attributed
to the ease at which benzene rings can be introduced synthetically, with a variety of
functional groups and varying substitution pattern.®” Unfortunately, benzene rings in
drug candidates can lead to poor ADME profiles (e.g. metabolic instability) or
pharmacokinetic properties (e.g. poor aqueous solubility).®' This notion was supported
by detailed analysis of 280 compounds in the GSK pipeline, which found on average the
number of aromatic rings in the drug candidates decreased from pre-clinical studies to
clinical trials.®' One strategy to tackle this problem includes increasing the number of
sp® hybridised carbon atoms and stereogenic centres in drug candidates, which will
tune the physicochemical properties and allow more chemical space to be explored at
a biological target.®® Accordingly, there has been a growing interest around using sp®

hybridised saturated scaffolds as a non-classical bioisosteres to benzene rings.5”¢°

Scaffolds that are commonly evaluated in structure-activity relationship (SAR) studies
currently, include the caged structures bicyclo[1.1.1]pentane (BCP),
bicyclo[2.1.1]hexane (BCH), bicyclo[2.1.1]heptane (BCHep), bicyclo[2.2.2]octane
(BCO) and pentacyclo[4.2.0.0%5.0%8.0*"]Joctane/cubane (CUB).*”%° Each of these
benzene bioisosteres have a rigid cage structure, which when functionalised leads to
well-defined bond angles between substituents (Figure 6).5”-%° The defined spatial
arrangement between functional groups provides the basis to mimic the para-, ortho-
and meta-substituted benzene ring patterns found in pharmaceutical drugs. Their
success as a benzene bioisosteres is dependent on the role the benzene ring, whether
that be to control the conformation (e.g. used as arigid spacer) or as a pharmacophore
(e.g. m-w stacking interaction with biological target).®’ In the circumstances the benzene
ring acts as a ‘spacer’ unit, the dimensions of the bioisostere will influence how
efficiently the pharmacophore regions can interact with the biological target. However,
if the benzene ring is a pharmacophore, bioisosteric substitution could detrimentally

affect the target binding interactions of the drug.
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(a) Potential bioisosteres of para-substituted benzene | (b) Potential bioisosteres of meta-substituted benzene
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(c) Potential bioisosteres of ortho-substituted benzene
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Figure 6: Reported dimensions of potential benzene bioisosteres® (a) para-substituted®®® (b)
meta-substituted® " %88 (c) ortho-substituted®® ©/ ¢ 86 88-%0

In general, bioisosteric replacement of benzene for any of the C(sp?®)-rich three-
dimensionalrigid cage scaffolds in Figure 6 could be utilised to improve the following
properties:®”-% (1) aqueous solubility: replacement of the aromatic ring will remove
strong n-nt stacking interactions, which could reduce the lipophilicity of the overall
structure. In addition, the three-dimensionality of these scaffolds will reduce the
molecular planarity of the entire compound, which has been shown to increase
aqueous solubility.®’ (2) metabolic stability: sp® hybridised rich scaffolds are usually
more stable in CYP450 environments than benzene rings due to unusually strong C-H
bonds, thus increasing metabolic stability.®" (3) potency: these non-classical
bioisosteres have access to greater chemical space due to their three-dimensional
structure compared to benzene, which is planar, creating opportunities for novel target
interactions.® As a result of these strained saturated scaffolds offering improved
physicochemical properties over benzene; in the last decade SAR studies evaluating

bioisosteric replacement have been on the rise.

1.2.2.2.1 Bicyclo[1.1.1]pentane (BCP):

The application of bicyclo[1.1.1]pentane (BCP) as a benzene bioisostere has been
evaluated extensively, with numerous examples that have exhibited improved

physicochemical properties (e.g. aqueous solubility, lipophilicity, metabolism and
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potency) compared with their equivalent aromatic species.®’-%*°2 One successful
example was reported by a team from Pfizer who found potency was retained when
replacing the para-substituted fluorophenyl group in the y-secretase inhibitor 1.5 with a
1,3-BCP scaffold (1.5a) (1.5 1Cso = 0.225 nM compared to 1.5a ICso = 0.178 nM) (Table
6).2° The work by the Pfizer team demonstrated that bioisosteric replacement can be
valuable tool in SAR studies, as no reduction in potency of 1.5a demonstrated that the
fluorophenyl moiety in 1.5 was not involved in any critical enzyme inhibition
interactions. Introduction of the BCP skeleton also increased the thermodynamic
solubility by an order of magnitude at both pH 6.5 and 7.4, therefore improving the oral
absorption of the drug (Table 6). This increase in aqueous solubility was attributed to the
three-dimensional structure of BCP disrupting the planarity of the overall structure,
thus obstructing intermolecular n-stacking interactions of the remaining aromatic ring.
The outcomes of the solubility measurements are also consistent with the ELogD
values, with the BCP analogue 1.5a having a lower lipophilicity (1.5 = 4.7 compared to
1.5a = 3.8). Evaluation of the metabolic stability of both compounds revealed that the
BCP analogue exhibited a greater resistance to metabolic turnover in human
hepatocytes (apparent intrinsic clearance: 1.5 = 15 uL/min/10° cells compared to 1.5a =

< 3.8 uL/min/10° cells).

Table 6: BCP replacement of the para-substituted benzene in the y-secretase inhibitors 1.5.%°

Cl

Cl
: CF z 2
O”S‘// ° ;J ’ [m— S/’o JCFa
-N N— 0", T
0 Cz / o-N N
IQN ‘O>*NH2 IQNM_/ ‘>—NH2
O
F
Avagacestat 1.5a
(1.5)
y-secretase inhibitor
1.5 1.5a
|C50 (Aﬂ42, nM) 0.225 0.178
Thermodynamic solubility pH 6.5 (LM) 1.7 19.7
Thermodynamic solubility pH 7.4 (uM) 0.9 29.4
ElogD 4.7 3.8
Human hepatocytes CLin (uL/min/10° cells) 15.0 <3.8
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Alongside BCP acting as a bioisostere for para-substituted benzene rings, 1,2-
disubstituted bicyclo[1.1.1]pentanes can mimic ortho-substituted benzene rings.8 593
Replacing the ortho-substituted benzene ring in the drug Telmisartan (1.6, angiotensin Il
receptor antagonist) with a 1,2-BCP scaffold gave the individual enantiomers (+)-1.6a
and (-)-1.6a (separated by chiral HPLC), that had a potency and lipophilicity comparable
to Telmisartan (Table 7).%* Solubility of (+)-1.6a and (-)-1.6a at pH 2 was also
comparable to Telmisartan, however, at pH 7 the solubility of both enantiomers was an
order of magnitude greater compared to Telmisartan (1.6 = 20 mg/mL, (+)-1.6a = 131
mg/mL and (-)-1.6a = 144 mg/mL).** The pH-independent solubility of the two BCP
enantiomers could improve the compounds absorption throughout the gastrointestinal
tract, addressing the solubility limitations that currently restricts Telmisartan’s
bioavailability.®® The geometry of the three-dimensional BCP skeleton also had an
impact on metabolic stability, with enantiomer (+)-1.6a being twice as resistant to
metabolism compared to (-)-1.6a.% The authors do not comment on the difference in
metabolic stability between the enantiomers, although enantioselective drug
metabolism is commonly reported in the literature due to the intrinsic chirality of

enzyme active sites.%®

Table 7: BCP replacement of the ortho-substituted benzene in Telmisartan.®*

Pr Pr
N)*N N)\
cogs oyl
E"SN\ CoOH =\
Telmisartan (+)-1.6a
(1.6)
1.6 (+)-1.6a (-)-1.6a
ICso (AT; antagonist, nM) 1.0 4.3 5.9
ICso (AT agonist, nM) n.e n.e n.e
Solubility pH 2 (mg/mL) 152 146 160
Solubility pH 7 (mg/mL) 20 131 147
LogD 1.58 1.54 1.54
Human hepatocytes CLin (LL/min/10° cells) n.r 7.3 15.1

n.e = no significant effect; n.r = not reported
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1.2.2.2.2 Bicyclo[2.1.1]hexane (BCH):

Bicyclo[2.1.1]hexanes have been validated as a suitable bioisostere for ortho- and
meta-substituted benzene rings.®**” The 1,5-bicyclo[2.1.1]hexane (1,5-BCH) scaffold
that mimics the ortho-substituted benzene ring are chiral structures, therefore the
diastereo- and enantioselectivity needs to be considered when constructing the 1,5-
BCH scaffold.% %% Recently, the Tortosa group synthesised several enantioenriched
1,5-BCH analogues of bioactive molecules, including the oncology drug Axitinib (1.7)
that is approved for the treatment of advanced renal cell carcinoma.®® The mechanism
of action relies on inhibiting the phosphorylation of a tyrosine kinase receptor
(VERGFR2), in which Axitinib (1.7) exhibited an ICs, value in the low nanomolar range

(1.7 ICs0 = 5 nM) in this study (Table 8).%

Table 8: BCH replacement of the ortho-substituted benzene in Axitinib.%

Os__NHMe OYNHMe
S S :
7\ \5 = ¢ \ @
=N\ =N\
\ \
N-NH N—-NH
Axitinib (-)-1.7a
(1.7)
Treatment of renal cell carcinoma
1.7 (+)-1.7a (-)-1.7a
ICso (VEGFR2, nM) 5 15 9
ECso (MB-231, uM) 1253 98 71
ECso (HCT-116, uM) 505 64 45
ECso (Mel-202, uM) 100 18 19

Both 1,5-BCH enantiomers were able to inhibit phosphorylation, with a slightly elevated
ICso value compared to Axitinib, but notably still in the low hanomolar range (ICso = 15
and 9 nM for (+)-1.7a and (-)-1.7a respectively).®® Enantiomer (-)-1.7a was 1.5x more
active than (+)-1.7a, demonstrating the importance of enantioselective synthesis to
maximise the biological activity of a drug.®® In addition, both 1,5-BCH enantiomers and
Axitinib were evaluated against three different human cancer cell lines (MB-231= breast
cancer, HCT-116 = colon cancer and Mel-202 = eye cancer). Remarkably, for each cell

line (+)-1.7a and (-)-1.7a cytotoxicity was much greater than Axitinib, with a 17-fold
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increase in activity for (-)-1.7a compared with Axitinib for the MB-231 cell line (ECso = 71
and 1253 uM for (-)-1.7a and Axitinib respectively).?® Altogether, these results
demonstrate the 1,5-BCH scaffold has a promising application as a bioisostere for

ortho-substituted benzene rings.

1.2.2.2.3 Bicyclo[2.1.1]heptane (BCHep):

The exit vectors of the bridgehead substituents on the 1,3-disubstituted BCHep scaffold
closely resemble those of a meta-substituted benzene ring (Figure 6b). This encouraged
the Anderson group to prepare a 1,3-BCHep analogue of the skin cancer drug Sonidegib
(1.8), to access 1,3-BCHep viability as a novel bioisostere (Table 9).86 Introduction of the
1,3-BCHep scaffold increased the membrane permeability (AB/BA: 1.8 =0.6/0.7 and
1.8a=3.7/2.7), in which the intestinal absorption of 1.8a (AB = 3.7) was greater than the
efflux value (BA = 2.7) (Table 9).

Table 9: BCH replacement of the aryl ring in Sonidegib.?®

H O H
TTTC Ly
IK\ S O OCF3 — “, N ~ O

N N N OCFy,
o/ o/
) Sonidegib ) 1.8a
(1.8)
Treatment of skin cancer
1.8 1.8a
Membrane permeability: Caco-2, AB/BA P,,, (10° cm s-1) 0.6/0.7 3.7/12.7
Membrane permeability: Efflux ratio 1.1 0.7
Human hepatocytes CLi (LL/min/mg) 20 18
ICs0 (CYP3A4, uM) >50 >50
ICs0 (CYP2C19, uM) >50 13.9
Kinetic solubility pH 7.4 (uM) <1.6 <1.6
clogP 6.8 6.2

Meanwhile aqueous solubility, lipophilicity and metabolic stability of 1.8a were all

comparable to Sonidegib. Notably, there was no significant difference in the inhibition
of CYP3A4 (ICso = >50 uM for 1.8a and Sonidegib), which is the enzyme responsible for
the majority of drug metabolism.'® Happily, the inhibition of enzyme CYP2C19 by 1.8a
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was 3-fold higher than Sonidegib in the low micro-molar range (ICs, = 13.9 and >50 uM
for 1.8a and Sonidegib respectively), demonstrating a difference in selectivity between
the two enzymes. Overall, the SAR data related to the 1,3-BCHep analogue of Sonidegib
are promising and validates its role as a non-classical isostere for meta-substituted
benzene rings. However, as the study does not compare the antitumor activities of 1.8a
verses Sonidegib, its application in medicinal chemistry as a bioisostere is yet to be

determined.

1.2.2.2.4 Bicyclo[2.2.2]octane (BCO):

One of the most widely used bicyclic bioisosteres for para-substituted arenes includes
1,4-bicyclo[2.2.2]octane (1,4-BCO), with the substituents located on the bridgehead
positions. An extensive structure-activity relationship study on a class of MDM2
inhibitors, which regulate tumour suppression in almost all cancers, examined if
replacing the para-substituted arylring in their lead compound 1.9 with 1,4-BCO (1.9a)
would improve the oral pharmacokinetic properties (Table 10).'° The results of the in
vitro studies were promising, with 1.9a exhibiting an improved binding affinity for MDM2
(ICso=4.4 and 3.7 nM for 1.9 and 1.9a respectively) and a comparable potency for
inhibiting cell growth in the SJSA-1 cell line (ICso =100 and 89 nM for 1.9 and 1.9a
respectively), in comparison to the aromatic led compound 1.9. When examining the
oral pharmacokinetic properties of 1.9 and 1.9a in rats, the plasma concentration of
1.9a was multiple orders of magnitude higher based on the Cnax (1553 verses 8234
ng/mL) and AUC values (6799 and 73603 h-ng/mL) (Table 10). Despite the improved oral
pharmacokinetic properties, the in vivo studies revealed that the 1,4-BCO analogue was
unable to reduce tumour volume. It was hypothesised the poor antitumoral activity in
mice was due to poor penetration of 1.9a into the tumour tissue, which was resolved by
ethylating the nitrogen in the pyrrolidine core (1.9b). The pharmacodynamic
experiments of 1.9b revealed that an oral dose (100 mg/kg) taken daily for 14 days
resulted in full tumour regression for at least 30 days. As a result of great oral
pharmacokinetic and pharmacodynamic properties, compound 1.9b also known as
Alrizomadlin, has now advanced to stage | and Il clinical trials for the treatment of

various human cancers.'
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Table 10: BCO replacement of the para-substituted benzene.

1.9 1.9a Alrizomadlin
(1.9b)
Stage | and Il clinical trails for
various human cancers

1.9 1.9a 1.9b
ICs0 (MDM2, M) 4.4 3.7 3.8
Ki (MDM2, nM) <1 <1 <1
ICs0 (SJSA-1, NnM) 100 89 60
PO Crax(Ng/mL) 1553 8234 5453
po AUC (h-ng/mL) 6,799 73,603 39,083
iv AUC (h-ng/mL) 8,633 82,241 38,265
Bioavailability / F (%)* 31.5 35 40.3
Antitumour efficacy (% regression) 86 0 100

@ po dose (mg/kg) for each compound = 25; iv dose (mg/kg) for each compound = 10. Po: oral
administration; iv does: intravenous administration; Cuax: maximum plasma concentration;
AUC: area under the plasma drug concentration-time curve.

1.2.2.2.4 Pentacyclo[4.2.0.0 2°.0%2.0%*” Joctane (Cubane):

Cubane is arigid, highly strained cage structure that was first synthesised by Eaton and
Cole." Since the initial synthesis, Eaton proposed that cubane could have an
application in medicinal chemistry as a benzene bioisostere, based on the diameter of
the cubane scaffold (2.72 A) closely resembling the distance between the para-
substituted carbons in a benzene ring (2.80 A).821% Each carbon in the cubane scaffold
is a bridgehead carbon, therefore the substituent exit vectors are relatively fixed.
Fortunately, the exit vectors for 1,2 and 1,3-disubstituted cubanes are similar to ortho
and meta-substituted benzenes respectively, with 1,4-disubstituted cubane exit vectors
matching para-substituted benzene (Figure 6). Since Eaton’s initial hypothesis the

synthesis of pharmaceutical drugs incorporating the cubane framework are mostly
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mimicking terminal or para-substituted benzene rings, with limited reports of alternative

substitution patterns.®”: %

The mono-substituted cubane 1.10a was synthesised to evaluate its application as a
non-classical bioisostere to the terminal arylring in the chemotherapy drug Vorinostat
(1.10), which is a deacetylase inhibitor approved for treatment of cutaneous T-cell
lymphoma (Table 11).7% Both compounds inhibited the growth of two tumour cell lines,
with similar ICso values between the range of 0.03-0.05 ug/mL. Furthermore, when
conducting in vivo studies on mice, 63 % tumour regression was reported for 1.10 and
1.10a. Overall, the authors demonstrated that cubane could mimic the geometry of the
benzene ring whilst retaining biological activity, as the potency of the cubane analogue

1.10a was comparable to Vorinostat for two cancer cell lines.®

Table 11: Cubane replacement of the terminal benzene ring in the chemotherapy drug
Vorinostat.'®

y 1 on g i
\H/\/\/\)LNf = NWN»OH
0 H @/ 0 H
Vorinostat 1.10a
(1.10)
Treatment for T-cell lymphoma
1.10 1.10a
I1Cs0 (MMO6L, pg/mL) 0.03 0.05
ICs0 (MCF7, png/mL) 0.03 0.05
LogPuric 0.99 1.52
Antitumour efficacy (% regression) 63 63

The lipophilicity of the cubane analogue 1.10a was slightly higher (logPup.c = 0.99 and
1.52 for 1.10 and 1.10a respectively) but was still considered to be in a good range for
oral administration.” Notably, in this study the LogP of six other cubane analogues of
biologically active drugs were also evaluated.' In the instances where cubane was
replacing a terminal benzene ring the lipophilicity increased. Whereas, for the instances
cubane was acting as a para-linker the lipophilicity generally remained the same or
decreased.' This connection between the extent of cubane substitution and

lipophilicity has also been reported in other SAR studies examining cubane as a
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benzene bioisostere.'® The insecticide drug Diflubenzuron (1.11) is an example of the
latter, in which replacement of the para-substituted benzene ring for cubane marginally
decreased the lipophilicity (LogPuprc = 3.33 and 3.13 for 1.11 and 1.11a respectively)
(Table 12).7%¢ Potency of 1.11 and 1.11a was evaluated by measuring the mortality rate
of larvae in Tribolium castaneum beetles. At concentrations as low at 18 umol, the
cubane derivative 1.11a was nearly twice as effective as the parent benzene compound

1.11.

Table 12: Cubane replacement of the para-substituted benzene ring in the insecticide drug

Diflubenzuron.®

Diflubenzuron 1.11a
(1.11)
Insecticide
1.1 1.11a
Larvae mortality at 18 pmol (%) 50 90
LogPuric 3.33 3.13

The enhanced larvae mortality for 1.11a was attributed to the cubane scaffold being
less susceptible to metabolic oxidation compared to the benzene ring by CYP450
enzymes, which led to a higher bioavailability.'%: %19 This hypothesis is likely based on
differing pathways that exist for CYP450-mediated oxidation of a saturated system
(cubane) compared to an aromatic ring (benzene).®' For instance, CYP450-mediated
oxidation of mono-substituted benzene (1.12) usually occurs readily and typically
proceeds via the formation of an epoxide (1.12a), followed by rearrangement to a
phenol (1.12b, Scheme 6a).%" In contrast, a radical rebound mechanism has been
proposed for CYP450-mediated oxidation of saturated systems (1.13), in which a
hydrogen is first abstracted from a C-H bond generating a carbon-centred radical
(1.13a), that then reacts with the Fe-OH intermediate to afford a hydrolysed metabolite
(1.13b, Scheme 6b).5" However, for cubane scaffolds the abstraction of a hydrogen
atom for the radical rebound mechanism is likely not facile, as the C-H bonds in cubane

are strong with a bond dissociation energy of 104 kcal/mol."® The strength of the C-H
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bonds in cubane arises from the carbon atoms having 32 % s-character (based on "Jcy
coupling constant = 155 Hz), resulting in the C-H bonds in cubane being closer to sp?
hybridised than sp® hybridised."'® To put into perceptive the strength of the tertiary
centred C-H bonds in cubane, the bond dissociation energy for the tertiary centred C-H
bond in isobutane has a much lower value of 93 kcal/mol."® In addition, cubane does
not occur in nature, therefore specific biological processes have not evolved to
metabolise this scaffold. The theory is that these two factors could each contribute to

cubane generally being perceived as more metabolically stable to CYP450 than

benzene.
A) CYP450-mediated oxidation of benzene.®"
Nl
[
Ny
- 6]
R@ Gy RO — R@OH
1.12 1.12a 1.12b
B) Proposed CYP450-mediated oxidation of cubane.®'-1%°
NIl
//Fe\lv
=N
Cys ! H
e L, R e N S
1.13 1.13a 1.13b ! Isobutane !
BDE (C-H): 104 kcal/mol 1 BDE (C-H): 93 kcal/mol !

Scheme 6: CYP450-mediated oxidation.

Evidence that supports cubane as a poor substrate for CYP-mediated oxidation is
provided by Coon et al."" In this study methylcubane was subjected to several CYP-
mediated oxidations affording a mixture of hydroxylated products, with preferential
hydroxylation of the methyl group over the cubane core being reported in each
experiment (Table 13). In addition, Todd and co-workers recently reported a late-stage
biofunctionalisation of 1.15 to 1.15a and 1.15b via an enzyme mediated oxidation (dog
liver microsomes), demonstrating that cubane is still susceptible to CYP-mediated
oxidation (Scheme 7).""2 Unfortunately, the yields for these two late-stage
biofunctionalisations were not reported, making it difficult to comment on how reactive

the cubane core is to these metabolic enzymes and which position on the cubane core
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was more susceptible to oxidation under the reactions in scheme 7. Overall, these two
studies on CYP-mediated oxidation of cubane compounds revealed that oxidation can

occur, although the relative rate of oxidation compared to a benzene ring is still

unknown.
Table 13: Products from enzymatic oxidation of methylcubanes.™’
enzymatic
CHs olec)ilatlo; g(\ OH
ﬁ 37 °C 30 min ﬂOH
1.14 1.14a 1.14b 1.14c 1.14d
Yield®/ %
1.14a 1.14b 1.14c 1.14d

Rat CYP2B1 62 12 19 7
Rat CYP2B4 88 4 1 7
Rat CYP2E1 55 13 16 10

@ The percentage yields represent product distribution not isolated yields. Overall yield was not reported.

/K@ dog liver microsomes
(0]

37°C,pH=74
1h

H

1.15 1.15a 1.15b

Scheme 7: Late-stage biofunctionalisation of cubane 1.15 to afford cubanols 1.15a and
1.15b.""?

Recently a synthetic strategy towards 1,3-disubstituted cubanes was reported, which
was inspired by the earlier work of the Pettit group.® '"® To demonstrate the medicinal
application of 1,3-disubstituted cubane as potential new bioisostere for meta-
substituted benzenes, a cubane analogue (1.16a) of the cystic fibrosis drug Lumacaftor
1.16 was prepared (Table 14). Compound 1.16a remained active, although an order of
magnitude less active than Lumacaftor (RCso=0.15and 2.1 uM for 1.16 and 1.16a

respectively). The reduction in potency of the 1.16a could be attributed to the structural
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replacement being proximal to carboxylic acid binding moiety. In this interaction the
carboxylic acid forms a salt bridge to the CFTR protein, thus replacement of the
aromatic carboxylic acid with a tertiary aliphatic carboxylic acid is expected to increase
the pKa value, which would weaken this interaction."* Despite the two compounds
having a comparable lipophilicity and surface area, 1.16a was significantly more
soluble at pH 2 (1 and 155 mg/mL for 1.16 and 1.16a respectively) with a similar
solubility at pH 7. In addition, the compound 1.16a was found to have an improved
metabolic stability based on an in vitro study measuring the intrinsic clearance rate of
the two compounds (CLixe = 11.96 and 6.98 uL/min/10° cells for 1.16 and 1.16a

respectively).

Table 14: Cubane replacement of the meta-substituted benzene ring in the cystic fibrosis drug

Lumacaftor.®
B B
_ HO,C _
HO,C N” >NH 2 N > NH
(@) O
[m—
0] O
O—~¢ O—~F
F F
Lumacaftor 1.16a
(1.16)
Treatment of cystic fibrosis
1.16 1.16a
RCso (CFTR, pmol) 0.15 2.1
logD 1.99 2.03
EPSA 113 101
Solubility pH 7 (mg/mL) 139 171
Solubility pH 2 (mg/mL) 1 155
Human CLiy (uL/min/10° cells) 11.96 6.98

RCso = half-maximal rescue concentration; EPSA = experimental polar surface area

To the best of our knowledge, no SAR studies have been performed on biologically
active molecules that incorporate the 1,2-disubstituted cubane scaffold. Therefore, the
application of cubane as a bioisostere for ortho-substituted benzene rings are still

unknown. Despite well-established synthetic routes to synthesise various substitutions
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patterns on the cubane framework, in general the number of SAR studies evaluating
cubanes’ suitability as a non-classical benzene bioisostere are still limited, especially
compared to bicyclo[1.1.1]pentane and bicyclo[2.2.2]octane. It is likely this could be
attributed to the cost of cubane scaffolds, which are generally far more expensive than
bicyclo[1.1.1]pentanes and bicyclo[2.2.2]octanes. Although, the application of cubanes
in medicinal chemistry is growing, with the number of patents that include cubane

analogues of biologically active compounds on the rise.®’

1.3 Benzene bioisosteric replacement in (Z)-tamoxifen

Individuals with estrogen-receptor-positive breast cancer that do not respond to (2)-
tamoxifen (1.1) therapy typically develop tumours that become resistant to this
treatment, widely referred as acquired resistance.?® It has been proposed that variations
in the polymorphism of metabolic CYP450 enzymes in different individuals may play a
role in acquired resistance, particularly in individuals with low or absent CYP2D6

activity and over overexpression of CYP1B1.4344.47.115

The role of CYP2D6 is to catalyse the hydroxylation of (2)-tamoxifen (1.1) to 4-
hydroxytamoxifen (1.1a) and N-desmethyltamoxifen (1.1b) to endoxifen (1.1¢), which is
critical as both 1.1a and 1.1¢ are the most potent antiestrogenic metabolites of (2)-
tamoxifen (Scheme 8).2*2° However, the first problem with CYP2D6-mediated oxidation
of aromatic rings is its lack of selectivity, resulting in the formation of the undesired
hydroxylated metabolites 1.1d-f, which reduces the overall effectiveness of tamoxifen
treatment (Scheme 8).%% The second issue is the activated hydroxylated metabolites
1.1a, 1.1¢, 1.1d and 1f can undergo CYP1B1-mediated isomerisation to their respective
E-geometric isomers, which are either weak antioestrogen or inactive. 34+ This is
problematic as it has been reported that patients with acquired tamoxifen resistance
have increased ratios of (E)-4-hydroxytamoxifen (1.1a’) compared to (£)-4-

hydroxytamoxifen (1.1a). 4> 47-51.52
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Scheme 8: CYP2D6-mediated hydroxylation towards therapeutic metabolites and non-
therapeutic metabolites.** %
@ Susceptible to CYP1B1-mediated isomerisation to respective E-geometric isomer.

We propose formation of non-therapeutic metabolites by CYP2D6-mediated
hydroxylation and subsequently CYP1B1-mediated isomerisation of the hydroxylated
metabolites could be reduced by replacing a benzene ring in (2)-tamoxifen for a sp*-rich
bioisostere, which are scaffolds that can improve the metabolic stability of compounds.
To explore if this approach can reduce acquired tamoxifen resistance, we plan to

initially consider cubane as a suitable sp3-rich bioisostere to benzene (Scheme 9).
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Scheme 9: (2)-Tamoxifen bioisosteric replacement with cubane.
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(2)-Tamoxifen (1.1) is a prodrug that has three aromatic rings that could each be
replaced with a cubane scaffold (Scheme 9). In vivo (Z)-Tamoxifen is metabolised into
the two potent antioestrogens 1.1a and 1.1¢ (Scheme 8), both with a phenol group on
benzene ring A that has proven to play an important role for binding in the ER (Figure 3a).
39.490 Therefore, we can envision for a bioisosteric replacement at this position to be
successful CYP450-mediated oxidation of the cubane core must occur. If 1.17a can be
formed and is stable in vivo, a cubane scaffold at this position may be beneficial to
reduce isomerisation, as the cubane core would provide little stabilisation to the
proposed cationic intermediate. Alternatively, if CYP-mediated oxidation on the cubane
core is poor then bioisosteric replacement of aromatic ring B would be favoured as the
number of non-therapeutic metabolites would decrease. Finally, aromatic ring C is not
metabolically modified in any of the major non-therapeutic metabolites of (2)-
tamoxifen, therefore we suspect the metabolic stability will largely be unaffected when
introducing a cubane scaffold in this position. However, based on studies by Valliant et
al who observed restricted isomerisation of a carborane analogue of (2)-Tamoxifen,®
which was on aromatic C, cubane may also reduce isomerisation by having differing

steric and electronic properties to the parent compound.

In addition to modulating the metabolic stability of (Z)-tamoxifen, bioisosteric

replacement of a benzene ring with cubane may improve other pharmacokinetic
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properties, such as lipophilicity and non-specific binding.' "¢ The latter is of
particularly relevant given (Z)-tamoxifen has a high binding affinity to serum albumin (98
%).2" Overall, each mono-substituted cubane analogues of (2)-tamoxifen has the
potential to either reduce the formation of non-therapeutic metabolites by CYP2D6-
mediated hydroxylation or decrease CYP1B1-mediated isomerisation, which has been

identified as one mechanism contributing to tamoxifen acquired resistance.

1.4 Aim of the project

This work aims to develop a protocol to synthesise cubane analogues of the breast
cancer drug (2)-tamoxifen. If successful, we will begin to assess whether cubanes
bioisosteric replacement for arenes in (Z)-Tamoxifen can improve the metabolic profile
of the drug, towards the broader application of reducing acquired tamoxifen resistance.
The project also aims to address a major limitation more generally associated with
using cubane as a benzene bioisostere, which is the lack of general synthetic methods
reported for functionalisation of cubane. This work will examine various multistep
synthetic routes for synthesising cubane analogues of (2)-tamoxifen, with the aim of

expanding current protocols for cubane functionalisation.

To reach this goal, we will develop a protocol to synthesise unsymmetrical cubane
containing tetrasubstituted alkenes, starting with the commercially available 4-
methoxycarbonylcubanecarboxylic acid (Chapter 2). In this chapter we will also begin
to assess how bioisosteric replacement of an arene in tamoxifen for cubane affects the
drug’s pharmacokinetic properties. In order to replace the para-substituted phenyl ring
bearing a (dimethylamino)ethoxy side chain in tamoxifen for cubane, we anticipate that
ethoxy side chain could be introduced via a cubanol intermediate. The synthesis
towards cubanol begins with exploring the Baeyer-Villiger oxidation of cubyl ketones and
investigating how steric and electronic factors influence the migratory aptitude
(Chapter 3). Next, we will develop a general method to convert the cubyl ester products
from the Baeyer-Villiger oxidation studies, where cubane migrated, to synthesise
cubanols (Chapter 4). To test the utility of the approach we plan to synthesise a cubane

analogue of the phenol containing natural product resveratrol (Chapter 4).
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Chapter 2 Synthesis of cubyl-tamoxifen

2.1 Introduction

2.1.1Routes towards (Z)-tamoxifen

(2)-Tamoxifen (1.1) is marketed for the treatment of oestrogen-receptor-positive breast
cancer and the prevention of breast cancer in high-risk individuals.'” Stereoselective
synthesis of tamoxifen is critical as the two geometric isomers have opposing effects on
breast tissue, with (Z2)-tamoxifen’s active metabolites acting as potent antioestrogens
whilst the metabolites of (E)-tamoxifen are weak oestrogens.**>4” In the literature there
are a variety of synthetic routes towards the preparation of (Z)-tamoxifen, although the
vast majority are non-stereoselective and rely on purification to separate (Z)-tamoxifen

from the unwanted (E)-tamoxifen.''” "1

LD
\_\

ﬂ1,2-Addition elimination
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Figure 7: Common literature routes towards (Z)-tamoxifen.

One established synthetic strategy for the preparation of tamoxifen includes the
McMurry reaction, in which two un-symmetrical ketones are reductively coupled (Figure
7). Additionally, the 1,2-addition of an aryl Grignard or aryl organolithium to a ketone

yields a tertiary alcohol, which can subsequently undergo acidic dehydration to afford
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the olefin core of tamoxifen.’%"22 Other synthetic procedures involve transition metal
catalysed cross-couplings, such as a Suzuki-Miyaura or the Heck coupling.'?® 24 An
alternative, though less widely reported methodology, includes the Horner-Wadsworth-

Emmons reaction between a phosphonate and a ketone.’®
2.1.2 Routes towards alkenylcubanes

To the best of our knowledge there are no examples of all-carbon tetra-substituted
olefins that incorporate cubane as a substituent, with only limited literature examples
of tri- and di-substituted olefins that incorporate cubane as a substituent (Scheme 10-
11). Notably, each of the cubane olefins were prepared by either a Wittig or Horner-
Wadsworth-Emmons reaction using a cubyl aldehyde as the precursor (Scheme 10),

with only one patent reporting a Wittig reaction with a cubyl ketone (Scheme 11).708 126130

The first example of an alkenylcubane was the synthesis of the vinylcubane 2.3a by
Carroll et al via a Wittig reaction (Scheme 10a)."?® The vinylcubane was prepared by
treating methyltriphenylphosphonium bromide (2.2a) with n-BuLi in THF which afforded
aylide, followed by the addition of the cubyl aldehyde 2.1a providing 2.3a in 88 % yield.
Similarly, the Williams group performed a Wittig reaction using cubyl aldehyde 2.1b with
two different phosphonium ylides (2.2b and 2.2¢)."% 2’ Treatment of cubyl aldehyde
2.1b (1 eq) with the phosphonium ylide 2.2b (2 eq) in toluene at reflux for an
undisclosed time gave the olefin (E)-2.3b in 60 % yield (Scheme 10b)."® In contrast, the
Wittig reaction between 2.1b (1 eq) and the phosphonium ylide 2.2¢ (1.5 eq) at a lower
temperature of 60 °C for 6 hours gave the cyclooctatetraene 2.4 in 52 %."* These two
reactions by the Williams group suggest that leaving the reaction at elevated
temperatures likely promotes cubane rearrangement. However, the substituents of the
olefins could also have an influence on the stability of the cubane scaffold. Overall,
these two factors could be contributing to why there are limited examples of
alkenylcubane species reported in the literature. Switching the solvent from toluene to
DCM and performing the reaction at a lower temperature of 40 °C allowed Willams and
co-workers to isolate the olefin (E)-2.3c in 68 % yield."* The stereochemistry of 2.3b

and 2.3c was established using "H NMR coupling constants of the vinyl protons (2.3b:
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3Jun = 15.5 Hz; 2.3c: ¥Jun = 16.0 Hz) that are indicative of the E-geometric isomer and

consistent with stereoselectivity of Wittig reactions using stabilised ylides.%8 127: 131

A. First reported preparation of a vinylcubane.’®

)

n-BulLi, THF X
H — =

® S
I Me—PPh; Br

2.1a 2.2a 2.3a
(88 %)

B. Di- and tri-substituted cubyl olefins."08 27.128.130

OEt
Q PheP” [
N
OEt 0 MeQ /\©
2.2b (2 eq) )\H/OMG
- MeO-F .. OMe

(E)-2.3b toluene, reflux
(60 %) 2.2d (1 4 eq) Y
o X KBuO (1.05 eq)
PhgP™ THF, - 78 °C = rt (2)-2.3d
OM /ﬁo( 54h (73 %)
2.2c (1.5€eq) 0
2.4 toluene, 60 °C J\ J<
o HN™ SO o}
(52 %) 6h
EtQ OMe
Eto-F YT OMe
o PheP” 0O O AN 0
N o 2.2e (1.4 eq)
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- DBU (1.05 eq)
DCI\1/I,2rﬁﬂux THF, 0°C = rt (2)-2.3e
(E)-2.3¢c 12h (34 %)

(68 %)

Scheme 10: Literature examples of Wittig and Horner-Wadsworth-Emmons reactions with
cubyl aldehydes.

Churches’ and co-workers were the first to prepare a tri-substituted olefin that
incorporated cubane as a substituent (Scheme 10b)."?® The olefination proceeded via a
Horner-Wadsworth-Emmons reaction beginning with deprotonation of the CBz-
protected phosphonate 2.2d (1.4 eq) in DCM as - 78 °C using ‘BuOK (1.05 eq).
Subsequent addition of the cubyl aldehyde 2.1b (1 eq) and warming the reaction
mixture to room temperature afforded (2)-2.3d in a yield of 73 %. '"H and "*C NMR
analysis of the crude and purified product indicated that only one geometric isomer was
formed, with 2.3d confirmed to be the Z-geometry from X-ray crystallography studies.

Building on the work by Churches’ and co-workers, Wlochal et al adapted Churches
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Horner-Wadsworth-Emmons conditions to prepare the tri-substituted olefin (2)-2.3e as
an intermediate towards a cubane analogue of the amino acid alanine (Scheme 10b)."%°
In this work, the Boc-protected phosphonate 2.2e (1.1 eq) was used over the CBz-
protected phosphonate 2.2d, DBU (1.05 eq) was chosen as the base and formation of
ylide was performed at 0 °C rather than - 78 °C."?% '3 The olefination was stereoselective
with Wlochal et al reporting the (£)-2.3e was formed exclusively, albeit in a reduced
yield of 34 %.%%° In this work the alkene geometry of (2)-2.3e was assigned based on

similar "H NMR shifts to (2)-2.3d, which was reported earlier by Churches et al.’ 1%

....................

o KBuO (3.3 eq) : N '
THF, 0 °C — rt S P Ry= [ :

® > : = F H

) ' :

/—PPhgCl OMe ;

X X : e
MeO ' 0
21¢ (1 eq, X = Ry) (5';";) 2.3f(91%, X=R;) ' Ryp= Py
211d (1 eq, X = Ry) 239 (72% X=Ry) | % “OMe

....................

Scheme 11: The single example of a Wittig-Horner reaction using cubyl ketones.'®

Notably all the olefination reactions described have been with structurally simple cubyl
aldehydes, which are well-documented in the literature to be more reactive in the Wittig
and Horner-Wadsworth-Emmons reaction than ketones.™? A patent submitted by Qilu
pharmaceuticals recently reported using cubyl ketones in a Wittig reaction, in yields
exceeding 70 % using similar conditions as described by Churches et al for cubyl
aldehydes (Scheme 11)."?° The treatment of cubyl ketone 2.1¢c and 2.1d at room
temperature with ylide derived from 2.2f, formed from the phosphonium chloride being
treated with ‘BuOK in THF at 0 °C, gave 2.3f and 2.3g in 91 % and 72 % yield respectively
after silica gel column chromatography. Unfortunately, as these two Wittig reactions
were described in a patent no details regarding the stereoselectivity were revealed.
However, based on the existing literature that shows the construction of all-carbon
tetra-substituted alkenes via a Wittig or Horner-Wadsworth-Emmons usually proceeds
in poor selectivity, it is likely 2.3f-g are a mixture of geometric isomers.'3* '3 Therefore,
exploring a range of different strategies is critical to find a robust synthetic method to
access cubyl analogues of (Z)-tamoxifen and therefore other cubane containing tetra-

substituted olefins in the future.
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2.2 Results and discussion

2.2.1Route 1: McMurry approach

2.2.1.1 Literature

We began our synthetic journey towards analogues of (Z)-cubyl-tamoxifen with
exploring the suitability of the McMurry reaction, with a retrosynthetic analysis of (2)-
tamoxifen disclosed in Scheme 12. The alkene moiety in the target compounds would
be constructed via a McMurry coupling between either ketone 2.6 and 2.5 or ketone 2.6
and 2.5a, dependant on whether disconnection A or B are selected (Scheme 12).
Ketones 2.6 and 2.5 are commercially available, with carbonyl 2.5a expected to be
accessible from the alkylation of the phenol moiety in 2.5 using 2-chloro-N,N-

dimethylethylamine hydrochloride in the presence of a base.

o
g McMurry Q
| — SO A
PRGN o
N
o' N
2.6 2.5a

(2)-Tamoxifen
(1.1)

Alkylation “ A Alkylation “
0 (0]
| McMurry
A o~ — ©)K/ + O O
A
on
OH

2.7 2.6 25

Step 1 Step 1

Scheme 12: Two disconnections of (Z)-tamoxifen (1.1).

In the McMurry reaction two carbonyl compounds, two ketones in the case of
tamoxifen, are reductively coupled together to afford the corresponding olefin using a
low-valent titanium species (Scheme 13)."3% "% Common methods to prepare low-valent
titanium (Ti% include refluxing titanium trichloride or titanium tetrachloride with a strong

reducing agent such as LiAlH, or zinc, in either THF or DME."™® The exact mechanism of
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the reductive coupling of carbonyls with freshly prepared low-valent titanium (Ti°
remains unclear, with multiple mechanistic routes considered since the discovery of
the McMurry reaction.”® In the classical mechanism the reductive coupling can be
divided into two steps: (1) reduction of the carbonyl by a single electron transfer from
the low-valent titanium species, to afford a ketyl radical that dimerises with another
ketyl radical to give a metallopinacolate intermediate; (2) deoxygenation to afford the
alkene (Scheme 13)."%8 In the first step of the mechanism two keto-radical species
dimerise, therefore the McMurry reaction is very effective for the preparation of
symmetrical alkenes through homocoupling of a ketyl radical species. The synthesis of
(2)-tamoxifen via a McMurry coupling is far more challenging, as in the reaction two
different asymmetric ketones are being reductively coupled. Therefore, conditions that

minimise homocoupling whilst controlling the stereoselectivity of the olefin product are

essential.
Step 1 Step 1
0 | Tisurface . LTi Surface |
2 I | - -
) THF, A R, R; o o) o
2Zn+TiCly —— > Ti°+22ZnCl, ——> - O; :
R1‘\ / &/Fh R1‘ “““““ p .""/R1
Potential products for the reductive coupling of two different R4 R4 R, R4
asymmetric ketones :
0 o metallopinacolate
l]\ lJ\ intermediate
R’ R® "R*
................................................................... . LTI Surface \ Step 2
H = R R R4 R1 R1 R1 R4 R4 R3 R4 E “_
E 4 R1 3 R3 4 RS .
cross-coupled homo-coupled homo-coupled R1 R,

...................................................................

Scheme 13: Classical mechanism of the McMurry reaction.'®

The first stereoselective synthesis of (Z)-tamoxifen utilising the McMurry reaction was
described by Coe and Scriven.'® Two pathways were explored to determine which
carbonyl compounds in the McMurry reaction maximised the yield and stereoselectivity
for the Z-geometric isomer (Scheme 14). In route A the low-valent titanium species was
prepared by reducing titanium tetrachloride (3.1 eq) with excess zinc powder (6.2 eq) in

refluxing DME for 2 hours. The heterogenous mixture was cooledto 0 °C and a 1:1
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mixture of 4-hydroxybenzophenone (2.5, 1 eq) and propiophenone (2.6, 1 eq) was
added and refluxed for 4 hours. After an aqueous work-up the coupled product 4-
hydroxytamoxifen (2.7) was obtained in 98 % yield with a 7:1 Z/E isomer ratio, calculated
by '"H NMR analysis of the crude mixture. No further purification was attempted, instead
the authors opted to directly alkylate the crude 4-hydroxytamoxifen 2.7 (7:1 Z/E) with 2-
chloro-N,N-dimethylethylamine hydrochloride (3 eq) in refluxing toluene to obtain a
mixture of (Z/E)-tamoxifen (1.1). Unfortunately, the ratio of geometric isomers after the
work-up and the purification with silica gel column chromatography were not revealed.
Although, the authors did report that recrystallisation of the purified Z/E mixture of
tamoxifen with chloroform:hexane improved the ratio (Z/E)-tamoxifen to 9:1 (from 7:1in
the previous McMurry step) in a 24 % yield. Overall, using the conditions described in
route A (2)-tamoxifen (1.1) was synthesised in two steps with a high stereoselectivity

(9:1 Z/E) in a moderate yield of 24 %.

Route A
1. TiCly (3.1 eq) O
0 0 Zn (6.2 eq) |
+ DME, refleux, 2 h
O O 2.2.5(1eq), 2.6 (1eq) O O
OH 0 °C — reflux, 4 h OH
25 2.6 (ZE)-2.7
7:1 ratio
(98 %)
’L *HCl |11 -HCI
clI I N
(3 eq) (3 eq) Route A
toluene, reflux toluene, reflux
12h 12 h
(71 %) (24 %)

0 0 1. TiCl, (3.1 eq) O
Zn (6.2 eq) |
O O |+ DME, reflux, 2 h
O/\/N\ 2.2.5a (1eq), 2.6 (1eq) O O I

N
0°C — reflux, 4 h (o MR

2.5a 2.6 (88 %) (2)-Tamoxifen
(1.1)
Route A: Z/E 9:1 (24 % over two steps)
Route B: Z/E 3:1 (62 % over two steps)

Scheme 14: Two McMurry literature examples towards the synthesis of (Z)-tamoxifen.’®

Route B reverses the reaction order. Instead of starting with the McMurry reaction, Coe

and Scriven began by treating 4-hydroxybenzophenone (2.5) with 2-chloro-N,N-
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dimethylethylamine hydrochloride (3 eq) under the same alkylation conditions
discussed in Route A. After purification by vacuum distillation the alkylated
benzophenone 2.5a was isolated in a good yield of 71 %. In the second step carbonyl
2.5a was reductively coupled to propiophenone (2.6) using a low-valent titanium
reagent, which was prepared in the same manner as previously described in route A.
The authors found when using carbonyl 2.5a in the McMurry reaction the
stereoselectivity was reduced, with 3:1 ratio of (Z/E)-tamoxifen isolated after the work-
up in ayield of 88 %. Despite the overall yield of route B being greater (yield = route A: 24
%; route B: 62 %), the poor stereoselectivity for (Z)-tamoxifen over (E)-tamoxifen made

route A more favourable ((Z/E)-tamoxifen = route A: 9:1; route B: 3:1).

2.2.1.2 Our work
2.2.1.2.1 Synthesis of (Z/E)-tamoxifen

We opted to trial both route A and B before performing a McMurry reaction with a
cubane carbonyl compound, to enable us to evaluate which route provides greater
stereoselectivity and yield. This approach would also provide the opportunity to
determine the optimal method to purify any mixture of olefin products, without loss of
valuable cubane precursors. Once validated we would prepare a cubane analogue of
one of the aromatic carbonyls to evaluate the viability of the McMurry approach to
acquire a cubane analogue of (2)-tamoxifen, and more generally tetra-substituted

olefins that incorporate cubane as a substituent.

Our study began by examining route A (Scheme 15). When reviewing more recent
literature for the McMurry coupling of ketone 2.5 and ketone 2.6, we found the number
of equivalents of titanium tetrachloride and zinc powder were generally in the range of 5
and 10 equivalents respectively.”® *° Therefore, we chose to approximately double the
equivalents of titanium tetrachloride (3.1 eq — 6 eq) and zinc powder (6.2 eq — 13 eq)
used in the protocol previously described by Coe and Scriven for our McMurry
studies."® The equivalents of zinc are twice that of titanium tetrachloride to maximise
the metal’s reduction towards a low valent titanium species, which promotes the

carbonyl coupling step. Unlike Coe and Scriven who used a 1:1 ratio of propiophenone
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(2.6) and 4-hydroxybenzophenone (2.5), we opted to use a 3:1 ratio of propiophenone to
4-hydroxybenzophenone. By having the diaryl carbonyl as the limiting reagent, which
are generally more readily reduced than monoaryl carbonyls in the McMurry reaction,
theoretically should promote the desired cross-coupling between 2.5 and 2.6."*°* The
homo-coupled side product of carbonyl 2.6, as a result of using this carbonylin a three-
fold excess, should then be readily separated from the target product 4-
hydroxytamoxifen (2.7) during purification by silica gel column chromatography owing to

their differing polarities.

Route A
1. TiCl, (6 eq)
0 o) Zn (13 eq)
n THF, refleux, 2 h |
O O 2.2.6(3eq),25(1eq)
OH
OH

0°C — reflux, 2 h
(34 %)

2.5 (ZE)-2.7
26 5:4 ratio
| -HCI | -HCI
clI > N_ clI > N_
(1.2 eq) (1.2eq) Route A
KoCOs (2 eq) KoCOs3 (2 eq)
acetone, reflux acetone, reflux
16 h 16 h
(48 %) (35 %)
\ Y

0 0 1. TiCl, (6 eq) O
Zn (13 eq) |
O ‘ |+ THF, reflux, 2 h
o >N 2.2.6 (3 eq), 2.5a (1 eq) O ‘ |

N
0 °C - reflux, 2 h 07N
2.5a 2.6 (18 %) (2)-Tamoxifen
(1.1)
Route A: Z/E 1:1 (12 % over two steps)
Route A literature: Z/E 9:1 (24 % over two steps)

Route B: Z/E 5:2 (9 % over two steps)
Route B literature: Z/E 3:1 (62 % over two steps)

Scheme 15: Two routes investigated to synthesise (Z/E)-tamoxifen (1.1) via a McMurry coupling.

In our hands there was limited stereoselectivity for the McMurry reaction in route A
using our adapted reaction conditions, with the crude mixture containing (Z/E)-4-
hydroxytamoxifen (2.7) in a 5:4 ratio respectively by "H NMR analysis (Scheme 15).
Despite the crude mixture containing multiple products and unreacted carbonyls the

ratio of (Z/E)-4-hydroxytamoxifen could be determined, as the aromatic protons of the

46



4-substituted phenolring in the Z-isomer are between 6.4 - 6.8 ppm whereas those for
the E-isomer are more downfield between 6.8 - 7.2 ppm.™"® The same is observed in the
'"H NMR of (Z/E)-tamoxifen (1.1, Figure 8). Purification of the crude product by silica gel
column chromatography afforded (Z/E)-4-hydroxytamoxifen (2.7) in a moderate yield of
34 % and unchanged 5:4 ratio of the Z/E-isomers. (Z/E)-4-Hydroxytamoxifen (2.7) was
then converted into (Z/E)-tamoxifen by the alkylation of the phenol group in 2.7 using 2-
chloro-N,N-dimethylethylamine hydrochloride (3 eq), potassium carbonate (2 eq) in
refluxing acetone overnight. During the reaction we suspect there was partial
isomerisation of the alkene, due to the crude mixture containing a 1:1 ratio of (Z/E)-
tamoxifen indicative of a loss of stereoselectivity. Overall, we found route A was
unselective with an overall yield of 11 %, due to poor yields of both the McMurry (34 %)

and alkylation (35 %) reactions.

DRCUYY DRGSR

(2)-Tamoxifen (1.1) (E)-Tamoxifen (1.1)
TH NMR (300 MHz, CDCl3) & 6.60 - 6.52 (m, 2H)  'H NMR (300 MHz, CDCl3) & 6.93 - 6.85 (m, 2H)
(ArH ortho to O(CH,),NMe; - ring C) (ArH ortho to O(CH5),NMe, - ring C)

Figure 8: Shielding effect in "H NMR of (2)-tamoxifen and (E)-tamoxifen.

We then examined route B, in which the McMurry and alkylation reaction were in the
reverse order compared to route A (Scheme 15). Using the same alkylation conditions
as described in route A, 4-hydroxbenzophenone (2.5) was converted into carbonyl 2.5a
in yield of 48 % after purification by silica gel column chromatography. Typically using
this protocol purification by agueous work up is sufficient to obtain pure material,
although due to the sensitivity of the McMurry reaction and the poor yield of the
McMurry reaction in route A we opted to purify the crude product as a precaution. In the
McMurry reaction between carbonyl 2.5a (1 eq) and 2.6 (3 eq), under identical
conditions to those previously discussed in route A, we observed an improved
stereoselectivity. The crude mixture contained (Z/E)-tamoxifen in a 5:2 ratio, which

remained unchanged during the purification process by silica gel column
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chromatography. Notably, the purification of the McMurry reaction in route B was more
challenging than route A which is reflected in the lower isolated yield of 18 % versus 34
% respectively. As a whole the stereoselectivity and yields for both route A and B were
lower than those reported by Coe and Scriven (Scheme 14 and 15). The most striking
difference between the two studies was, we observed the greatest stereoselectivity for
route B (route A: Z/E 1:1; route B: Z/E 5:2) whereas Coe and Scriven had a higher

stereoselectivity for route A (route A: Z/E 9:1; route B: Z/E 3:1).

2.2.1.2.2 Preparation of cubane carbonyl for McMurry reaction

Having explored both routes with aromatic carbonyls we next turned our attention to
performing the McMurry reaction with a cubyl ketone. To begin with we opted to use
route A, while we realised this route was unselective for the aromatic substrates it
offered a higher overall yield and thus would still allow us to test both isomers in any
future biological studies. In total there are three phenylrings between the ketones
propiophenone (2.6) and 4-hydroxybenzophenone (2.5), therefore there are three
locations to introduce a cubane scaffold via an isosteric replacement. Based on
synthetic accessibility, we opted to prepare cubanylpropan-1-one (2.13) as a cubane
analogue of propiophenone (2.6) starting from the commercially available 4-
methoxycarbonylcubanecarboxylic acid (2.8) (Scheme 16). In our retrosynthetic plan,
we envisioned performing the decarboxylation at the start of the synthetic sequence to
afford the mono-substituted methyl-cubanecarboxylate (2.10) would be the best

strategy.

(0]
(0] o) (0] (0]
.OM OMe
@)\/:’)@)LT = o = e =
(0]
2.13 2.12 211 2.10 2.8

Scheme 16: Synthetic plan of cubanylpropan-1-one (2.13).
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Traditionally, the transformation of 4-methoxycarbonylcubanecarboxylic acid (2.8) to

methyl-cubanecarboxylate 2.10 has been achieved via a Barton decarboxylation

(Scheme 17a).”*" A more recent approach has utilised cubane redox-active esters, with

Baran et al reporting a Ni-catalysed decarboxylation (Scheme 17b) and MacMillan et al

publishing an Ir-catalysed photoredox-mediated decarboxylation (Scheme 17c) all with

comparable yields.® *2 At the onset of our synthesis of cubanylpropan-1-one (2.13),

MacMillan et al had not yet published their photoredox decarboxylation conditions for

cubyl systems.® There were literature reports of visible-light induced radical

decarboxylative fragmentation of N-(acyloxy)phthalimides, discovered by Okada et al’*,

and the Macmillan’s group research using iridium photocatalysts in the presence of

blue LED light to generate radical species for cross-coupling reactions.’* %> Based on

this literature, we proposed that blue light irradiation of the cubyl N-

(acyloxy)phthalimide 2.9 in the presence of an iridium photocatalyst would generate a

cubyl radical, which when trapped by a suitable proton source would afford methyl-

cubanecarboxylate 2.10.

A. Barton - Tsanaktsidis et al.’*' B. Ni-catalysed decarboxylation - Baran et al.'*
' PhSiH; (1.5 eq)
1. Oxalyl chloride Zn (0.5 eq)
(o] (1.2 eq) CO,Me NIClz H,0
CHCl,, DMF, 2 _ (1omofe)
OMe rt, 1.5 h OMe
HO OMe phihN-© N N—
2. Sodium pyrlthlone \
0 (1.5 eq)
DMAP (0.1 eq) ; Bu
2.8 CHClj, reflux, 210 | 2.9 (20 mol %) 2.10
tungsten lamp, 1 h 82%) . THF:DMF:PrOH (77 %)
40°C,1h

C. Ir-catalysed photoredox - MacMillan et al.®

CO,Me [Ir(dtbbpy)(ppy)2]PFg (1 mol %)

1,4-cyclohexadiene (2 eq) CO,Me
NEt3 (2 eq)

CO,Bu >

0 DMA (0.05 M) CO,Bu
PhthN o Blue LED Light
rt,6 h
2.9a 2.10a

(75 %)

Scheme 17: Literature protocols for cubyl decarboxylation.
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To test this hypothesis, we began by synthesising the cubyl N-(acyloxy)phthalimide 2.9
from the commercially available cubane 2.8 (Scheme 18). Our preferred route was to
first convert the carboxylic acid moiety in 2.8 to an acid chloride using oxalyl chloride
(1.2 eq9.2Min DCM) and a catalytic quantity of DMF (10 mol %) in DCM at room
temperature. Subsequent addition of N-hydroxyphthalimide (1.2 eq) and triethylamine
(2.5 eq) to the freshly prepared acid chloride (1 eq) gave cubyl phthalimide 2.9ina 94 %
yield with no purification required. Alternatively, the phthalimide 2.9 could be
synthesised via a peptide coupling by treating 2.8 (1 eq) directly with DCC (1.1 eq),
DMAP (10 mol %) and N-hydroxyphthalimide (1.1 eq) in DCM at room temperature for 2
hours, albeit in areduced yield of 53 % (Scheme 18). A further disadvantage of the
peptide coupling route was the phthalimide 2.9 required purification by silica gel

column chromatography, this was unfavourable as it was unstable on silica gel.

Route 1 EtOZC COZEt
1. oxalyl chloride (1.2 eq, I\/'(

o) 2 M in DCM)
DMF (10 mol %)
OMe DCM,rt,1.5h (Hantzsch ester 1.5eq)
HO 2. N- Hydroxyphthallmlde & (I[dF(CF3)ppylo(dtbpy))PFg

o (1.2 eq), NEt3 (2.5 eq) (0.1 mol %)
DCM,0°C —rt,2h DCM(01M)
28 Blue LED Light
. (route 1 94 %) rn,5h
(route 2: 53 %) o
DCC (1.1 eq), DMAP (10 mol %)
‘ N-Hydroxyphthalimide (1.1 eq) OMe
DCM, rt, 2 h 210
Route 2 (70 %)

Scheme 18: Our photoredox decarboxylation protocol of cubyl phthalimide 2.9.

With the cubyl N-(acyloxy)phthalimide 2.9 in hand, we next examined the photoredox
decarboxylation on this substrate (Scheme 18). To start with we opted to use the
photocatalyst (If[dF(CF;3)ppy]lz(dtbpy))PFs and the Hantzsch ester as the proton donor
source, based on a Macmillan report that used this catalyst to promote the
decarboxylation of secondary carboxylic acids and a review article on the application of
Hantzsch esters in photoredox chemistry.’* '€ In our initial attempt, a solution of 2.9 (1
eq), (Ir[dF(CF;3)ppylz(dtbpy))PFs (0.1 mol %) photocatalyst and Hantzsch ester (1.5 eq) in

degassed DCM was irradiated with blue light at room temperature. After 5 hours, the
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cubyl phthalimide 2.9 was fully consumed (determined by TLC analysis) and methyl-
cubanecarboxylate (2.10) was isolated by silica gel column chromatography ina 70 %

yield. No further optimisation of the reaction was performed.

After the decarboxylation of cubyl phthalimide 2.9, we then turned our attention to
converting methyl-cubanecarboxylate (2.10) into cubanylpropan-1-one (2.13, Scheme
19). The direct synthesis of a ketone from a carboxylic acid derivative, for example from
a methyl ester, is often not efficient due to the newly formed ketone being highly
susceptible to attack from any remaining organometallic reagent in the reaction. To
avoid the formation of the tertiary alcohol we decided to proceed via a Weinreb amide.
Preparation of the Weinreb amide 2.12 began with the hydrolysis of methyl-
cubanecarboxylate (2.10, 1 eq) using lithium hydroxide (2.5 eq) in THF:MeOH:H,0
(3:3:1, 0.34 M) at room temperature. After an aqueous work-up the carboxylic acid 2.11

was isolated in an excellent yield of 95 %.

1. oxalyl chloride (1.2 eq,
2 M in DCM)

0] 0 DMF (10 mol %) 0]

LiOH-H,0 (2.5 eq) DCM, rt, 1.5 h _OMe

OMe > OH - N

THF:MeOH:H,O 2. N,O-dimethylhydroxylamine |

(8:3:1,0.32 M) hydrochloride (1.6 eq)
rt, overnight NEt; (3.2 eq)
2.10 2.1 DCM, 0°C = 1t, 3 h 2.12
(81 %) (55 %)

EtMgBr (2 eq, 0.9 M in THF)
THF, - 78 °C — rt, 30 min

o) Non-classical 0
©)jv isosteric replacement @)}\/
2.6 2.13

(71 %)

Scheme 19: Continued synthesis of cubanylpropan-1-one (2.13).

Following a protocol similar to that described previously, the carboxylic acid 2.11 was
then converted to the acid chloride with oxalyl chloride (1.2 eq), which when treated
directly with N,O-dimethylhydroxylamine and triethylamine afforded the Weinreb amide
2.12in 55 % yield after purification by silica gel column chromatography (Scheme 19)."

Subsequent addition of the Grignard ethylmagnesium bromide (2 eq, 0.9 M in THF) to
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2.12 (1 eq) at - 78 °C followed by stirring at room temperature for 30 minutes, gave the
target compound cubanylpropan-1-one (2.13) in 71 % isolated yield. In summary, 2.13

was prepared in 5 steps from commercial material 2.8 in an overall yield of 21 %.

2.2.1.2.3 McMurry reaction with cubanylpropan-1-one (2.13)

Next, we examined the McMurry reaction between cubanylpropan-1-one (2.13) and 4-
hydroxybenzophenone (2.5) (Scheme 20). In our previous studies when we synthesised
(Z/E)-tamoxifen via a McMurry coupling we used a 3:1 ratio of propiophenone (2.6) to
the more readily reduced 4-hydroxybenzophenone (2.5) (Scheme 15). However, as
cubanylpropan-1-one (2.13) was a valuable starting material, in this instance we chose
to adjust the ratio of ketones cubanylpropan-1-one (2.13) and 4-hydroxybenzophenone
(2.5) to aratio of 1:1. Similar to the previous McMurry reactions described, we began by
preparing the low-valent titanium species by reducing titanium tetrachloride (6 eq) with
excess zinc powder (13 eq) in refluxing THF for 2 hours (Scheme 20). The heterogenous
mixture was cooled to 0 °C and a 1:1 mixture of cubanylpropan-1-one (2.13, 1 eq) and 4-
hydroxybenzophenone (2.5, 1 eq) were added and refluxed for a further two hours. 'H
NMR analysis of the crude product revealed that cubanylpropan-1-one (2.13) was fully
consumed, although the reaction conditions failed to deliver the desired olefin product
(2)-2.14a. Upon further investigation, the '"H NMR revealed multiplets between 3-4 ppm.
Purification of the crude mixture by silica gel column chromatography allowed us to

isolate this compound of interest.

..............

i tentative K

1. TiCly 6eq : '

o 7n (13 eq) .’ : ass:gnment

o THF, reflux, 2 h
+
on 2 213(1 eq), 2.5 (1eq)
0°C — reflux, 2 h OH :
2.13 25 (2)-2.14a (not detected) : 2.14b

(0.2 mmol) : (36 %)

..............

Scheme 20: Attempted McMurry reaction between cubanylpropan-1-one (2.13) and 4-
hydroxybenzophenone (2.5).
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The "H NMR spectrum for the compound of interest showed the cubyl framework was
no longer intact (Figure 9). In addition, the proton environments were shifted up-field
between 3-4 ppm compared to cubanylpropan-1-one (2.13) [4.30-4.22 (m, 3H), 4.05 -
3.93 (m, 4H)], indicative of a cubane ring-opened homocubane system.’® We propose
that in the McMurry reaction the carbonyl group in cubanylpropan-1-one (2.13) likely
coordinated to the Lewis acid ZnCl,, which was present in stochiometric quantities as a
by-product of the reaction between TiCl, and Zn, promoting a Wagner-Meerwein type
rearrangement which we tentatively propose gives 2.14b (Scheme 20). This is highly
plausible, as cubylmethanols in the presence of acid or Lewis acids are well
documented to undergo the Wagner-Meerwein type rearrangements to afford

homocubane systems (Scheme 21).7%°
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Figure 9: "H NMR (500 MHz, CDCLls) spectrum of isolated product from McMurry reaction,
tentatively assigned as 2.14b.
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Ph Ph

Wagner-Meerwein
rearrangement Ph Ph
SoCl, OH Cl
(2.5 mL)

Ph_ Ph > >

Ph 2.16a 2.16b
@)<OH Ph - (67 %) (19 %)
Y -
Conc. ® Ph ® Ph Ph
2.15 H2SO,
(1 mmol) > —> OH
2.16a

(62 %)

Scheme 21: Literature examples of Wagner-Meerwein rearrangement of cubylmethanols.™®

The 2D-NMR data collected for 2.14b supports our proposed assignment. Two
quaternary centres were observed in the HSQC analysis at 93.2 ppm and 79.6 ppm,
which is consistent with the presence of a tertiary alcohol and tertiary chloride
(highlighted in Figure 10 in orange and red respectively). The observation of a doublet of
multiplets at 1.50 - 1.30 in the proton NMR is consistent with diastereotopic protons of
the CH, moiety in 2.14b, further supported by HSQC analysis that showed the two
protons in the CH, moiety coupling to the same carbon. Additionally, in the HSQC we
observed 7 carbons between 35 - 40 ppm each individually coupling to a hydrogen

between 3.0 - 3.7 ppm, once again consistent with our tentative assignment of 2.14b.
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Figure 10: HSQC NMR (500 MHz, CDCl;) spectrum of proposed 2.14b.

On the basis of these results, we believed it was not worth further pursuing the McMurry
route and began to investigative alternative approaches towards a cubane analogue of

tamoxifen.

2.2.2 Route 2: Organometallic approach

2.2.2.1 Literature

ICl pharmaceuticals’ original patent for (Z/E)-tamoxifen in the early 1960s disclosed
their process to prepare a mixture of geometric isomers of tamoxifen.'?>'*°The patent
described how the dehydration of the tertiary alcohol 2.18, catalysed by hydrochloric
acid and the application of heat, afforded (Z/E)-tamoxifen (Scheme 22). In addition, the
patent stated that alcohol 2.18 was prepared by the addition of phenylmagnesium

bromide to a solution of carbonyl 2.17 in diethyl ether under refluxing conditions. Since
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the original patent submission several publications have followed this general approach

to synthesise tamoxifen and its derivatives.'?!- 122151154

0
PhMgBr aq. HCI !
O o — O HO e, |
H EtZO reflux EtOH reflux O O |
3 h
O/\/ ~ o/\/N\
/N\

217 2.18 (Z/E)-tamoxifen
(1.1)

Scheme 22: IC| pharmaceuticals patent to prepare (Z/E)-tamoxifen.'®

Under the acidic dehydration conditions outlined in Scheme 22 (compound 2.18 — 1.1)
the dominant elimination pathway is likely to be E;, which would generate a carbocation
intermediate. There are three aromatic rings in tertiary alcohol 2.18, therefore we can
envision three opportunities to perform a bioisosteric replacement of a phenyl ring for
cubane (Scheme 23, compound 2.19 - 2.21). The generation of the carbocation alpha to
the cubane framework in compound 2.19a and 2.21a we suspect will provide a pathway
for the strained cubane framework to rearrange via a Wagner-Meerwein rearrangement
(Scheme 23, pathway A).'%*'5¢ Although, we hypothesised that in compound 2.20a
rearrangement of the cubane framework would be minimised as the carbocation is one
carbon unit further from the cubane framework. To minimise or prevent cubane
rearrangement for compound 2.19 and 2.21 during the dehydration step we envisioned
that conditions that favour an E; pathway over E; may be more favourable for olefin bond

formation.
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ag. HCI ag. HCI
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Scheme 23: Consequences of E; dehydration in compound 2.19 - 2.21.

If route A is faster than route B cubane ring-opening will be favoured over alkene bond formation.

Alcohols are poor leaving groups for an E; elimination therefore if we were to pursue this
route it would be necessary to first activate the alcohol group. Functionalisation of a
sterically hindered tertiary alcohol is challenging and so perhaps unsurprisingly there
are limited reports that describe the synthesis of tamoxifen via an E; elimination
pathway. An alternative approach to construct the olefin bond which solves the blocked
trajectory of the base in the E; pathway, includes promoting a syn-elimination. The
Gosselin group recently reported the stereoselective synthesis of more than 20 tetra-
substituted olefins using a syn-elimination approach, including the stereoselective
synthesis of (2)-tamoxifen (1.1, Z/E ratio of 97:3)."%” Similar to the original patent by ICI
pharmaceuticals, the Gosselin group began their synthetic sequence with the addition
of the Grignard 4-iodophenylmagnesium iodide to the carbonyl 1,2-diphenylbutan-1-
one (2.22, 1 eq), affording tertiary alcohol (1SR, 2SR)-(%)-2.23 in a 95 % yield with a 98:2
dr (Scheme 24). The stereochemical assignment for this transformation was confirmed
by X-ray crystal studies and the ratio of each diastereomer was measured by HPLC.
Subsequently, bis(2,6-dimethylphenyl)phosphoryl chloride (1.5 eq) was added to a
solution of (1SR, 2SR)-(£)-2.23 containing KHMDS (3 eq) in 1,4-dioxane. After 16 hours
at 45 °C and two silica gel column chromatography purifications, olefin 2.24 was

isolated in 85 % yield with 97:3 Z/E isomer ratio. In the final step, the work described
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that the ethoxy(dimethylamino) side chain was introduced by a copper-catalysed C-O
cross-coupling, using copper iodide (20 mol %) and N,N-dimethyl-2-hydroxyethylamine
(4 eq). In this copper-catalysed Ullman-type reaction no scrambling of the Z/E isomer

ratio was observed, affording (Z2)-tamoxifen in an excellent yield of 96 % (97:3 Z/E).

(1 4 eq)
THF, - 15 °C -~ rt
OH

(1SR 2SR)-(+)-2.23
(95 %, 98:2 d.r)

O. " KHMDS (3 eq)
1,4- dloxane rt = 45°C
16 h

(1.5eq)
N

HO™ >
(4 eq)

Cul (20 mol %)

N n- BuCN 110 °C
\/\o 53 h
(Z/E)-tamoxifen 2.24
(1.1) (85 %, 97:3 ratio)

(96 %, 97:3 ratio)

Scheme 24: Syn-elimination of tertiary alcohol 2.23 towards the stereoselective synthesis of
(2)-tamoxifen - Gosselin group.™’

Considering these encouraging results by the Gosselin group, we were keen to explore if
the syn-elimination approach with our cubyl alcohol substrates 2.19 - 2.21 (Scheme 23)
would generate the desired tetra-substituted olefin without or limited cubane

rearrangement.

2.2.2.2 Our work
2.2.2.2.1 Retrosynthetic analysis of cubylmethanol 2.21

From the outset, we were aware that extensive method development would be required
to acquire cubylmethanol 2.21, as introducing the (dimethylamino)ethoxy side chain

directly onto the cubane framework would not be trivial based on literature precedent.
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One method to install this motif could include transition metal-mediated C-O cross-

coupling with a suitable cubane precursor (Scheme 25).

C-O cross-coupling
O R (M R
HO e l\ll @/ — @/
D= e
o/\/N\

2.21 2.25a 2.25b

Scheme 25: Retrosynthesis of cubylmethanol 2.21 via a cubane C-O cross-coupling.

In general cubane cross-coupling remains a challenge, with only a handful of reported
methodologies that do not promote metal-catalysed strain-releasing valence bond
isomerisation. For instance, transition metals like palladium, ruthenium and silver are
known to promote cubane decomposition, generating products such as cuneane and
cyclooctatetraene species (Scheme 26).7%%'%° One decomposition pathway proposed is
oxidative addition of the transition metal into the cubane framework (2.26a), the second
is from slow reductive elimination of the metal-cubane complex (2.26b)."%% %% |n the
literature copper-mediated cross-couplings are reported to undergo slow oxidation
addition and fast reductive elimination, the MacMillan group realised this and recently
reported the first copper-mediated C-N and C-C cross coupling with cubane.®: "¢ For
the C-N cross-coupling the MacMillan group reported the copper-mediated
decarboxylative amination of 4-methoxycarbonylcubanecarboxylic acid (2.8), in yields
exceeding 50 %.%8 In the examples of copper-mediated C-C cross-couplings the cubane
photo-redox-active ester 2.9 was instead employed, with at least 5 examples for both
arylation and alkylation in yields between 40-50 % included in the substrate scope.®®
Unfortunately, the only other cubane cross-couplings reported in the literature are the
Baran group’s Fe-mediated and the Senge group’s Ni-mediated arylation of cubanes.’®>
163 Each of the cubane cross-coupling methodologies discussed are mechanistically

similar, proposed to proceed via a cubyl radical.®® 16> 1%
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Cuneane Cyclooctatetraene

MeO,C
? Amination Blue LED  me0,C e Fast oxidative
59 % MacMillan addition
e Slow reductive
(X = COOH) elimination . ..o...
NBz : M M
MeO,C . 2.26a 2.26b
Alkylation \ oxidative labile :
51 % Baran | Senge i additon intermediate
(X = COOPhth) Fo B e
Y
Ar
MeO,C Me MeO,C J
Arylation Arylation
41 % 25-48 %
(X = COOPhth) (X = COOPhth)

Scheme 26: Cubane metal-mediated cross-coupling literature methods.

Pc =Ir photocatalyst.

Currently there are no examples of cubane C-O cross-coupling, although methods for
synthesising cubyl ethers do exist. Linclau and Brown reported a method to access
alkoxy cubanes under electrochemical flow conditions via a Hofer-Moest reaction
(Scheme 27a), while a limited number of cubyl ethers have been synthesised from the
photolysis of cubyl iodides in methanol (Scheme 27b)."%4'%¢ |n each of these
methodologies the alcohol employed to generate the alkoxylated cubanes also served
as the reaction solvent. We were interested in developing a general method for the
synthesis of cubanols in order to evaluate their utility as a useful synthetic building
block for accessing structurally more complex alkoxylated cubanes. We envisioned the
alkylation of cubanol 2.25¢ with 2-chloro-N,N’-dimethylethylamine would provide
2.25a, an intermediate that should then allow us synthesise cubyl-tamoxifen 1.19
(Scheme 27c¢). We expect to encounter challenges whilst exploring this approach, as
the chemistry to alkylate a cubanol does not exist and cubanols themselves have been
reported to be unstable and prone to rearrangement in the literature.® %1% Therefore,
the development of a method to access a range of cubanol precursors and their
transformation into cubanols are first needed, these topics are addressed in Chapter 3

and 4 respectively.
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A. Flow electrochemistry - Linclau and Brown."®*

o]
28 (0.1 M) OR selected examples:
OH EtN(0.5eq) ROH ' o 2.27a: R = Me (48 %)
MeO ammonite electrolysis flow cell 2.27b: R = Et (41 %)
anode: Pt o) 2.27¢c: R ='Pr (9 %)
0 cathode: stainless steel
2.8 2.27a-c

B. Photolysis of cubyl iodides - Irngartinger et al."®®

I hv (Rayonet reactor, 2537 A) OMe
MeOH
MeO © » MeO
40-45°C,22h

o] o}

2.28 2.29

C. Synthesis plan of cubyl-tamoxifen via cubanol.

| R alkylation
— N ST — T
- \/\O

HO

R

|
O
O/\/N\
1.19 2.25a 2.25¢

Scheme 27: Methods towards alkoxylated cubanes.

2.2.2.2.2 Synthesis of cubylmethanol 2.19

In our retrosynthetic analysis for cubylmethanol 2.19 the formation of the tertiary
alcohol moiety would occur by the organometallic addition of aryl bromide 2.34 into
carbonyl 2.31 (Scheme 28), resembling the method reported in the original tamoxifen
patent and work by the Gosselin group. In the forward direction, it was envisioned that
carbonyl 2.30 could be constructed by the addition of benzylmagnesium bromide to
Weinreb amide 2.12. A subsequent alkylation of the ketone 2.30 with iodoethane would

then afford carbonyl 2.31.
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Scheme 28: Retrosynthetic analysis of cubylmethanol 2.19.

Our forward synthesis commenced by preparing cubyl Weinreb amide 2.12 from
commercially available 4-methoxycarbonylcubanecarboxylic acid 2.8 (5-steps, 21 %
overallyield), which was previously described in Section 2.2.1.2 (Scheme 18-19). In our
first attempt to generate the Grignard benzylmagnesium bromide we began by
activating the magnesium turnings (3.8 eq) with iodine (0.1 eq) in a solution of THF,
followed by the slow addition of benzyl bromide (3.3 eq) at room temperature (Scheme
29, left arrow). Titration of the reaction mixture revealed we failed to generate the
Grignard benzylmagnesium bromide under these conditions. A review on benzyl
Grignard reactions stated that conducting the Grignard formation step in diethyl ether
instead of THF and at 0 °C rather than room temperature, shifts the percentage of
Grignard formation from 30 % to 80 %."”° To further promote Grignard formation the
magnesium turnings (3.8 eq) were activated by stirring and heating them for 5 minutes
at 40 °C in the presence of a pellet of iodine (0.1 eq) (Scheme 29, right arrow).
Subsequently, we found the slow addition of benzyl bromide (3.3 eq) over 20 minutes to
a suspension of the activated magnesium turnings in diethyl ether pre-cooled to 0 °C,
produced a 1.6 M solution of benzyl magnesium bromide (determined by titration). To
our delight, when Weinreb amide 2.12 was treated with 1.1 equivalents of the freshly
prepared benzylmagnesium bromide, carbonyl 2.30 was isolated in a yield of 74 %

following purification by silica gel column chromatography.

62



1. Mg (3.8 eq), I, (0.1 eq)

1. benzyl bromide (3.3 eq) 40 °C, 5 min

Mg (3.8 eq), I (0.1 eq) 2.40°C »0°C
o THF (1 mL), rt o] 3. benzyl bromide (3.3 eq) o)
OMe Et,O (1 mL),0°C
N~ : >
2. benzyl magnesium | 4. benzyl magnesium
bromide (1.1 eq) bromide (1.1 eq_)
2.30 THF, 1t, 2h 2.12 0°C = 1, 30 min 2.30
(1.5 mmol) (74 %)

1. KO'Bu (1.2 eq), THF, 0 °C, 20 min
2. Etl (1 eq), 0 °C, 30 min

(0]

2.31
(72 %)

Scheme 29: Preparation of carbonyl 2.31 via an alkylation reaction.

The potassium enolate of ketone 2.30 was formed using the base potassium tert-
butoxide (1.2 eq) in THF at 0 °C, generating a dark red solution instantly (Scheme 29).
After 20 minutes at 0 °C, iodoethane (1 eq) was added and within 30 minutes ketone
2.30 was fully consumed (determined by TLC analysis). From TLC analysis we observed
the formation of more polar by-products within this 30-minute timeframe, therefore
close monitoring via TLC is recommended. Based on the integration pattern in the 'H
NMR of the crude mixture we confirmed that the mono-alkylated product 2.31 was the
major species present, subsequent purification by silica gel column chromatography
gave carbonyl 2.31 in 72 % yield. To the best of our knowledge, this is the first example

of an alkylation of a cubyl ketone.

Referring to the work by the Gosselin group, in their study the tertiary alcohol (1SR,
2SR)-(%)-2.23 was prepared by the addition of 4-iodophenylmagenisum iodide to
carbonyl 2.22 (95 % yield, 98:2 dr, Scheme 30a)."%” In a latter step, the
ethoxy(dimethylamino) side chain was introduced by a late-stage copper-catalysed C-O
cross-coupling between iodo-arene 2.24 (1 eq) and N,N-dimethyl-2-hydroxyethylamine
(4 eq) in n-butyronitrile (Ullmann type reaction). n-Butyronitrile typically favours O-
arylation using amino alcohols and its high boiling point (117 °C) allows the reaction to

be performed at elevated temperatures.'” 7' The Gosselin group performed the C-O
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cross-coupling at 110 °C for 53 hours, which gave (Z)-tamoxifen in 96 % with Z/E ratio of
97:3 (Scheme 30a).™

A. Gosselin group work'®’

Mgl
0 O © (1.4 eq) O H 1. syn-elimination O
2.
S Q. e
- |

e e oaey
) N
| HO™ "~

o > N
(4 eq)
2.22 (1SR, 2SR)-(+)-2.23 iodo-arene 2.24 (1 eq) (Z/E)-Tamoxifen
(95 %, 98:2 d.r) Cul (20 mol %) (1.1)
n-BuCN, 110 °C (96 %, 97:3 ratio)
53 h

B. Our hypothesis

<> | <>
|
57 o~ L
(4 eq)
(Z/E)-2.32 Cul (20 mol %) (Z/E)-cubyl-tamoxifen
n-BuCN, 110 °C (1.17)
53 h

Scheme 30: Deviation from Gosselin group approach required to synthesise cubyl-tamoxifen
(1.17).

In our studies the late-stage copper-catalysed C-O cross-coupling would be
unfavourable, due to evidence in the literature demonstrating the tendency of cubanes
to rearrange in the presence of transition metals.'®®'%° The MacMillan group have shown
that the cubane scaffold was stable in a copper-mediated C-N and C-C cross-coupling
with no observation of cubane decomposition, however in these reactions the cubane
scaffold was only in solution with the transition metal catalyst for 1 hour at room
temperature.®® Whereas, the Ullmann type reaction in our study would require much
harsher conditions, with the cubane olefin (Z/E)-2.32 being heated in the presence of
Cul at 110 °C for 53 hours (Scheme 30b)."” Based on this information we opted to
deviate from the Gosselin approach and install the ethoxy(dimethylamino) side chain
on the arylring of 4-bromophenol (2.33) before the organometallic reaction, therefore

eliminating the cross-coupling reaction altogether (Scheme 31).
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N -BulLi N
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3 o on 1.6 M in hexanes)
acetone, THF, - 78 °C, 30 min
2. | - 2. 0

N M HCI
Br C|/\/ ~
Br
(2.2 eq)
233 3.1~ 60°C.8h 2.34 231
(48 %) -
(1eq)

THF, -78 °C, 30 min (18R, 2SR)-()-2.19
3.-78 °C— 0 °C, 20 min >95:1 d.r.
(98 %)

Scheme 31: Synthesis of cubylmethanol 2.19 via 1,2-addition of an aryl organolithium.

Alkylation of 4-bromophenol (2.33, 1 eq) with 2-chloro-N,N’-dimethylethylamine
hydrochloride (1.2 eq), in the presence of the base K,CO3(2.2 eq) in refluxing acetone
gave pure arylbromide 2.34 after an acid/base work-up in ayield of 48 % (Scheme 31).
Formation of the Grignard derived from arylbromide 2.34 was challenging, even when
the magnesium turnings were pre-activated with iodine or 1,2-dibromoethane.
Therefore, we preferred to use halogen-lithium exchange of 2.34 with n-butyl lithium (1
eq, 1.6 Min hexanes) at - 78 °C in THF, this method easily and reliably generated the
required aryllithium species. 1,2-Addition of the freshly prepared aryllithium reagent (~
1.5 eq) into carbonyl 2.31 (1 eq) at - 78 °C, followed by warming the reaction to 0 °C
resulted in full consumption of carbonyl 2.31 within 20 minutes. 'H NMR analysis of the
crude mixture revealed the 1,2-nucleophilic addition into carbonyl 2.31 led to the
formation of cubylmethanol (1SR, 2SR)-(%)-2.19 as the major diastereoisomer (> 95:1
d.r.). Purification of the crude mixture by silica gel column chromatography gave (1SR,
2SR)-(£)-2.19 in an excellent yield of 98 % with the same diastereomeric ratio > 95:1 d.r.
An X-ray of crystalline (1SR, 2SR)-(£)-2.19, grown by the slow evaporation of DCM over
one week, confirmed the stereochemical assignment of (1SR, 2SR)-(£)-2.19 as shown in

Scheme 32b.
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A. Major diastereoisomer isolated by the Gosselin group.

Mgl

14eq) H
S (80 (8
THT 2h '

(1SR, 2SR)-(£)-2.23
(95 %, 98:2 d.r)

B. Major diastereoisomer in our work.

1. n-BuLi (1.5 eq,
1.6 M in hexanes)

THF, - 78 °C, 30 m|n
© : ©
HOG

2.34 2.31
(1.5eq) (1eq)

THF, -78 °C, 30 min
3.-78°C— 0°C, 20 min (1SR, 2SR)-(%)-2.19
>95:1d.r.

X-ray of 2.19°
(98 %)

Scheme 32: Same major diastereoisomer of 1,2-addition of aryllithium into cubyl ketone 2.31
(our work) and aryl ketone 2.22 (Gosselin group).

@ X-ray crystal structure collected by Dr Benson Kariuki (Cardiff University).

The 1,2-nucleophilic addition reaction was repeated using 1,2-diphenylbutan-1-one
(2.22), the aromatic analogue of cubane carbonyl 2.31, to examine if bioisosteric
replacement affects the diastereoselectivity of this transformation (Scheme 33a). Using
the same conditions, aryl bromide 2.34 (1 eq) was treated with n-BuLi (1 eq) at- 78 °C in
THF to prepare the respective aryllithium reagent. The 1,2-addition of the aryllithium
(1.5 eq) to 1,2-diphenylbutan-1-one (2.22, 1 eq) gave the tertiary alcohol (1SR, 2SR)-(%)-
2.35a in a moderate yield of 58 % with a >95:1 dr. Based on the chemical shift of the aryl
protons ortho to (dimethylamino)ethoxy side chain being 6 6.94 - 6.87 (m, 2H), we were
able to assign the structure of the major diastereoisomer as shown in Scheme 33a,
which is consistent with the spectroscopic data reported by McCague et al and Sohar et
al when performing the same reaction (Scheme 33b)."?"-'72 Qverall, this experiment

demonstrated the 1,2-addition of aryllithium reagent, derived from arylbromide 2.34, to
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the aromatic and cubane carbonyl proceeded with the same diastereoselectivity.
Preparation of the alterative diastereoisomer (1SR, 2RS)-(£)-2.35b can be achieved by
treating 1-(4-(2-(dimethylamino)ethoxy)phenyl-2-phenylbutan-1-one with

phenylmagnesium bromide (Scheme 33b).™

A. Our work
,ll 1. n-BuLi (1.5 eq, 1. n-BuLi (1.5 eq, A
I MR AN 1.6 M in hexanes) 1.6 M in hexanes) o "
THF, - 78 °C, 30 min THF, - 78 °C, 30 min
@ © : 5 ©
HOG :
2.22 2.34 2.31
(1eq) (1.5eq) (1 eq)
THF,°-78 OCLSO min ) THF, -78 OC, 30 min
(1SR, 2SR)-(¥)-2.35a 3. -78 °C— 0 °C, 20 min 3.-78°C— 0°C, 20 min (1SR, 2SR)-(2)-2.19
>95:1d.r. >95:1d.r.
(52 %) (98 %)

TH NMR (500 MHz, CDCly): TH NMR (500 MHz, CDCly):
5 6.94-6.87 (m, 2H) & 6.94 - 6.90 (M, 2H)
(ArH ortho to O(CH,),NMe, (ArH ortho to O(CH,)oNMe,
inring C) in ring C)

B. Literature report by McCague.'

MgBr MgBr |

o/\/N\
(1.5eq) (1.5 eq)
(0]
R2 Rz B
-~ —_— 3
Et,0, rt, 20 h O Et,O, rt, 20 h "
Ry
Ry = O(CH,),NMe, 2.22a R;=H
R2 = H R2 = O(CH2)2NM82
(1SR, 2RS)-(+)-2.35b (1SR, 2SR)-(+)-2.35a
>95:1d.r. >95:1d.r.
(81 %) (77 %)

TH NMR (60 MHz, CDCly): TH NMR (60 MHz, CDCly):
5 6.61 (d, J=9 Hz, 2H) 0 6.82 (d, J=9 Hz, 2H)
(ArH ortho to O(CH,),NMe, (ArH ortho to O(CH,),NMe,
in ring C) in ring C)

Scheme 33: Diastereoselectivity for the 1,2-nucleophilc addition into carbonyl 2.22 and 2.31.

2.2.2.2.3 Syn-elimination of cubylmethanol 2.19

The next objective was to examine the syn-elimination of cubylmethanol (1SR, 2SR)-(%)-

2.19, although to save this valuable precursor we began by testing the elimination
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conditions reported by the Gosselin group using the tertiary alcohol (1SR, 2SR)-(%)-
2.35a as the model substrate (Scheme 34). Treatment of (1SR, 2SR)-(£)-2.35a (1 eq)
with diphenylphosphoryl chloride (1.5 eq) and NaHMDS (3 eq) in 1,4-dioxane for 16
hours at 45 °C, gave a Z/E mixture of tamoxifen (1.1). Due to overlapping signals in the
'"H NMR of the crude mixture we were unable to determine the ratio of geometric
isomers. After purification by silica gel column chromatography (silica pre-treated with
triethylamine) we were able to confirm (Z)-tamoxifen was predominately formed in 3:1

Z/E ratio (Scheme 34a).

A. Our work

(1.5eq) |
KHMDS (3 eq) O O O/\/N\
1,4-dioxane, rt — 45 °C
16 h (2)-Tamoxifen
1.1

/N\/\O

(15 %, ZIE 3:1)

(1SR, 2SR)-(+)-2.35a
>95:1d.r.
(0.13 mmol)

B. Gosselin group.157

| |
(1.5 eq) (1.5 eq)
OMe 2.36 (1.5 mmol) 2.23 (9.3 mmol) |

KHMDS (3 eq) KHMDS (3 eq)
2.37 1,4-dioxane, rt = 45 °C 1,4-dioxane, rt = 45 °C 2.24
(84 %, ZIE 83:17) 16h 16h (85 %, ZIE 97:3)

(1SR, 2SR)-(+)-2.36

(Ry =OMe; 93:7 d.r))

(1SR, 2SR)-(%)-2.23
(Ry=1;98:2d.r)

Scheme 34: Syn-elimination of tertiary alcohols via a phosphate intermediate.
We were pleased with the stereoselectivity of (Z/E)-tamoxifen we obtained (3:1
respectively), as the Gosselin group also found when electron rich arenes were

employed the elimination was less selective. For instance, the elimination of (1SR,

2SR)-(£)-2.36 resulted in a 83:17 mixture of the Z/E-isomers (Scheme 34b)."” Despite
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our model substrate (1SR, 2SR)-(%)-2.35a having a comparable Z/E-stereoselectivity the
yield was only 15 %, compared to the Gosselin group reporting a 84 % yield for the
methoxy analogue (1SR, 2SR)-(+)-2.37 under similar reaction conditions. The poor yield
for our transformation may explain why the Gosselin group opted to perform the
elimination on the 4-iodo-substituted arene (2.23) which proceeded with a much
improved stereoselectivity (Z/E 97:3, Scheme 34b) and yield (85 %), followed by the
installation of the (dimethylamino)ethoxy side chain through a copper-mediated cross-
coupling at the final step.’” However, as explained previously we did not want to install
the (dimethylamino)ethoxy side chain via a cross-coupling reaction due to the
instability of the cubane motif in the presence of transition metals, particularly at

elevated temperatures for prolonged reaction times (110 °C for 53 hours).%8¢C

Despite the low yield for the elimination reaction on our model aromatic substrate (1SR,
2SR)-(£)-2.35a, we opted to trial the elimination reaction on cubylmethanol (1SR, 2SR)-
(¥)-2.19 under identical reaction conditions (Scheme 35). When monitoring the reaction
by TLC no non-polar spots which would correlate to (Z/E)-cubyl-tamoxifen 1.17 were
observed. Analysis of the '"H NMR of the crude mixture appeared to include unreacted
alcohol (1SR, 2SR)-(+)-2.19, although based on the noisy baseline particularly between

1-4 ppm we could not be certain (Figure 11).

0 |
0. (] o~
c’ ©
(1.5 eq) @\o\g O
(0} \o H ——

|
KHMDS (3 eq) <> O |
1,4-dioxane, rt = 45 °C .’ N
16 h o N
(1SR, 2SR)-()-2.19 2.38 (Z/E)-Cubyl-tamoxifen
>95:1 d.r. (1.17)

(0.06 mmol)

Scheme 35: Attempted elimination of cubylmethanol 2.19 via phosphate intermediate 2.38.

Overall, the "H NMR of the crude product demonstrated that (1SR, 2SR)-(+)-2.19 was

more fragile than our aromatic model substrate (1SR, 2SR)-(%)-2.35a to the elimination
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conditions, which aligns with our initial prediction that cubylmethanols may undergo
ring-opening under these conditions. One potential pathway for decomposition is by
strain-releasing valence bond isomerisation, due to the proximity of the phosphate

leaving group to the strained cubane framework.

"H NMR (400 MHz, CDCl,)
Crude of elimination reaction
6 singlets .
l ‘
|
‘LW | A | w |
4—‘“‘\ M W’\’U’J\“““”"’ S o }M,,WJ “W,JA‘ ecnnin M) \\‘47 I N EA W J“- - J\A [ l\‘h.gg

|
H NMR (500 MHz, CDCly) 0 >N~
Starting material 2.19

Figure 11: "H NMR overlay of cubylmethanol 2.19 and the syn-elimination crude mixture.

Despite no indication of olefin formation in the "H NMR of the crude, electrospray
ionisation mass spectrometry included signals that matched the phosphate
intermediate 2.38 ([M+H]"m/z = 648.29) and the final product 1.17 ((M+H]* m/z =
398.25), in addition to the starting material 2.19 ((M+H]" m/z = 416.26) (Figure 12).
Based on the mass spectroscopy data indicating the presence of product 1.17 and
phosphate intermediate 2.38 the crude product was purified by silica gel column
chromatography, which gave an inseparable mixture of compounds. Examination of the
isolated mixture by '"H NMR (300 MHz, CDCL;) revealed two singletsin a 1:1 at 2.44 ppm
and 2.42 ppm (Figure 13 — highlighted in blue). In the starting material (2.19, d.r >95:1)
the two-methyl groups in the (dimethylamino)ethoxy side chain appear as a singlet at
2.35 ppminthe '"H NMR (500 MHz, CDCLs) (Figure 11), whilst under the syn-elimination
reaction conditions we would not expect interconversion of the two diastereoisomers of
2.19. Therefore, we propose the isolated mixture contains the starting material 2.19 and

phosphate intermediate 2.38 (Figure 13).
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Figure 12: LRMS (ESI*) spectrum of the crude mixture for the syn-elimination of cubylmethanol
2.19.
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Figure 13: "H NMR (300 MHz, CDCl;) of isolated mixture post purification from the syn-
elimination of cubylmethanol 2.19.
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Ultimately, the syn-elimination of cubylmethanol 2.19 via a phosphate intermediate
was unsuccessful as we were unable to isolate any of the final product cubyl-tamoxifen

1.17 using this synthetic approach.

2.2.2.2.4 Additional elimination studies

In the previous section the treatment of our aromatic model substrate (1SR, 2SR)-(%)-
2.35a with NaHMDS (3 eq) and diphenyl phosphoryl chloride (1.5 eq) in 1,4-dioxane at
45 °C gave the desired product (Z/E)-tamoxifen (1.1) in 15 % yield (Table 15, entry 1).

Table 15: Elimination optimisation for aromatic model substrate 2.35a.

|
O/\/N\
@ 1. base, solvent O
he —_—
HOG |

temp
2. Electrophile
temp, time |
H o > N

(1SR, 2SR)-(+)-2.35a (2)-Tamoxifen
>95:1d.r. (1.1)

Entry Base(eq) Electrophile Solvent Temp/ Time Yieldof1/ (Z/E)

(eq) °C /h %" ratio®
1 NaHMDS? diphenyl 1,4- rt— 45 16 15 3:1
(3) phosphoryl dioxane
chloride (1.5)
2 NaHMDS¢ tosyl 1,4- rt— 45 16 0 -
(3) chloride (1.5) dioxane
3 NaH® (1.2) tosyl THF rt—45 5 0 -
chloride (1.2)
4 Pyridine tosyl DCM rt—rt 5 0 -
(1.2) chloride (1.2)
5° n-BuLi’ TFAAZ (2) THF -78tort 1 60 5:1
(1.1)
6 n-BulLif Ac,0" (2) THF -78tort 1 35 2:1
(1.1)
7 n-BulLif benzyl THF -78tort 4 4 1:1
(1.1) chloride (2)

aOptimised reaction conditions. ° Isolated yield. ° Determined by '"H NMR. ¢ Sodium
bis(trimethylsilyl) amide (2 M in THF). ¢ Sodium hydride (60 % dispersion in mineral oil). 'n-Buty!
lithium (1.6 M in hexanes). € Trifluoroacetic anhydride. " Acetic anhydride.
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Our optimisation studies began by examining if replacing diphenyl phosphoryl chloride
for tosyl chloride, a less sterically hindered electrophile, could enhance the yield of
(Z/E)-tamoxifen. The treatment of (1SR, 2SR)-(%)-2.35a (1 eq) with NaHMDS (3 eq) and
tosyl chloride (1.5 eq) in 1,4-dioxane unfortunately resulted in no formation of (Z/E)-
tamoxifen, despite heating the reaction at 45 °C for 16 hours (Table 15, entry 2).
Furthermore, no product formation was observed by '"H NMR analysis when employing
the base sodium hydride (1.2 eq) or pyridine (1.2 eq) in the presence of alcohol (1SR,
2SR)-(%)-2.35a (1 eq) and tosyl chloride (1.5 eq) (entry 3-4 respectively).

Leh and co-workers developed a continuous flow protocol to synthesise (Z/E)-tamoxifen
(1.1) using commercially available precursors, with equipment designed to withstand
organometallic chemistry (Scheme 36)."7% In the protocol a stream of a freshly prepared
aryl lithium, formed by treating aryl bromide 2.34 with n-BulLi (1.1 eq), was mixed with a
stream of ketone 2.22 to give the lithium alkoxide 2.39. A subsequent input stream of
trifluoroacetic anhydride, followed by triethylamine at an elevated temperature of 100

°C and under 7 bar of pressure gave (Z/E)-tamoxifen.

| 2.34

......

H

O ------ O/\/ N
100 °C
7 bar .

(Z/E)-Tamoxifen

2.39 (1.1)
(84 %, 3:1 ratio)

Scheme 36: Leh et al continuous-flow method to synthesise (Z/E)-tamoxifen, by the treatment
of lithium alkoxide 2.39 with trifluoroacetic anhydride.””®
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Inspired by this work we treated a solution of (1SR, 2SR)-(%)- 2.35a in THF at - 78 °C with
n-BuLi (1.1 eq, 1.6 M in hexanes), followed by the addition of trifluoroacetic anhydride (2
eq) at room temperature (Table 15, entry 5). Notably, we opted to use milder reaction
conditions compared to Leh and co-workers (room temperature at atmospheric
pressure verses 100 °C under 7 bar) and without the addition of triethylamine.
Pleasingly, under the adapted conditions described (Z/E)-tamoxifen was isolated in a
5:1 ratio and yield of 60 % (entry 5). Interestingly, the Z/E ratio of tamoxifen in our study
(5:1) was greater than Leh and co-workers (3:1), despite our protocol deviations.
Replacing trifluoroacetic anhydride for acetic anhydride decreased the yield to 35 %
and reduced the stereoselectivity for the formation of the desired Z-geometric isomer to
2:1 (Z/E)-tamoxifen (entry 6). Switching trifluoroacetic anhydride for benzyl chloride
resulted in no stereoselectivity, giving a 1:1 ratio of (Z/E)-tamoxifen in a very poor yield of
4 %. Based on the optimisation experiments for the aromatic model substrate (1SR,
2SR)-(£)-2.35a, we opted to subject cubylmethanol (1SR, 2SR)-(£)-2.19 to the optimised

reaction conditions in Table 15, entry 5 (Scheme 37).

|
o/\/N\

1. n-BuLi (1.1 eq, 1.6 M in hexanes)
THF, -78 °C, — rt

HO:

|
2. trifluoroacetic anhydride (2 eq) <>
rt,1h .’ ,L
o

(1SR, 2SR)-(+)-2.19 (Z/ E)-Cubyl-tamoxifen
>95:1d.r. (1.17)
(0.06 mmol)

Scheme 37: Elimination of cubylmethanol 2.19 via trifluoroacetate intermediate.

Similar to our earlier studies on the elimination of cubylmethanol (1SR, 2SR)-(£)-2.19, in
the LRMS (ESI*) of the crude mixture we observed signals that matched cubylmethanol
2.19 ([M+H]'m/z = 416.26), the trifluoroacetate intermediate 2.40 ((M+H]* m/z = 512.24)
and the desired product (Z/E)-cubyl-tamoxifen 1.17 ([M+H]* m/z = 398.25) (Figure 14).
Unfortunately, only the starting material 2.19 and signals likely a result of 2.19

decomposition were observed in "H NMR of the crude product. After silica gel column
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chromatography 37 % of (1SR, 2SR)-(%)-2.19 was recovered and desired product 1.17
was not isolated. Repeating the reaction with the addition of triethylamine, similar to

Leh and co-workers, did not change the reaction outcome.

| 416.26

HOG o~NL
75 ¢
o
512.24 FQCJ\O :
2.19 “H
[M+H]*m/z = 416.26

2.40
[M+H]*m/z = 512.24

1004

3
— |

|
=/ O WY

(Z/E1.17
[M+H]* m/z = 398.25 513.24

506.28

417.26

398.25
369.33

29616 439.27 514.25 584.30
338.34
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Figure 14: LRMS (ESI*) spectrum of the crude mixture for the elimination of cubylmethanol 2.19
via a trifluoroacetate intermediate.

Based on these results, we redirected our efforts to the synthesis of cubylethanol 2.20.
The additional carbon unit between the alcohol moiety and the cubane scaffold in 2.20
could reduce or prevent cubane decomposition pathways during the elimination

reaction.

2.2.2.2.5 Synthesis towards cubylethanol 2.20

In the design for the retrosynthetic analysis of cubyl-tamoxifen 1.18, we first opted to
disconnect the olefin bond to reveal the cubylethanol 2.20 (Scheme 38). The alcohol
moiety in 2.20 could be accessed from the cubyl ester 2.44 in 4 steps, by a series of aryl
organometallic additions, first to a Weinreb amide followed by an aryl organometallic

addition to ketone 2.45. In the forward direction we envisioned that the a-alkylation of
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2.43 may afford cubyl ester 2.44, which to the best of our knowledge has not been
reported in the literature. To prepare ester 2.43, a C-homologated analogue of ester
2.10, we planned to use a Kowalski homologation procedure previously described by

Burton et al.v7*

<> <>
.’ T . organometallic
| elimination HO addmon
SRy SRS
o N o0 > N
1.18

2.2

0\

o

2.45

1. hydrolysis
2. weinreb amide
3. organometallic

addition
Kowalski Kowalski
ester ester
homologat/on 0 homologation alkylation
— —
Br Br MeO~™ ~O MeO™ ~O
2.10 2.41 2.43 2.44
synthesis previously reported in
described the literature

Scheme 38: Retrosynthetic analysis of cubyl-tamoxifen 1.18 via cubylethanol 2.20.

Our synthesis commenced with methyl cubane-1-carboxylate (2.10), that was prepared
from commercially available 4-methoxycarbonylcubanecarboxylic acid (2.8) in two
steps and 66 % overall yield (previously described in Section 2.2.1.2.2, Scheme 18).
With 2.10 in hand, we set out to prepare cubane acetate 2.43 via a Kowalski
homologation reaction following the protocol reported by Burton and co-workers, who
described the efficient conversion of 2.10 to 2.42 over two steps in an overall yield of 53
% (Scheme 39a)."”4 Burton et al reported that when the second step of the Kowalski
homologation reaction was quenched with acidic methanol the carboxylic acid 2.42
was isolated, which contradicts other literature sources that states quenching with

acidic methanol yields the methyl ester in this reaction.'”® 76
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A: Literature protocol - Burton et al.’”*

1. LIHMDS (1.1eq)
THF, -78 °C, 30 min

1. LiITMP (1.8 eq) 2.n-BuLi(2.1eq,1.6 M
o} CH,Br, (1.8 eq) (o) in hexanes)
THF, -78 °C, 20 min gr  THF, -78°C > 0°C OH
OMe 2. HCI (2 M) quench, rt : Br 3. AcCl/MeOH (1:5 ratio/vo') m
0°C
2.10 2.41 2.42
(12 mmol) (88 %) (60 %)
B: Our work

1. LIHMDS (1.1eq)
THF, -78 °C, 30 min

1. LITMP (1.8 eq) 2.n-BuLi(2.1eqg, 1.6 M
O CH,Br5 (1.9 eq) 0 in hexanes)
THF, -78 °C, 20 min gr THF, -78°C - 0°C OMe
OMe 2. HCI (1 M) quench, rt Br 3. AcCl / MeOH (1:5 ratio/vol) (0]
0°C
2.10 2.41 2.43
(0.8 mmol) (99 %) (94 %)

Scheme 39: Kowalski homologation reaction of cubyl ester 2.10.

In the literature the Kowalski homologation reaction is usually a one-pot reaction in
which the dibromide 2.41 is not isolated.””®* However, we opted to follow the protocol by
Burton et al and perform the two steps independently. In the first step of the Kowalski
homologation a solution of 2.10 (1 eq) and dibromomethane (1.8 eq) in THF cooled to -
78 °C was added to a solution of lithium tetramethylpiperidide (1.8 eq) in THF at the
same temperature, freshly prepared from the treatment of tetramethylpiperidide (2 eq)
with n-BulLi (1.8 eq) (Scheme 39b). The intermediate was quenched with 1 M HCl to
afford the dibromoketone 2.41 in a 99 % yield after extraction of the aqueous layer using
hexane. We found 2.41 to be stable at room temperature for at least 5 hours. In the
second step, 2.41 (1 eq) was cooled to -78 °C in THF and treated with LIHMDS (1.1 eq)
followed by n-BulLi (2.1 eq). Quenching the reaction with acidic methanol at 0 °C
(prepared from the addition of acetyl chloride to ice cold methanol) gave cubane
acetate 2.43 after an aqueous extraction with diethyl ether (Figure 15). Thisisin
contrast to Burton et al who isolated the carboxylic acid 2.42 under the same reaction
conditions and quenching protocol.”* Purification of the crude mixture by silica gel
column chromatography afforded 2.43 in 94 % yield, which was found to be volatile

below 150 mbar at room temperature and therefore should be handled with care.
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Figure 15: "H NMR (400 MHz, CDCL;) of ester 2.43 formed in the Kowalski homologation
reaction.

Methyl ester CH; signal highlighted in blue.

Next, we focused our attention on the a-alkylation of ester 2.43. In the literature Klunder
and Zwanenburg reported that cubane acetate 2.46 was converted into the rearranged
products 2.48a and 2.48b within 30 minutes, upon treatment with lithium
diisopropylamide in THF at - 30 °C (Scheme 40a)."”’ It was found refluxing this mixture in
benzene converted 2.48a and 2.48b into a tricyclooctatriene 2.50a and
tricyclooctatetraene 2.50b respectively. Similar results were obtained when cubane
methylcyanide 2.47 was subjected to the same conditions.’” On the other hand, Chi
reported the treatment of 1,4-bis(nitromethyl)cubane 2.52 with sodium methoxide,
followed by the addition of either CH;OD or bromine at room temperature gave 2.53 and
2.54 respectively (Scheme 40b).78 In both these examples it is assumed the reaction
proceeded via the nitro-stabilised cubylcarbinyl anion intermediate (2.52a), without any
ring opening product formation. Therefore, we were intrigued if the cubylcarbinyl anion
of cubane acetate 2.43 would be more stable if generated at a lower temperature of - 78
°C, which upon treatment with iodoethane would give the desired a-alkylated product

2.44 (Scheme 40c).
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A: Base induced cubane ring opening via cubylcarbinyl anion - Klunder and Zwaneburg."”’

Me
X benzene
5// reflux, 3h
—_—
Me
1. LDA (3.1 eq) 2.48a: X = CO,Me 2.50a: X = CO,Me
X THF, -30 °C 2.49a: X =CN 2.51b: X =CN
ﬂ 30 min
Me 2. H,0O quench Me
X benzene
2.46: X = CO,Me reflux. 3h
(1.6 mmol) — =
2.47: X=CN 7
(1.6 mmol) Me
CHyX
2.48b: X = CO,Me 2.50b: X = CO,Me
2.49b: X =CN 2.51b: X =CN

B: Hydrogen/deuterium exhange and bromination via cubylcarbinyl anion - Chi.'”®

)
CH,NO, CHNO, CD,NO,

1. NaOMe
MeOH, rt 2. MeOD
OQNCHQ E—— OQNCHZ

2.52 2.52a 2.53

l 2. Br2
CHBNO,

O,NBrCH
2.54

C: Our test conditions for the a-alkylation of 42.

1. LDA (1.1 eq)
THF, -78 °C
OMe 5 min
0 2. Etl (1.2 eq) )
-78 °C, 30 min
2.43 2.44

Scheme 40: Cubylcarbinyl anion formation.

A trial reaction was performed in which freshly prepared lithium diisopropylamide (1.1
eq) was added to a solution of cubane acetate 2.43 (1 eq) in THF cooled to - 78 °C,
which turned the solution from colourless to yellow (Scheme 40c). After 5 minutes,
iodoethane was added to the reaction, followed by stirring at - 78 °C for 30 minutes
before quenching the reaction with a saturated solution of ammonium chloride. By TLC
analysis, cubane acetate 2.43 (Rr2.43 = 0.4 using 5 % EtOAc/hexane) was fully

consumed with two new spots visible using a KMnO, stain (Rr= 0.45 and R¢= 0.3 using 5
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% EtOAc/hexane). Based on the "H NMR of the crude, we could confirm the rearranged
products in Scheme 40a were not present due to the absence of olefinic protons
between 5 -7 ppm (Figure 16, highlighted in green). In addition, we believe the
compound isolated had the cubane scaffold intact, based on multiplet and integration
pattern present in '"H NMR being consistent with monosubstituted cubanes (Figure 16,
highlighted in blue)."”® However, we were uncertain which substituent was attached to
the cubane framework, as the OCHj; signal in methyl ester group only had an integration
value of 1 (Figure 16, highlighted in red). In addition, if the a-alkylation was successful a
chiral centre would have formed and the protons in the CH. group would be
diastereotopic and have a distinctive resonance pattern, which was not observed in the

crude "H NMR spectrum. The ESI* LRMS of the crude was also inconclusive.

*EtOAC (CH,CH) *EtOAC *EtOAC (CH,CHs)
(CHs3)
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Figure 16: Crude "H NMR (300 MHz, CDCL;) of the a-alkylation of cubane acetate 2.43 with
iodoethane.

Considering this information, we decided to purify the crude mixture by silica gel
column chromatography to isolate the individual species, however despite our best
efforts the two isolated compounds still could not be identified. Overall, we can

conclude that the trial a-alkylation of ester 2.43 was unsuccessful at the lower
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temperature of - 78 °C and the products isolated are not consistent with those reported
by Klunder and Zwanenburg for a similar transformation (Scheme 40a). On this basis,
we decided to consider an alternative approach to give cubane analogues of (Z/E)-
tamoxifen. At the start of this section the methodologies for cubane cross-couplings
were introduced, with cubane arylations the most widely reported. We envisioned that
we could use one of those cross-coupling protocols to couple cubane to a tetra-
substituted bromoalkene species. The major advantage of this approach includes a
late-stage functionalisation of the cubane scaffold, compared to this organometallic

approach in which we slowly built-up functionality around the cubane scaffold.

2.2.3 Route 3: Cross-coupling approach

2.2.3.1 Literature

To the best of our knowledge there is no general methodology for the metal-mediated
alkenylation of cubanes. Although, the metal-mediated arylation of cubane redox-active
esters have been reported, including the Ni-mediated by the Senge group'®?, Fe-
mediated by the Baran group'®? and Cu-mediated by the MacMillan group® (Scheme
41). These cross-coupling reactions for cubane rely on activating the carboxylic acid as
their redox-active ester derivatives, either as the N-hydroxyphthalimide (2.9) or the N-

hydroxy-tetrachlorophthalimide (2.9a).

81



PhZnCI'LiCI (3.5 eq)

1) 1. oxalyl chloride (1.2 eq) NiClz-glyme (1 eq)
DMF (10 mol %) 2.9 (1 eq, 1.93 mmol)
OMe DCM,r, 1.5h DMF/THF, 2 h, rt
HO 2. N- hydroxyphthallmlde MeO,C
(1.2eq) 7
0 NEt; (2.5 eq) ~__N
DCM, 2 h, rt
2.8
(7.3 mmol) (94 %) ~ N
MeO,C
ZnAr,, Fe(acac)s (2eq)
dppBz a
toluene, 1 h, rt | Baran Senge?
25 % (1 example) 10 - 58 %
(14 examples)
O Cu(acac), v
[Ru(4,4’-dClbpy)3](PFg)>
0 OMe BuMeNSi(TMS)3

cl o aryl bromide
N
cl o) N:10AC blue LED, 10 min

48 % (8 examples)
cl Cl MacMillan?
2.9a 2.55a 2.55

(53 %)
Scheme 41: Metal-mediated arylation of cubane.

2| iterature methods for metal-mediated C-C cross-coupling arylations for cubane.5® 52 163

We opted to explore the Ni-mediated cubane cross-coupling conditions reported by
Senge et al, as the substrate scope in this methodology included three examples of
cubane cross-coupling to a porphyrin system.'®® In these examples, the organozinc of
the iodo-porphyrin was synthesised and cross-coupled to the cubane redox-active
ester 2.9 (Scheme 42a)."®® Based on this report, we considered if the tetra-substituted
bromoalkene 2.58 could also cross-couple to the cubane redox-active ester 2.9 under

similar reaction conditions (Scheme 42b).
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A: Cross-coupling between cubane and porphyrins — Senge group. '

R 1. PrMgCI*LiCl (1.1 eq, 0.6 M in THF) Ry
-40°C, THF, 3 h
2.ZnCl, (1.1 eq, 1 Min THF)
-40°C,THF, 1 h
| R, - Me0,C—< > R,
3. NiCly*glyme (0.2 eq)
L2 (0.4 eq)
2.9 (1 eq), DMF CO,Me
R, -40°C,235h \ \ R
0] o) 7 N/ N\
0.1 mmol N — —
2.56a: Ry = pTol; R, = Ph (0] R R 2.57a: Ry = pTol; Ry, = Ph (12 %)
2.56b: Ry = pTol; R, = pTol (e} 2.57b: Ry = pTol; R, = pTol (6 %)
2.56¢: Ry = n-hexyl; R, = Ph L1: R =CO,Me 2.57c¢: Ry = n-hexyl; R, = Ph (8 %)
2.9 L2: R =Bu

B: Proposed forward synthesis: Cross-coupling between cubane 2.59 and olefin 2.58.

O 1. Organozinc formation O

I 2. Ni-Mediated cross-coupling |

o) (Z/E)-Cubyl-tamoxifen
(1.17)

C: Selected test substrates for the Ni-mediated cross-coupling.

...................................................

...................................................

Scheme 42: Ni-mediated cubane cross-coupling.

In the literature Potter and McCague reported the synthesis of alkenylbromide 2.58.¢
However, to test this approach we opted to prepare the alkenylbromide 2.60 to simplify
the reaction and purification by removing the tertiary amine group (Scheme 42c). In
addition, we planned to use cubane redox-active ester 2.9 over 2.59, as the former was
employed in the Senge report and can be prepared in one step from commercially

available material 2.8 versus 4 steps for 2.59.
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2.2.3.2 Our work

2.2.3.2.1 Synthesis of precursors for Ni cross-coupling

As previously described cubane redox-active ester 2.9 can be prepared by converting
the carboxylic acid moiety in 4-methoxycarbonylcubanecarboxylic acid (2.8) to the acid
chloride, using oxalyl chloride (1.2 eq) and catalytic quantities of DMF (10 mol %). The
subsequent addition of N-hydroxyphthalimide (1.2 eq) and triethylamine (2.5 eq)
provided the cubane redox-active ester 2.9 in 94 % yield (Scheme 41). Following
literature protocols alkenylbromide 2.60 was prepared in two steps from commercially
available propiophenone (2.6, Scheme 43a). In the first step triphenylphosphine (4 eq)
and tetrabromomethane (2 eq) were refluxed in toluene for 15 minutes to generate an
ylide, subsequent addition of propiophenone (2.6, 1 eq) promoted a Wittig reaction to
afford the dibromoalkene 2.61. Purification of the crude mixture was achieved by silica
gel column chromatography, affording 2.61 in 61 % isolated yield. In the second step we
envisioned a Suzuki-Miyaura cross-coupling between the dibromoalkene 2.61 and
boronic acid 2.62 would give alkenylbromide 2.60, although we suspected controlling

the regioselectivity may be challenging (Scheme 43a).

A: Our synthesis of dibromoalkene 2.61 and planned Suzuki-Miyaura C-C cross-coupling.

@i/
(ZTC?) yilde 26 Suzuki-Miyaura |
. formation PPh; (1 eq, 1.5 mmol) | CC crosscoupllni Br O
R —_—
toluene Br Br rt— 110 °C OMe

CBry  110°C, 15 min o4 h Br™ Br MeO B(OH).
(2eq)

2.61 2.62 2.60

(61 %)

B: Regioselective C-C Suzuki-Miyaura cross-coupling — Florent group.'®

Pd,dbas (2.5 mol %)
tris(2-furyl) phophine (15 mol %) 2.64a: R, = 4-OMe-Ph (69 %)
R1B(OH), (1.05 eq) 2.64b: Ry = 4-Me-Ph (67 %)
Cs,C0;3 (2 eq) 2.64c: R; = 4-NO,-Ph (62 %)

THFH,O (7:3, 045 M) L 2.64d: R, = 4-CO,Me-Ph (51 %)
B g BT 65 °C, 16 1 R/ “Br 2.64e: R = 4-CF4-Ph (59 %)

2.63 2.64a-e

Scheme 43: Synthesis towards alkenylbromide 2.60.
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In the literature the preparation of alkenylbromide 2.60 by a Suzuki-Miyaura cross-
coupling is not reported, although Florent et al have described a regioselective Suzuki-
Miyaura C-C cross-coupling between unsymmetrical dibromoalkene 2.63 and various
electron rich and electron poor boronic acids in good yields (Scheme 43b)."®" With this
in mind, we first applied Florent’s protocol for the treatment of dibromoalkene 2.61 (1
eq) and 4-methoxyphenyl boronic acid (2.62, 1.05 eq) with catalyst Pd.dba; (2.5 mol %)
and ligand tri(2-furyl) phosphine (15 mol %), in the presence of cesium carbonate (2 eq)
in THF:H,O (7:3, 0.15 M) at 65 °C (Table 16, entry 1). Unlike Florent et al who reported
yields often exceeding 60 % with these cross-coupling conditions, in our hands 2.60
was obtained in a poor yield of 28 % with a Z/E ratio of 2:1. The regioselectivity in our
reaction also favoured the formation of the Z-geometric isomer, this would result in (E)-
cubyl-tamoxifen (1.17) being obtained as the major isomer in the next step (Ni-mediated
cubane cross-coupling) providing no alkene isomerisation occurred. To try and improve

the yield and the regioselectivity we screened a range of conditions (Table 16).

Table 16: Reaction screening of Suzuki-Miyaura cross-coupling.

Pdgdbaa (25 mol 0/0) O
tris(2-furyl) phophine (15 mol %)
Cs,CO3 (x eq)
| Br O
Br Br
MeO@B(OHb OMe
2.61 2.62 (x eq) (E)-2.60
solvent, 65 °C, time desired regioisomer

Entry 2.61 2.62 Base Solvent (ratio and Time Ratioof (Z/E)-2.60

(mmol) (eq) (eq) concentration /h Z/E-2.60° vyield®/ %

0.35 1.05 2 THF: H,O (7:30.15 M) 16 2:1 28

2 0.35 1.05 2 Et;O:THF:H,0O (2:1:1 16 2:1 32
0.1 M)

3 0.35 1.05 2 Et;O:THF:H,0O (2:1:1 5 3:2 26
0.01 M)

4 0.35 1.05 2 THF:H,O (3:1 0.1 M) 5 3:2 27

5 0.35 1.3 2 THF:H,O (3:1 0.1 M) 16 2:1 28

6 0.35 1.3° 2 THF:H,O (3:1 0.1 M) 16° 2:1 23

7 0.35 1.05 1.1 THF:H,O (3:1 0.1 M) 5 3:2 27

8¢ 3.3 1.05 1.1 THF:H,O (3:1 0.1 M) 6 3:2 36

2 after silica-gel chromatography. ° dropwise addition over 40 minutes. ° reaction at 45°C. ¢
Optimised conditions.
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In the literature Nishihara et al adapted Florent’s Suzuki-Miyaura C-C cross-coupling
protocol to include diethyl ether as a third solvent and with a lower concentration of 0.1
M (from 0.15 M)."® Switching the solvent system to Et,O:THF:H,0 (2:1:1 0.1 M) we
observed a slight increase in yield (32 %) and no change in regioselectivity (Z/E 2:1),
which was determined by "H NMR analysis after silica-gel column chromatography
(Table 16, entry 2). Decreasing the reaction time from 16 hours to 5 hours resulted in a
minor decrease in yield (26 %) but with an improved regioselectivity (Z/E ratio of 3:2,
entry 3). Similar results were obtained when removing the solvent diethyl ether and only
using THF:H,O at the same concentration (3:1 0.1 M), with 2.60 obtained in 27 % yield
with a Z/E ratio of 3:2 (entry 4). Increasing the number of equivalents of 4-
methoxyphenyl boronic acid (1.05 eq — 1.3 eq) and increasing the reaction length to 16
hours decreased the regioselectivity with the Z/E ratio dropping back to 2:1 (28 % yield,
entry 5). Dropwise addition of the boronic acid in THF over 40 minutes did not improve
the regioselectivity (Z/E ratio of 2:1) and resulted in the lowest yield observed of 23 %
(entry 6). Reverting to 1.05 equivalents of boronic acid, we next decreased the number
of equivalents of base (2 eq — 1.1 eq), which did not improve the yield but saw a small
increase in regioselectivity to favour the E-isomer (28 %, Z/E ratio of 3:2, entry 7).
Despite the conditions in entry 7 resulting in a lower yield than those in entry 2, when
scaling the reaction from 0.35 mmol of dibromoalkene 2.61 to 3.3 mmol we opted to
use the conditions described in entry 7 as it favoured the formation of the desired E-
geometric isomer. Pleasingly, we obtained 2.60 in an improved yield of 36 % in an
unchanged Z/E ratio of 3:2. With an established route to prepare (Z/E)-2.60 (ratio of 3:2)
in an overall yield of 22 % over two-steps from affordable commercially available
material, we opted to not pursue further reaction screening to enhance the

regioselectivity or yield.
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2.2.3.2.2 Cubane Ni cross-coupling

With alkenylbromide (Z/E)-2.60 (ratio of 3:2) in hand, we turned our attention to the
synthesis of 2.65 by a Ni-catalysed cross-coupling between bromide (Z/E)-2.60 and
cubane redox-active ester 2.9 (Scheme 44). In the protocol reported by Senge et al, for
the coupling of cubane to several electron poor porphyrin systems an electron-rich
ligand (L2) proved to beneficial to overcome decomposition (see above Scheme 42a).'%*
On the other hand, for electron-rich arenes an electron poor ligand (L1) was found to
promote product formation.'®® In our work, the alkenylbromide (Z/E)-2.60 is electron-
rich, thus we opted to employ the electron poor ligand (L1) in the cross-coupling

reaction.

(0]
1. organqzinc O
0 OMe | __formation -
e N 2. Ni-mediated |
Br O cross-coupling ..’ O
NiCl,*glyme (0.2 e
OMe >+glyme ( q) MeO OMe
(e}

L1 (0.4 eq)
2.9 (1 eq), DMF, rt,2h

2.9 -2.60 N N :
((5/)53;2) 7N N\ (2-2.65

R R

L1: R =CO,Me
L2: R =Bu

Scheme 44: Synthetic plan for the cubane Ni-catalysed cross-coupling.

Also, in the study by Senge and co-workers, the I/Mg exchange of iodo-porphyrins using
'PrMgCIL*LiCl was carried out at - 40 °C."®® However, literature reports have shown that
Br/Mg exchange of similar substrates using 'PrMgCl*LiCl does not proceed at these
lower temperatures.'® Therefore, we opted to prepare the Grignard of alkenylbromide
(Z/E)-2.60 by the addition of 'PrMgCIL*LiCl (1.1 eq, 2 M in THF) to a solution of
alkenylbromide (Z/E)-2.60 (ratio of 3:2) in THF at 0 °C, which was subsequently warmed
to room temperature. To confirm Grignhard formation, a sample of the mixture was taken
and quenched with water. In the LRMS (ESI*) of the sample we observed signals that
matched 2.66 ([M+H]"m/z = 238.14) and the starting material 2.60 ((M+H]'m/z = 316.05)
(Scheme 45).
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1. PrMgCI*LiCl
(1.1 eq, 0.6 M in THF)
THF

| 0°C—-rt,3h '

Br > H
2. small aliquot quenched
OMe with H,0 OMe
(E)-2.60 (2)-2.66
(ZIE3:2)
(0.25 mmol)

Scheme 45: Grignard derived from alkenylbromide (Z/E)-2.60 analysed by LRMS (ESI’).

Based on this data, we proceeded with the next steps of the reaction, which first
included the addition of ZnCl, (1.1 eq) in THF to the Grignard solution to generate an
organozinc species. Next the organozinc species was added to a solution containing
cubane redox-active ester 2.9 (0.3 eq), NiCl; (0.3 eq) and ligand L1 (0.6 eq) in DMF at
room temperature in one fast addition (Scheme 46). The reaction mixture changed from
a dark green to brown colour, which was indicative of a failed cross-coupling based on
previous experience of cubane arylations using these conditions. Nevertheless, the
reaction was monitored over the next two hours by TLC, but as suspected no product
formation was observed. '"H NMR of the crude mixture indicated the major signals
belonged to both starting materials alkenylbromide 2.60 and cubane redox-active ester
2.9. In fact, no singlet corresponding to the alkene proton in 2.66 was observed,
suggesting that Grignard formation was likely limited. The crude material was purified
by silica gel column chromatography, with 36 % of cubane redox-active ester 2.9
recovered. The poor Grignard formation prompted us to explore alternative protocols to
prepare the Grignard of alkenylbromide (Z/E)-2.60. One methodology explored was the
preparation of the Grignard derived from alkenylbromide (Z/E)-2.60 (ratio of 3:2, 1 eq)
using magnesium turnings (1.25 eq, preactivated by stirring and addition of iodine) in
the presence on LiCl (1.25 eq) at room temperature. However, despite our best efforts

we could not initiate Br/Mg exchange (Scheme 46).
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1. Mg turnings (1.25 eq)
LiCl (1.25 eq)
I

| THF, rt = reflux, 4 h

Br 2. NiCly*glyme (0.3 eq) <>
O L1 (0.6 eq) MeO .’
OMe OMe
o)

2.9 (0.3 eq), DMF, 1, 2h

(E)-2.60 (2) -2.65
(ZE3:2) 2 %)
(1.3 mmol)
1. Mg turnings 1. PrMgCI*LiCl
(1.25 eq) or (1-1ed. 06MinTHF)
LiCl (1.25 eq) THF
THF, rt, 4 h 0°C—rt,3h

2. NiCly*glyme (0.3 eq)
L1 (0.6 eq)
2.9 (0.3 eq), DMF, rt, 2h

................................................

...............................................

Scheme 46: Stereoselective synthesis of (£)-2.65 via a Ni-mediated cubane cross-coupling.

As a result of the bromoalkene (Z/E)-2.60 being so unreactive towards Grignard
formation, we refluxed (Z/E)-2.60 (ratio of 3:2, 1 eq) in the presence of magnesium
turnings (1.25 eq, preactivated by stirring and addition of iodine) and LiCl (1.25 eq) in
THF (Scheme 46). After 4 hours the red solution turned dark brown/black and a visual
loss of magnesium turnings was observed, both indicative of Grighard formation. The
solution was cooled to room temperature and subsequently added to a solution
containing cubane redox-active ester 2.9 (0.3 eq), NiCl, (0.3 eq) and ligand L1 (0.6 eq) in
DMF at room temperature. This time the green mixture turned purple, which from our
experience with cubane-arylations using this method normally indicated a successful
cubane cross-coupling, although TLC analysis of the reaction mixture revealed many
side products (8 spots off the baseline in 10 % EtOAc/hexane). '"H NMR analysis of the
crude mixture revealed the protons in the cubane scaffold had the same chemical shift,
with no indication of product formation (Figure 17 — highlighted in blue). Encouragingly
there was a broad singlet at 6.36 ppm that we assigned to the alkene protonin 2.66,
providing additional evidence that Grignard formation was successful (Figure 17 -
highlighted in red). Based on this information, we opted to purify the crude mixture to

investigate if one of the minor spots visible during TLC analysis of the crude belonged to
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the desired product 2.65. Pleasingly, after a lengthy purification by silica gel column
chromatography we isolated the single geometric isomer (£)-2.65 in 2 % yield. An
overlay of the '"H NMR of purified (2)-2.65 against the crude mixture and the two starting
material cubane redox-active ester 2.9 and bromoalkene (Z/E)-2.60 (ratio of 3:2), show
how similar the chemical environments are between starting materials and the product.
Thus, monitoring the cross-coupling by "H NMR was extremely challenging. For
instance, in the "H NMR of the product (2)-2.65 all 6 protons in the cubane scaffold
appear as one multiplet at the same chemical shift as the cubane protons in the

cubane redox-active ester 2.9 (Figure 17).

"H NMR (300 MHz, CDCly)

MeO. ..’ O OMe r4

H NMR (300 MHz, CDCl,)
Crude of Ni-cross coupling

,JK,MJLMJW |M'MJ-WJx’LM UL PQJJ_M_M\# WAJM“LW
Srting et ' g
JL‘\JMUML - (553 I I JUW

"H NMR (400 MHz, CDCly) OMe
Starting material
Q. o

T T T T T T T T T T T T T T T
40 35 3.0 25 20 16 1.0

45
1 (ppm)

Figure 17: "H NMR overlay of isolated (2)-2.65 via a Ni-mediated cubane cross-coupling, against
crude reaction mixture and starting materials.

Highlighted in red = alkene proton in 2.66 (formed by Grignard being quenched with H,0); blue =
similar chemical shift for cubane protons in (Z£)-2.65 compared to 2.9; yellow = methoxy group
(OCH5;) in (Z)-2.60; purple = methoxy group (OCH3) in (E)-2.60.

The chemical shift of the protons in methoxy group (OCHS5) in (£)-2.65 was observed at

3.71 ppm, which corresponded to the same chemical shift as the E-geometric isomer of
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bromoalkene 2.60 (Figure 17 — highlighted in purple). Based on this data, we inferred
that the stereochemistry of the product 2.65 was likely the desired Z-geometric isomer.
In a subsequent section we will show how the chemical shifts of cubane protonsin
tetra-substituted alkenes bearing a cubane substituent can vary significantly depending
on the geometric isomer, providing additional evidence for our proposed alkene
assignment of 2.65. However, to prove (£)-2.65 was the geometric isomer isolated from
the Ni-mediated cross-coupling, in the future a NOESY NMR or an X-ray crystal is

required.

Overall, the Ni-mediated cross-coupling between 2.9 and (Z/E)-2.60 (ratio of 3:2)
demonstrated that tetra-substituted alkenes bearing a cubane substituent can be
synthesised. The 2 % yield of the cross-coupling was poor, although the Senge group
also reported low yields for the preparation of the cubane-porphyrin substrates using

the same methodology (6 % - 12 %)."®® Given the low yield we explored one further route.

2.2.4 Route 4: Horner-Wadsworth-Emmons approach

2.2.4.1 Literature and retrosynthetic analysis

The final methodology explored towards a cubane analogue of tamoxifen, in which one
of the aromatic rings have been replaced with a cubane framework, was the Horner-
Wadsworth-Emmons (HWE) olefination. At the start of this chapter several examples of
a HWE and Wittig reaction were described (Section 2.1.2, Scheme 10-11). Notably, in
all but two examples the more reactive cubyl aldehyde (2.1b) was used over a cubyl
ketone (2.1c-d) and not one of examples included the preparation of a tetra-substituted

Olefi n 108, 126-130

In the previous section (Section 2.2.3 — Cross-couplings), we demonstrated that a Ni-
mediated cross-coupling between a bromoalkene and cubane redox-active ester was
successful, albeit in a poor yield of 2 % (Scheme 46). Rather than optimising the
reaction conditions, we initially thought that the installation of the cubane framework to

an alkene bond may be formed more readily via a HWE or Wittig reaction. As hindered
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ketones have been found to react under milder conditions in HWE olefinations,
compared to an analogous reaction using Wittig reagents, we were initially interested in
utilising HWE conditions to prepare a mono-substituted analogue cubane-tamoxifen.'*
'8 The preferred strategy included a HWE olefination between cubyl ketone 2.69 and
phosphonate 2.70 or cubyl ketone 2.13 and phosphonate 2.71, which would afford two
mono-substituted analogues of cubane-tamoxifen (1.17 and 1.18, Scheme 47).
Unfortunately, as the HWE olefination usually proceeds with high (E)-selectivity, a HWE
between those substrates would likely result in the un-desired (E)-geometric isomer of
cubyl-tamoxifen being the major product. On the other hand, a HWE between cubyl
ketone 2.13 and the commercially available diethyl benzylphosphonate (2.67) would
provide the tri-substituted olefin (E)-2.68; a Heck cross-coupling of (E)-2.68 with 2-(4-

bromophenoxy)-N,N-dimethylethan-1-amine (2.34) would then afford the first cubane

analogue of tamoxifen (1.18) with the desired Z-stereochemistry.

two cubane analogues of

tamoxifen
LQ : -
: ' HWE O=P-OEt
. ’ e | +
> high N
: .’ O ,L (E)-selectivity 0O
: o7

(9147 2.69 2.70
; .” OEt
' : HWE 0=P-OEt
' e —
: I : high
; O O | (E)-selectivity
: o™ "
: (2-1.18 2.13

Heck c-C
cross coupling
QEt
Q 0=P-OFEt
:,> @)K/ +
(E)-2.68 2.13 2.67

Scheme 47: Retrosynthetic analysis for the HWE olefination of cubyl-tamoxifen 1.17 and 1.18.
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2.2.4.2 Our work
2.2.4.2.1 HWE reaction followed by Heck cross-coupling

The details regarding the synthesis of cubyl ketone 2.13 were previously described in
Section 2.2.1.2 over 5 steps in a total yield of 21 % (Scheme 18-19). In the HWE
reaction, diethyl benzylphosphonate (2.67, 2.1 eq) was added to a solution of
potassium tert-butoxide (2 eq) in THF at 0 °C, followed by the addition of cubyl ketone
2.13 (1 eq) at the same temperature (Scheme 48). The reaction was monitored by TLC
analysis and after 15 minutes at 0 °C we observed 2.13 was fully consumed. The
reaction was quenched and 'H NMR analysis of the crude revealed the formation of
2.68 was successful. As predicted the reaction proceeded with greater selectivity for
the E-isomer, with a Z/E ratio of 1:4 in the crude mixture. Purification by silica gel
column chromatography gave (E)-2.68 in a good yield of 52 % with an improved Z/E ratio
of 1:10. ANOESY experiment was used to confirm the major geometric isomer had the
E-configuration, in which we observed correlation between the singletat § 6.13 (s, 1H,

C=CH) and multipletat 5 4.15-4.10 (m, 3H, three C-H bonds in cubane) (Figure 18).

o QFEt 1. K'BUO (2 eq)
O=P-OFEt THF, 0 °C, 30 min
+
@)V 2,213
THF, 0 °C, 15 min
213 2.67 (E)-2.68
(0.4 mmol, 1 eq) (2.1 eq) Crude ZE=1:4
Post purifcation Z/E = 1:10
(52 % vield)

Scheme 48: HWE olefination between cubyl ketone 2.13 and diethyl benzylphosphonate 2.67.
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NOESY NMR (500 MHz, CDCly) AAL
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Figure 18: "H NOESY NMR spectrum of the 1:10 mixture of (Z/E)-2.68 post silica gel column
chromatography revealed the major geometric isomer has the E-configuration.

With a stereoenriched sample of (E)-2.68 (Z/E ratio of 1:10) in hand, we next investigated
the Heck cross-coupling between (E)-2.68 and 2-(4-bromophenoxy)-N,N-
dimethylethan-1-amine (2.34), with the latter being prepared by the O-alkylation of 4-
bromophenol with 2-chloro-N,N’-dimethylethylamine hydrochloride (previously
described in Section 2.2.2.2, Scheme 31). In the literature, Chang et al reported a
Pd(OAc), catalysed Heck cross-coupling between the aromatic analogue of (E)-2.68 and
aryl bromide 2.34 gave (2)-tamoxifen in a yield of 65 % (Scheme 49a)."® Initially, we were
concerned about using this method for our cubyl olefin (E)-2.68 as Cassar and co-
workers reported that cubane undergoes strain-releasing valence isomerisation to
cuneane in the presence of Pd(ll) species.' This conclusion was based on their
observation that the treatment of cubane 2.73a or 2.73b in concentrations between 102
—10" M (in chloroform) with 102 -10" M bis(benzonitrile)palladium (Il) chloride in
chloroform, resulted in rapid isomerisation of cubane at room temperature to several
cuneane products (Scheme 49b).' Since this original report other groups have
documented how Pd(ll)-catalysed cross couplings promote cubane decomposition

pathways.®® 8 One example includes Eaton’s attempt to prepare alkynylcubanes by
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palladium-catalysed reaction of iodocubane 2.73c with a terminal acetylene under
Heck-type reaction conditions, resulting in the formation of a cyclooctatetraene

product (Scheme 49b)."#
A) Heck cross-coupling to synthesise (Z)-tamoxifen — Chang et al.’®

2.34 (1.7 eq) ‘E(:\
Pd(OAc), (15 mol %) O/\/N

PPh3 2 eq), Nach3 (3.3€eq)
DME, reflux, 5 h

(E)-2.72 (2)-Tamoxifen
(0.3 mmol) (1.1)
(65 %)

B) Pd-catalysed strain-releasing valance isomerisation of cubane.'® 60188

Cuneane products Cyclooctatetraene
product
Ri PdCI,(PhCN), (1 eq) R, Ph—=—H
% Ry CHClg, rt @ (4 eq) __Pn
- > =
@/ 2.73a: R, = CH,OAc Pd(PPh3), (15 mf)l %) ©/
2.73b: Ry = C(O)OCHjs4 CuBr (25 mol %)
2.73a-c NEts, 90 °C, 6 h
2.73c: Ry =1 (1 mmol)
Ry e Fast oxidative
addition
e Slow reductive @ @ @
elimination P L L LI LEEEEEEILS

Cuneane Cyclooctatetraene éﬁ @/
. 2.26a 2.26b !
@ , oxidative labile '
1 addition intermediate :

........................

Scheme 49: Pd-catalysed cross-coupling for aromatic verses cubane species.

Due to these earlier reports in the field of cubane chemistry there is a general
misconception that cubane is just inherently unstable towards palladium catalysis.
However, recently the Senge group demonstrated that the cubane framework remained
intact during the Pd-catalysed Sonogashira coupling of alkynyl cubanes with arylhalides
at room temperature (Scheme 50a).'®® The stability of alkynyl cubanes under these Pd(ll)
catalysed conditions prompted us to consider if the Pd-catalysed Heck between our
stereoenriched sample of (E)-2.68 (Z/E ratio of 1:10) and aryl bromide 2.34 could be a

viable route towards (2)-cubyl-tamoxifen 1.18 (Scheme 50b).
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a) Pd-catalysed Sonogashira coupling of alkynyl cubanes - Senge group.'®®

R
Pd(PPhg), (10 mol %) ‘ 1
_R CulBmol%) <§> — </ \>

NEty, rt, 6 h

2.74 2.75 2.76
(0.3 mmol) (3eq) 5 examples (> 75 % yield)

b) Heck cross-coupling between olefin 2.68 and aryl bromide 2.34 — Our work.

@W

Pd(OAc) (15 mol %)
PPhs (2 eq), Na2003 (3. 3 eq)

(Z/? 216$0) DME. reflux, 5 h (2)-1.18 (not detected)
(0.1 mmol) after 5 h: (Z/E)-2.68 intact

after 20 h: (Z/E)-2.68 decomposed

Scheme 50: Cubane stability in the presence of Pd-catalysts.

The procedure previously described by Chang et al for the Heck cross-coupling was
followed in the first instance. Under this protocol, (E)-2.68 (1 eq, Z/E=1:10) and aryl
bromide 2.34 (2 eq) were refluxed in DME in the presence of Pd(OAc): (15 mol %),
triphenylphosphine (2 eq) and sodium carbonate (3.3 eq) for 5 hours (Scheme 50b).
After 5 hours an aliquot of the reaction mixture was removed, quenched with H,O and
analysed by '"H NMR. Analysis of the data revealed that the relative ratio of the
integration values of the ArCH protons in aryl bromide 2.34 and the cubane CH protons
n (E)-2.68 was 2:1, which was consistent with the numbers of equivalents of each
reagent used at the start of the reaction (Scheme 50b and Figure 19). While no Heck
cross-coupling occurred in the first five hours of the reaction, this shows that no
decomposition of the cubane framework occurred under these reaction conditions
which itself is informative. Only when leaving the reaction overnight at reflux did we

observe complete decomposition of the cubane framework.
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"H NMR (500 MHz, CDCl;) 5 h aliquot of Heck
reaction between (E)-2.68 (Z/E =1:10) and 2.34

Bl W, LLEJLJUA

T 1T edinit T T
H NMR (500 MHz, CDCL,) of (E)-2.68 (Z/E = 1:10) ’

5538855

A

"H NMR (500 MHz, CDCl;) of 2.34

45
1 (ppm)

Figure 19: "H NMR overlay of the Heck reaction between olefin (E)-2.68 (Z/E ratio of 1:10) and
aryl bromide 2.34 after 5 hours.

While Chang et al reported a 65 % yield for the Heck reaction between the aromatic
olefin (E)-2.72 and aryl bromide 2.34 (Scheme 49a)'?®, when we subjected (E)-2.68 (1
eq, Z/E=1:10) under identical reactions conditions the target compound (2)-cubyl-
tamoxifen 1.18 was not formed (Scheme 50b). In addition, when we subjected the
aromatic olefin (2)-2.72 (Z/E = 46:1) to the conditions described by Chang et al no
formation of (Z/E)-tamoxifen (1.1) was observed (Scheme 51a). Since the rate of Heck
reactions can be strongly influenced by the degree of substitution of the olefin, we
opted to also test these Heck conditions with the commercially available trans-stilbene
(Scheme 51b)."®” Under identical conditions, the C-C coupling between trans-stilbene
(2.77) and aryl bromide 2.34 was unsuccessful, with the target compound 2.78 not
detected by TLC or 'TH NMR analysis. Given these findings, this promoted us to explore

alternative Heck reaction conditions.
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A) Heck cross-coupling with tri-substituted olefins — our work.

X f@t x

' 2.34 (1.7 eq) |

> |
Pd(OAc), (15 mol %) O ‘ O/\/N\

PPhs (2 eq), Na,COj (3.3 eq)

(2)-2.72: X =Ph DME, reflux, 5 h (Z/E)-Tamoxifen (1.1)
(ZE =46:1) X = Ph (not detected)
(0.3 mmol)
(Z/E)-Cubyl-tamoxifen (1.18)
(E)-2.68: X = Cubane X = Cubane (not detected)
(Z/E = 1:10)
(0.1 mmol)

B) Heck cross-coupling with di-substituted olefin — our work.

Pd(OAc), (15 mol %) o/\/N

PPh; ( 2 eq), NagCO3 (8.3 eq)
2.77 DME, reflux, 5 h (2)-2.78
(0.2 mmol) (not detected)

Scheme 51: Heck cross-coupling outcomes using the conditions described by Chang et al.'*®

The aryl halide chosen for this investigation was 4-iodoanisole (2.79), as the methoxy
group mimicked the (dimethylamino)ethoxy side chain in aryl bromide 2.34 but would
simplify the purification by removing the tertiary amine moiety. Secondly, 4-iodoanisole
was selected over 4-bromoanisole, as the former is known to undergo oxidative addition
to Pd(0) more readily, owing to the weaker C-l bond and better leaving group
characteristics.'® Subjecting trans-stilbene (2.77, 1 eq) and 4-iodoanisole (2.79, 1.2 eq)
with catalytic quantities of Pd(OAc). (3 mol %) and potassium carbonate (1.5 eq) in
degassed DMF at 80 °C for 5 hours, in the presence of N-tetraethylammonium bromide
(2 eq) and KBr (1.2 eq) gave the desired product (Z/E)-2.80 (ratio of 1:6) in a 30 % yield
post purification by silica gel column chromatography (Scheme 52). When subjecting
the more sterically crowded tri-substituted olefin (£)-2.72 (Z/E = 46:1) to the same Heck
conditions, no product formation was observed by TLC or '"H NMR analysis (Scheme

52).
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Meo~®—|
O 2.79 (1.2 eq)

Pd(OAc), (3 mol %)
O K2003 1.5 eq)
n-Et4NBr (2 eq), KBr (1.2 eq)

DMF, 80 °C,5h
2.77 (Z/E)-2.80
(0.3 mmol) (30 %)

(Z/E = 1:6 post-purification)
O Moo~ ) O
| 2,79 (1.2 eq) |

O Pd(OAc), (3 mol %)
KoCOg3 1.5 eq)

l OMe

I OMe

~ -Et4NBr (2 eq), KBr (1.2 eq) _
(9-2.72 rEly ; (Z/E)-2.37
(ZJE = 46:1) DMF, 80 °C,5h (not detected)
(0.25 mmol)

Scheme 52: Heck reaction of di- and tri-substituted olefins.

Given we were unable to develop conditions for the Heck cross-coupling with tri-
substituted alkenes and knowing the HWE olefination using cubyl ketones occurs
readily, we opted to focus our attention on the HWE olefination between cubyl ketone
2.69 and phosphonate 2.70. We predicted a mixture of geometric isomers would formin
this HWE reaction, therefore, optimisation of the reaction conditions to control the Z/E
stereoselectivity or the development of a purification method to separate the two

geometric isomers would be required.

2.2.4.2.2 Direct HWE olefination

The HWE olefination between cubyl ketone 2.69 and phosphonate 2.70 was selected
over cubyl ketone 2.13 and phosphonate 2.71 as from a retrosynthetic perspective,

phosphonate 2.71 would likely be more challenging to prepare (Scheme 53).
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Two cubane analogues of 0]
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5 steps OMe
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Scheme 53: Retrosynthetic analysis of two remaining HWE olefination.

Before we could examine the HWE reaction we first needed to prepare the two starting
materials, cubyl ketone 2.69 and phosphonate 2.70. The synthesis of the former began
by converting 4-methoxycarbonylcubanecarboxylic acid (2.8) to the cubyl Weinreb
amide 2.12 over 4 steps in an overall yield of 29 %, with all steps previously described in
detail (Section 2.2.1.2, Scheme 18-19). Lithium-bromine exhange of aryl bromide 2.34
(1.5 eq) using n-butyl lithium (1.5 eq, 1.6 M in hexanes) in THF at - 78 °C generated the
organolithium reagent. After 15 minutes, cubyl Weinreb amide 2.12 (1 eq) in THF was
added and during the next two hours at this temperature the Weinreb amide was fully
consumed (Scheme 54). Purification by silica gel column chromatography (pre-treated
with 2 % NEt;) gave ketone 2.69 in 77 % yield. With one of the starting materials in hand,
we switched to the preparation of the phosphonate 2.70 via the alkylation of diethyl
benzylphosphonate (2.67). The addition of n-BuLi (1.2 eq, 1.6 M in hexanes) to a
solution of 2.67 (1 eq) in THF at - 78 °C followed by iodoethane (1.2 eq) gave 2.70 in 84

% yield (Scheme 54). No purification of the crude product was required for the product.
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With both the cubyl ketone 2.69 and functionalised phosphonate 2.70 prepared, we

then looked at the HWE between these two substrates.

| 1. n-BuLi (1.5 eq,
O/\/N\ 1.6 M in hexanes) 0O

THF, - 78 °C, 15 min
2 0 /\/,L

N-OMe o h
Br l 2.69

(77 %)
2.34 2.12 (0.5 mmol)
(1.5eq) THF, 78 °C, 2 h
OFEt 1. n-BuLi (1.2 eq, OFEt
. 1.6 M in hexanes) .
O=P-OBt  THF,-78C, 10 min O=p-OEt
2. Etl (1.2 eq),
THF, -78 °C, 5 min
3. rt, 30 min
2.67 2.70
(2.2 mmol) (84 %)

Scheme 54: Preparation of starting materials for cubyl HWE reactions.

In the previous HWE reaction we described in Section 2.2.4.2.1, diethyl
benzylphosphonate (2.67, 2.1 eq) and ketone 2.13 in the presence of potassium tert-
butoxide (2 eq) in THF gave olefin (E)-2.68 (Z/E ratio of 1:4) within 15 minutes at 0 °C
(Scheme 55, 52 % yield, Z/E 1:10 post purification).

o OFt 1. K'BUO (2 eq)
@)K/ O=P-OEt THF, 0 °C, 30 min
+ >
2.2.13
©) THF, 0 °C, 15 min
2.13 2.67 (E)-2.68
(0.4 mmol, 1 eq) (2.1 eq) Crude ZE=1:4
Post purifcation Z/E = 1:10
(52 % yield)

Scheme 55: Previous HWE between cubyl ketone 2.13 and phosphonate 2.67.

We found the treatment of the functionalised phosphonate 2.70 (3 eq) with the base
potassium tert-butoxide (3 eq) at 0 °C, followed by the addition of the bulkier ketone
2.69 (1 eq) under similar conditions did not provide the final product (Z)-cubyl-

tamoxifen 1.17 (Table 17, entry 1). Allowing the HWE reaction to stir at room

101



temperature for 16 hours did not promote the HWE reaction, with 98 % of ketone 2.69
recovered from silica gel column chromatography (entry 2). Increasing the temperature
to 50 °C for 16 hours resulted in 96 % of ketone 2.69 being recovered (entry 3), and
replacing potassium tert-butoxide (3 eq) for the stronger base sodium hydride (3 eq, 60
% dispersion in mineral oil) was also ineffective with 93 % recovery of ketone 2.69 post

silica gel column chromatography (entry 4).

Table 17: HWE reaction screening.

OEt 1. base (eq) ,
O:|5—0Et THF (5 mL), - 78 °C, 15 min

o

L
' .7 O/\/'l‘\

O/\/N\
2.70 2.69 (0.25 mmol) in THF (1 mL) (2)-Cubyl-tamoxifen
(eq) 3.-78°C — temp, time (1.17)

Entry 2.70 Base Temp/ Time Recovered Ratio of (2)-1.17:  (Z/E)-1.17

(eq) (eq) °C /h 2.69/% (E)-1.17 in crude®  yield / %°

1 3 K'BuO 0° 0.25 97 - -
(3)

2 3 K'BuO 25°¢ 16 98 - -
(3)

3 3 K'BuO 50°¢ 16 96 - -
(3)

4 3 NaH 50° 16 93 - -
(3)

5 3.1 n-BulLi 50 21 34 1:3(1:3) 40
(3)

6° 3.1 n-BulLi 50 21 46 1:2(1:2) 40
(3)

7 2.1 n-BulLi 50 21 31 1:3(1:3) 29
(2)

8 2.1 n-BulLi 25 2 51 2:3(2:3) 12
(2)

9 2.1 n-BulLi -78 48 92 - -
(2)

2 ratio of (Z)-1.17 : (E)-1.17 in brackets after purification by silica gel column chromatography. ©
isolated yield. ° K'BuO was added at 0 C instead of -78 C. ® concentration reduced by 25 %.
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Pandey and co-workers described the synthesis of (Z)-tamoxifen (1.1) via a HWE
reaction between ketone 2.5a and phosphonate 2.81, in the presence of n-BuLi (1.2 eq,
15 % in hexanes) (Scheme 56). ' When maintaining the temperature of the reaction at -
78 °C for 48 hours a 7:3 mixture of Z- and E-tamoxifen was reported in the crude
mixture.’® By silica gel column chromatography the authors reported that the two
isomers were separated, with Z- and E-tamoxifen (1.1) being isolated in 28 % and 12 %
yield respectively. '?° To the best of our knowledge this is the only report of tamoxifen
being synthesised via a HWE reaction using a ketone. With this paper in mind, we
continued the HWE optimisation by using n-BuLi. Treatment of the functionalised
phosphonate 2.70 (3 eq) in THF at -78 °C with n-BulLi (3 eq, 1.6 M in hexanes), followed
by the addition of cubyl ketone 2.69 (1 eq) and heating to 50 °C for 21 hours resulted in
olefin formation (Table 17, entry 5). The '"H NMR of the crude product revealed a 1:3 ratio
of (Z/E)-cubyl-tamoxifen 1.17, determined by the '"H NMR integration values combined
with a "H NOESY experiment (vide infra). Purification of the crude product by silica gel
column chromatography (pretreated with NEt;) gave (Z/E)-1.17 in a good yield of 40 %
with an unchanged Z/E ratio (1:3). In addition, 34 % of unreacted ketone 2.69 was
recovered during the purification, suggesting there was scope to further optimise the

conditions to enhance the yield.

.

|
L ek
o/\/N\

($-81) 2.5a (1.3 mmol) in THF (5 mL) (Z)'T?;“gx”e"
eq o .
8.-78°C,48h (40 %, ZIE 2:1)

1. n-BuLi (1.2 eq, 15 % in hexanes)
Q THF, -78°C,1h
o= P (0]

Scheme 56: Pandey and co-workers synthesis of tamoxifen via a HWE olefination.'®

Increasing the concentration of the HWE reaction by 25 % gave (Z/E)-1.17 in the same
yield (40 %), although there was a slight difference in the Z/E ratio (1:2) and percentage
of recovered ketone 2.69 (46 %) (Table 17, entry 6). Decreasing the equivalents of
phosphonate 2.70 (3.1 eq — 2.1 eq) and n-BulLi (3eq — 2 eq, 1.6 M in hexanes) reduced
the yield of (Z/E)-1.17 to 29 %, with poorer selectivity for (2)-1.17 (Z/E 1:3) and recovery
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of unreacted ketone 2.69 (entry 7). Lowering the temperature from 50 °C to room
temperature (25 °C) resulted in a 12 % isolated yield of (Z/E)-1.17 with a 2:3 ratio after
only 2 hours, with 51 % of ketone 2.69 recovered (entry 8). This data suggested that
performing the HWE reaction at lower temperatures favoured selectivity for (2)-1.17,
which was earlier observed by Pandey and co-workers (Scheme 56). However, when we
reduced the temperature to - 78 °C for 48 hours no HWE reaction occurred, and 92 % of

ketone 2.69 was recovered post silica gel column chromatography (Table 17, entry 8).

In all our HWE reaction screening experiments between cubyl ketone 2.69 and
functionalised phosphonate 2.70 poor stereoselectivity was observed (Table 17).
Instead of screening conditions further we opted to develop a purification method to
separate the geometric isomers, thus allowing us to test both isomers against
tamoxifen in future biological studies. An extensive screening of solvent systems was
tested by TLC analysis to determine if the two isomers of (Z/E)-1.17 could be separated
by normal-phase silica gel column chromatography, but none provided adequate
separation. We proposed the geometric isomers could be separated by reverse-phase
(C18) semi-preparative HPLC. In preparation for this, method development with an
analytical HPLC was first required. The purified mixture from entry 5 of the HWE
optimisation (Table 17), which contained a 1:3 ratio of (Z/E)-1.17 (determined by "H NMR
analysis) was selected as the test sample. No separation was observed when using a
gradient with an eluent system of MeCN/H,O containing 0.1 % TFA. Although, when
switching to an isocratic system of 75 % MeCN / 25 % H,0O containing 0.1 % TFA, there
was good resolution between the signals for (E)-1.17 (retention time = 5.2 min) and (2)-

1.17 (retention time = 6.0 min) (Figure 20).
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OEt 1. n-BuLi (3 eq, 1.6 M in hexanes)
O:IID—OEt THF (5 mL), - 78 °C, 15 min R
o 0 | |
=7 O/ Oy
N 10 R TN 10 R TN
0

~N
2.70 2.69 (0.25 mmol) in THF (1 mL) (2117 (B)-1.17
(3.1 eq) 3.-78°C +50°C,21 h _ _
analytical HPLC analytical HPLC
retention time = 6.0 min retention time = 5.2 min
mAU A ]
1750 4
1500 5
1250
1000
750 S
500% © @ N ? o =] 2
250 8 s 8 j\ 2 3 =
3 N e < © © -~
0 —— H —— — o ‘
2 a 6 8 10 12 14 6 m

Wavelength = 254 nm; Flow rate = 1 mL/min; Isocratic gradient: 3:1 MeCN/H,0 + 0.1 % TFA; Column: Agilent
Zorbax SB-C18 5 um 4.6 x 250 mm LC column

Figure 20: Analytical HPLC trace of HWE 1:3 mixture of (Z/E)-1.17 post silica gel column
chromatography.

The conditions established on the analytical HPLC were then evaluated on a semi-
preparative HPLC with the same sample of 1:3 mixture of (Z/E)-1.17 (38 mg) isolated
post silica gel column chromatography (HWE described in Table 17, entry 5). The first
step in the sample preparation included dissolving the 38 mg of (Z/E)-1.17 in 1 mL of
HPLC grade MeCN. For the initial semi-preparative run, 100 pL of this solution was
transferred to a HPLC vial containing 50 pL of H.O with 0.1 % TFA. Pleasingly, we found
the separation of the two geometric isomer was sufficient using this sample preparation
and the isocratic system of 75 % MeCN / 25 % H,0 containing 0.1 % TFA (Figure 21).
There was a small overlap in retention time, but this did not prevent the isolation of pure
fractions of both (E)-1.17 and (£)-1.17. When increasing the loading of sample from 100
pL to 150 pL of the MeCN solution (containing the 1:3 mixture of (Z/E)-1.17) no

separation of the geometric isomers was achieved.
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OEt 1. n-BuLi (3 eq, 1.6 M in hexanes)
| o
O=P-OEt THF (5 mL), - 78 °C, 15 min

3 O
.t O e, O !
O/\/ ~ O/\/ ~
2.70 2.69 (0.25 mmol) in THF (1 mL) (2117 (E)1.17
(3.1e0q) 3.-78°C = 50°C,21h , .
semi-prep HPLC semi-prep HPLC
retention time = 11.8 - 13.3 min retention time = 10.3 - 11.4 min
mAU o5 ¥
4000 — e T{
3500 f\
3000
2500
2000
1500 — 4&
1000 4
500
o —R
2 4 6 8 10 12 mi

Wavelength = 254 nm; Flow rate = 2 mL/min; Isocratic gradient: 3:1 MeCN/H,0 + 0.1 % TFA; Column: Agilent
Eclipse XBD-C18 5 um 9.4 x 250 mm

Figure 21: Semi-preparative HPLC trace of HWE 1:3 mixture of (Z/E)-1.17 post silica gel column
chromatography.

Post semi-preparative HPLC the fractions for (£)-1.17 and (£)-1.17 were combined
separately and concentration in vacuo to remove the bulk of MeCN and H,0. The
products were susceptible to decomposition in this solution, therefore evaporation of
the solvent was performed immediately after reverse-phase purification. Furthermore,
to limit product decomposition the water bath was maintained at 35 °C and additional
HPLC grade MeCN was used to azeotropically remove the bulk of the water. An aqueous
work-up for each geometric-isomer was also required, with the aqueous layer basified
with 1 M NaOH before the addition of the organic solvent diethyl ether to generate the
free amine of each product. Subsequent washes of the organic layer with 1 M NaOH
removed traces of TFA. We found going directly from semi-preparative HPLC to an
aqueous work-up resulted in substantial loss of both compounds (E)-1.17 and (2)-1.17.
Therefore, prior concentration of the fractions for (E)-1.17 and (£)-1.17 was found to be

critical for maximising the recovery of final products. Post aqueous work-up, a TLC of
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isolated (E)-1.17 and (£2)-1.17 was performed, which revealed weak UV peaks that were
more polar likely a result of slight product decomposition. Therefore, each sample was
passed through a short silica-gel plug to remove these impurities before analysis,
providing (E)-1.17 and (£)-1.17 in an overall yield of 17 % and 3 % respectively (40 %
combined yield before semi-preparative purification). Overall, this complicated
purification process to separate the Z- and E-geometric isomers of our target compound
Z- and E-cubyl-tamoxifen (1.17) resulted in only 50 % being recovered (Scheme 57). In
addition, the batch semi-preparative runs were both resource heavy and time
consuming, making scalability challenging. Therefore, in the future the focus should be

on the development of a stereoselective HWE olefination for these cubyl systems.

OEt 1. n-BulLi (1.2 eq, 1.6 M in hexanes)
O:FI>—OEt THF (5 mL), - 78 °C, 15 min
O/\/N\
O/\/ ~

2.70 2.69 (0.25 mmol) in THF (1 mL) (2-1.17 (E)-1.17
(8.1 eq) 3.-78°C = 50°C, 21 h (17 % isolated yield) (3 % isolated yield)

post silica-gel columnchromatography: isolated yields post semi-prep C18 seperation

40 % yield with 2:1 ratio of (ZE)-1.17

Scheme 57: Overview of HWE to synthesise (Z/E)-cubyl-tamoxifen 1.17 and separation of the
two geometric isomers.

The final step was to confirm the stereochemistry of each isomer by '"H NOESY
experiments. Correlation between the peak at § 3.45 - 3.39 (m, 3H, B-hydrogens of
cubane) and 7.23-7.19 (m, 2H, ortho-hydrogens of unsubstituted phenylring)
confirmed the E-stereochemistry (Figure 22a, red relationship), which was the major
isomer in all the HWE reaction tested (Table 17). In this "TH NOESY spectrum we could
also observe correlation between signal at 8 3.45 - 3.39 (m, 3H, B-hydrogens of cubane)

and 7.10-7.04 (m, 2H, ArH meta to O(CH,),NMe,) (Figure 22a, orange relationship).
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a) '"H NOESY NMR (400 MHz, CDCl;) spectrum of (E)-1.17.
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Figure 22: Selected NMR data of (E)-1.17 and (£)-1.17.
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Overall, the HWE olefination has shown to be the most effective approach to synthesise
all-carbon tetra-substituted olefins including cubane as a substituent. Through
optimisation of both the HWE conditions and steps required for purification and isomer
separation, we have synthesised and isolated the first ever mono-substituted
analogues of cubyl-tamoxifen (E-1.17 and Z-1.17). We propose adaption of this strategy
could be used to access other mono-substituted analogues of cubane tamoxifen in the

future or more generally to access more complex olefin cubane derivatives.

2.3 LogP

In Chapter 1 we presented numerous examples of bioisosteric replacement of benzene
for cubane in biologically active compounds, providing a comparison between
physicochemical properties. One common property examined in these studies were
differences in lipophilicity, determined experimentally by estimating the LogP for both
the aromatic parent compound and the cubane analogue using reverse phase C-18
HPLC. A general trend observed in the literature indicated that substituting a terminal
benzene ring with cubane typically results in an increase in LogP, therefore an increase
in lipophilicity.'°® % Conversely, when cubane functions as a para-linker, the
lipophilicity generally remained unchanged or reduced.' ' Thus we were keen to
experimentally determine the LogP of (E)-cubyl-tamoxifen (1.17) and (2)-cubyl-

tamoxifen (1.17) against the parent compound (2)-tamoxifen (1.1).

Reverse phase C-18 HPLC provides a fast and practical method to estimate the LogP of
compounds, when using a fast acetonitrile gradient. Following a well-documented
protocol by Valko et al, the LogP of a compound can be obtained from its respective

retention time (t;) by using Equation 1 and 2.%¢

CHI=a'tr+b (1)
CHI LogP = (0.054 - CHI) - 1.467 2)
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To determine the values for a and b in Equation 1, it is first necessary to calibrate the
HPLC-system using a Valko test mixture which contained 10 compounds with a known
chromatographic hydrophobicity index (CH/) value (see experimental section 5.2.5.2).
By plotting the retention time of each compound against its literature CH/ value, the
trendline can be used to obtain the values of a and b. In terms of what the CH/ value
represents, it approximates the percentage of acetonitrile required for the compound to
elute off the C-18 column. It includes an assumption that the compound is bound to the
stationary phase (C-18 column) before the CHI value, and only at the CHI value is the

compound equally distributed between the stationary phase and mobile phase.

Using the CHI value the CHI LogP can be determined using Equation 2. This equation is
derived from fitted data of 98 known drug molecules, in which the CHI values were
plotted against the measured LogP values determined by octanol-water partitioning
(shake-flask method). Valko et al validated this protocol by showing good correlation
between the CHI LogP values and the LogP values determined by the shake-flask
method (r? = 0.88). For that reason, using reverse phase C-18 HPLC with a gradient
method has become a common technique to estimate the LogP of compounds and

thus the lipophilicity.

As the drug (2)-tamoxifen is administered orally, we decided to measure LogD- .4 to
reflect the ionisation state of the drug under physiological conditions. Measuring the
retention time of the 10 compounds in the Valko test C-18 mix at pH 7.4 (see
experimental section 5.2.5.2, HPLC conditions B) and plotting this data against the
literature CHI value of each compound, gave a calibration plot (Figure 23). The
calibration runs were repeated three further times to ensure good reproducibility,

therefore the retention times in Figure 23 are an average of these multiple runs.
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Figure 23: Calibration plot of Valko test C-18 mix (10 compounds) at pH 7.4.

Using the same HPLC method for the calibration measurements (see experimental
section, gradient B) a sample of (2)-tamoxifen (1.1), (E)-cubyl-tamoxifen (1.17) and a 3:1
ratio mixture of (Z/E)-cubane-tamoxifen (1.17) were measured twice with a

chromatogram for each displayed in Figure 24.

mAU ] O 2
i1 '
200 \
150; ‘
] O/\/N\
100
j (2)-Tamoxifen 8
s B 1.1 8
= =
T
1 r T T T T T T T T T
2 4 6 8 10 12 14 min
mAU O 3
07 2 |
7 T
30 oM
20 2
103 (E)-Cubyl-tamoxifen o
] (1.17)
o VM
104
T T T T T T T T T
2 4 6 8 10 12 14 min
mAU 1 O
1 3

60| |
b |
=/ OWN

207 (Z/E)-Cubyl-tamoxifen

1 (1.17) (ZE=13)
0] \~
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Figure 24: HPLC (C-18) chromatograms of (Z)-tamoxifen (1.1), (E)-cubyl-tamoxifen 1.17 and a
3:1 ratio mixture of (Z/E)-cubane-tamoxifen 1.17 at pH 7.4.

111



Comparison between chromatogram 1 to chromatogram 2 and 3 firstly showed that the
difference in retention time of (Z)-tamoxifen to cubyl-tamoxifen (1.17) was between 1.5-
2 minutes. Secondly, the sample of (E)-cubyl-tamoxifen 1.17 purified by semi-
preparative HPLC (chromatogram 2), which by '"H NMR analysis did not contain the Z-
isomer of 1.17, did in fact contain 6 % (Z)-cubyl-tamoxifen 1.17 (measured by the area
under both peaks). This conclusion was based on the similar retention times measured
for our sample of 3:1 ratio mixture of (Z/E)-cubane-tamoxifen (1.17) in chromatogram 3.
Using the average retention time of 1.1, (E)-1.17 and (2)-1.17 in combination with the
trendline from the calibration plot (Figure 23), a CH/ value for each compound was
calculated using equation 3. The CHI/ was then converted into LogD; 4 using equation 2,

with the results displayed in Figure 25.

CHI=10.44 -1+ 8.66 (3)
CHI LogD;4 = (0.054 - CHI) - 1.467 (2)
‘ﬁ\ /\/N /\/N .’ O /\/N
(2)-Tamoxifen (E)-Cubyl-tamoxifen (2)-Cubyl-tamoxifen
(1.1) (1.17) (1.17)

CHI =119 CHI =138 CHI =136
log D;4,=5.0 log D;4,=6.0 log D;4=5.9

Figure 25: HPLC-determined Log D, 4values.

Our data has shown that (2)-tamoxifen (1.1, LogD-..= 5.0) was less lipophilic than both
(E)-cubyl-tamoxifen (1.17, LogD-..= 6.0) and (£)-cubyl-tamoxifen (1.17, LogD;..= 5.9),
with both isomers of cubyl-tamoxifen (1.17) having a comparable lipophilicity. Overall,
this result supports the existing evidence in the literature that substituting a terminal

benzene ring with cubane typically results in an increase in lipophilicity.
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Chapter 3 Baeyer-Villiger oxidation of cubyl ketones

3.1 Introduction

3.1.1 Context

The pharmaceutical drug (2)-tamoxifen is a tetrasubstituted olefin that contains three
phenyl rings, with one featuring an ether substituent (Scheme 58). To substitute the
functionalised phenyl ring in tamoxifen for the sp®-hybidised bioisostere cubane (1.19),
we envisioned that the ether bond would be constructed from the cubyl alcohol (3.3).
Given the prevalence of phenols in medicinal chemistry, transformations that would
provide access to cubyl alcohol analogues would ultimately advance the synthetic
utility of cubane in drug discovery programmes.'®® From a retrosynthetic analysis, we
identified that the cubane C-O bond could be installed by using the Baeyer-Villiger (BV)
oxidation to transform a cubyl ketone (3.5) into the cubyl ester (3.4). We predict the
conversion of the cubyl ester (3.4) to the cubyl alcohol (3.3) will be challenging. This
predication is based on the work by Eaton who explored the synthesis of cubyl alcohols,
which highlighted their instability and the tendency for the cubane framework to ring

open.'

O (0] organolithium
HWE addition  Br
| — | —1 \@ |
o/\/ N_
N

sa-WY -
O/\/ ~
1.19 3.1 3.2
O alkylation“
| Br Baeyer-
| Villiger pr o hydrolysis Br
LN ne— WV Ilie— T
0" R OH
(2)-Tamoxifen o
(1.1) 3.5 3.4 3.3

Scheme 58: Retrosynthetic analysis of cubane-tamoxifen.
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The Baeyer-Villiger oxidation of cubyl ketones to cubyl esters is relatively unexplored.
The Baeyer-Villiger oxidation of cubyl methyl ketones(3.6a-e) have been reported to give
exclusively the respective cubyl acetates (3.7a-e) resulting from the migration of the
cubyl group. (Scheme 59a).7%%:16%: 19 |n contrast, the Baeyer-Villiger oxidation of the
cubyl phenyl ketone 3.6f, in which the phenyl group exclusively migrated, is the only

other example of cubyl ketones being used in this reaction (Scheme 59b).""

A. BV oxidation of cubyl methyl ketones. 19 169190

R2
/@A m-CPBA @/ /
DCM
R C R!
3.6a R! = Si(Me);, R2=H 3.7a 98 % yield
3.6b R' = Sn(Me);, R? = H 3.7b 71 % yield
3.6cR'=F R2=H 3.7¢c 65 % y[eld
3.6dR'=Me, R2=H 3.7d 91 % yield

3.6e R' = H, R2 = Me 3.7e 80 % yield

B. BV oxidation of cubyl phenyl ketone. ™’

i i i i

Pr\N,Pr Pr\N,Pr

0) Ph  CF3COzH (2 eq) o Ph
Ph o DCM (0.06 M)  Ph o

rt, 1 h
Pr” Py Pr” Py
3.6f 3.7f
(0.35 mmol)

Scheme 59: Literature examples for the Baeyer-Villiger oxidation cubyl ketones.

The alternative protocols to the Baeyer-Villiger oxidation to synthesise cubyl esters in
good yields all require either the addition of a directing group, large excess of oxidant or
pre-functionalised reagents. For instance, Eaton and Cunkle reported an approach to
treat the iodocubane (3.8) with peracetic acid or m-CPBA to generate a hypervalent
iodine intermediate, which then decomposed to the cubyl acetate (3.9a) or cubyl
benzoate (3.9b) respectively (Scheme 60a)."*? Unfortunately, to generate 3.9a in a good
yield, a large excess of peracetic acid was found to be required. When treating
iodocubane (3.8) with the peracid m-CPBA, Eaton and Cunkle reported a shorter
reaction time and fewer equivalents of oxidant were required, but the yields for the

reaction were not consistent (Scheme 60a). Moriarty and co-workers reported an
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extension of this methodology by treating an iodocubane (3.10) with hypervalent iodine

reagent CsHsl(OH)(OCOCF;), to encourage a displacement reaction between the cubyl

iodine atom and the ligand of the hypervalent reagent (Scheme 60b)." A large excess of

the hypervalent iodine reagent was not required for this improved protocol, although the

reagent did need to be preprepared and prolonged reaction times between 1-3 days

were reported.

A. Oxidative deiodination — Eaton and Cunkle.

yoos

192

JU

Peracetic acid (8.3 eq) © | N J\
Acetic acid, rt, 48 h )\

. 3.9a
(0.27: mmol) 65% yield
Cl— \/\%\
|
~
l i J\ CPBA (2.0 eq.) ;e
m- .0 eq. .
| N o070 o] J\
P CDClg, rt, 30 min ﬁ)L N
3.8 3.9b
(0.27 mmol) Variable yield:
30 -70%

B. Hypervalent iodine reagents — Moriarty et al.’®®

| PhI(OH)(OCOCF3) (2.0 eq.) ﬁ/oﬁ(ca
- o]
MeO,C DCM, reflux, 48 h MeO,C
3.10 3.11
(1 mmol) 55% yield

C. Direct C-H acetoxylation — Nagasawa et al.’™

L7

Pd(OAc), (20 mol %)
Phl(OAc), (2.4 eq.)

LT

NS
R H HFIP/ACOH/AC,0 R Q h
(50:4:1) o7~ Ar
80°C, 9 h
3.12 3.13
(0.1 mmol) 29-27% yield

R = CN, C(O)NPr,, Br, I, Cl

Scheme 60: Alternative routes to the Baeyer-Villiger oxidation to synthesise cubyl esters.
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More recently, Nagasawa and co-workers reported a strategy to use palladium
catalysed C-H functionalisation of cubane to introduce an acetate group (Scheme
60c)."* A major drawback of this approach was the requirement of directing group
(3.12), which took three steps to install from a carboxylic acid and two steps to reinstate
the carboxylic acid. In addition, for the halide substrates a mixture of mono- and
diacetoxylated products were formed. Given the drawbacks of the alternative
approaches to generate cubyl acetates outlined in Scheme 60, and the relative
simplicity around synthesising cubyl ketones, we sought to explore using the Baeyer-

Villiger oxidation approach as a more efficient route to access cubyl esters.

3.1.2 The Baeyer-Villiger oxidation

In 1899, Adolf Baeyer and Victor Villiger discovered that the alicyclic ketones menthone
(3.14a) and carvomenthone (3.14b) were converted into their respective lactones using
potassium peroxymonosulfate (Scheme 61)."*° This process of converting a ketone to an
ester or a lactone using a peroxyacid was later named after them as the Baeyer-Villiger
oxidation. More recently, the definition of the reaction has expanded to include the

oxidation an aldehyde to its respective carboxylic acid or formate.9¢%8

(5 KHSOs
B —

BN —

3.14a 3.15a
(5 KHSO5
—_—
/-\ \\
3.14b 3.15b

Scheme 61: Baeyer-Villiger oxidation of menthone (3.14a) and carvomenthone (3.14b) using

potassium peroxymonosulfate.'®

Since the discovery of the Baeyer-Villiger oxidation, the reaction has been used

extensively in organic chemistry towards the synthesis of natural products'°-2°,

steroids?°%2%4  antibiotics?®®, antifungal agents?°® and cancer drugs®*”-2°¢, The broad range
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of applications that the Baeyer-Villiger reaction has been employed in, demonstrates
what a versatile synthetic tool it has become since its discovery. The widespread
utilisation of this reaction can be attributed to its high degree of regioselectivity,
stereoselectivity and its broad functional group tolerance.®® For instance, alcohols?**
210 ethers?'2'3 esters?'*2'® and amides?'®>2'® are all well-tolerated in the Baeyer-Villiger

reaction.

The Baeyer-Villiger oxidation has also found industrial application. For example, for over
30 years a manufacturing plant was producing more than 25,000 tonnes per year of ¢-
caprolactone (3.17), via the Baeyer-Villiger oxidation of cyclohexanone (Scheme 62).2"”
The efficient production of e-caprolactone attracted increasing attention from the
biomedical and food packaging industry, as the lactone could be used to manufacture
biocompatible and biodegradable polyesters like poly(e-caprolactone, 3.18) via a ring-

opening polymerisation reaction.?'8-220

Metal alkoxide initiator
H>0, e.g. AI(OR3)
—_— I
AcOH, 50 °C (_) s
n

3.16 €-Caprolactone Poly(e-caprolactone)
(3.17) (3.18)
> 25,000 tonnes/year

Scheme 62: 25,000 tonnes of e-caprolactone was produced yearly by the Baeyer-Villiger

oxidation of cyclohexanone.?'’?%

Recently, Snead and co-workers began to develop a more cost-efficient route to access
cyclopropanol (3.19), which includes incorporating the Baeyer-Villiger oxidation
(Scheme 63a).2%" As a synthetic intermediate, cyclopropanols are a valuable building
block in organic synthesis due to their inherent reactivity.??> 22 For instance,
cyclopropanols have been widely used to facilitate the total synthesis of natural
products, through ring opening or expansion reactions (Scheme 63b).??* 2% Recently, the
inclusion of a cyclopropanol motif in a clinical drug candidate (MRTX1719) that has
antitumour activity has highlighted their emerging recognition as a suitable and

valuable structure for future drug development (Scheme 63c).??® The supply of
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cyclopropanol has traditionally relied on a multistep synthesis starting from
bromocyclopropane (3.26), a volatile and expensive precursor (Scheme 63d).??” Snead
and co-workers have reported a protocol that addresses the cost limitation of scaling
the synthesis of cyclopropanol, by starting from the cheaper commercially available

cyclopropyl methyl ketone (3.21) (Scheme 63d).?*

A. Retrosynthetic analysis of cyclopropanol - Snead et al.?*'
Aminolysis 0 Baeyer-Villiger 0
[>oH ——> — D—/<

3.19 3.20 3.21

B. Total synthesis of B-araneosene via a cyclopropanol derivative.??* 22

AlMes in toluene

DCM, 4°C, 72h
B-araneosene
(3.24)
C. Clinical drug candidate for cancer treatment.?2® D. Synthesis of cyclopropanol.?
A 1. Li-Hal
Oxidation exchange
[>-oH ———> [>—BOH, ———> [>—br
2. Borylation
3.19 3.25 3.26
£80/g £3.12/g £0.76 / g
Aminolysis 0 Baeyer-Villiger o
>on ———> O>\— — D—/<
3.19 3.20 3.21
£80/g £0.44 /g

Scheme 63: Synthesis of cyclopropanol via a Baeyer-Villiger oxidation.?’

@ Prices obtained from Fluorochem on 27/12/2024.

The cyclopropyl methyl ketone (3.21) is oxidised via the Baeyer-Villiger reaction with
trifluoroperacetic acid, which is prepared in-situ by mixing urea hydrogen peroxide with
trifluoroacetic anhydride (Scheme 64).%" In order to safely perform the Baeyer-Villiger
oxidation on a hundreds of kilogram scale, the authors optimised a continuous flow

protocol. Within 40 minutes of operation 380 g of cyclopropyl methyl ketone (3.21) was
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oxidised under these conditions, generating a mixture of the methyl and trifluoromethyl
esters (3.20 and 3.27) in a combined yield of 79 %. A small batch of the combined
esters (15 g) was treated with ammonium hydroxide to generate cyclopropanol (3.19),
which was directly telescoped into the SyAr reaction to afford aryl ether 3.28 (Scheme
64). Overall, Snead and co-workers demonstrated that Baeyer-Villiger oxidation can be
incorporated into a continuous flow protocol on a scale of hundreds of grams, with
future work focussed on moving towards tonne scale. In addition, the authors showed
the cyclopropanol prepared can be used as a valuable building block, by their synthesis
of the aryl ether 3.28 which is a precursor to the clinical drug candidate MRTX1719
(Scheme 63c).

NH3 (ag. 29 %)

o} Urea H,05 (2.5 eq.) o o)
rea H,O, eq‘ AOJ\ n AOJ\CFS (3.0eq.)

b0 DCM, 40 °C, 24 h
)J\ )J\ Batch aminolysis
3.21 FsC~ "0 "CF; 3.20 3.27 (15 g scale) 319
380 ¢ (2.5eq.) 2714 131g (52 %)
DCM, 40 °C, 40 min (60 %) (19%)
Continous flow NG .
F : :CI
(1.0eq.)
Cs,C0;3 (3.0 eq.)
DMF, H,0
65°C,6h
Y
NC: : F
Cl
3.282

(88 %)

Scheme 64: Snead and co-workers work on developing a continuous flow methodology
towards cyclopropanol via a Baeyer-Villiger oxidation.

@ Precursor used in the synthesis of the clinical drug candidate MRTX1719 (Scheme 63c).

3.1.3 Mechanism

There were several mechanisms that were consistent with the experimental results for
the Baeyer-Villiger oxidation of ketones: (a) Criegee mechanism??® (3.30a); (b) Baeyer-
Villiger mechanism™* (3.30b); (c) Wittig and Pieper mechanism?* (3.30c¢) (Scheme 65).

To clarify which intermediate was formed during the Bayer-Villiger oxidation Doering and
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Dorfman isotopically labelled benzophenone with oxygen-18 (3.29), treated the labelled
ketone with perbenzoic acid and subsequently reduced the ['®*0O]phenyl benzoate (3.31a
and 3.31c¢) with LiAlH4.%° If the oxidation proceeded via the Criegee mechanism then
the oxidation would afford ['®*O]benzyl alcohol (3.32a) exclusively. The Baeyer-Villiger
mechanism would result in a mixture of ['®*O]benzyl alcohol (3.32a) and ['®*O]phenol
(3.32c); while the Wittig and Pieper mechanism would exclusively yield ['®*O]phenol
(3.32c¢). Using mass spectrometry it was reported that ['®O]benzyl alcohol (3.32a) was
exclusively formed during this study, which supported the Criegee mechanism and
demonstrated that the other two mechanisms were inconsistent with the experimental

data.?3°

0]

HO.
Ph)J\ ppo o+ O O)L Ph
3.29 Perbenzoic acid
(1.0 eq) (2.5eq.)

Benzene, rt, 10 days

l(A) l(B) i(C)

o OH
O _Ph ®
Ph" 0" X |
Ph \fg Ph” “Ph Ph)\ Ph
3.30a 3.30b 3.30c
X
oMo A,
Ph Ph
3.31a 3.31c
LiAIH, (3.0 eq.) LiAIH, (3.0 eq.)
Et,0, 1t, 16 h Et,0, 1t, 16 h
Ph
Ph)
3.32a 3.32¢

Scheme 65: The "®0-labeling experiment designed by Doering and Dorfman to clarify the
mechanism of the Bayer-Villiger oxidation.

(A) Concerted version of the Criegee mechanism?®® (B) Baeyer and Villiger mechanism’® (C)

Wittig and Pieper mechanism.?*°
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Currently, the two-step concerted mechanism outlined by Criegee is still the accepted
mechanism (Scheme 66).2%8 In the initial step the ketone (3.33) is protonated by the
peroxyacid (3.34). The anionic peroxyacid (3.36) then attacks the electrophilic carbonyl
(3.35) to form a tetrahedral intermediate, widely referred to as the Criegee intermediate
(8.37). In the transition state, the migratory substituent (R™) migrates as the O-0O single
bond breaks (3.38), releasing the carboxylate in a concerted process. Whether the rate
determining step in the Baeyer-Villiger oxidation is the addition of the peroxyacid to the
carbonyl or the migration step of the Criegee intermediate, is still a topic of controversy.
However, the consensus is the limiting step is largely dependent on the electronic and
steric properties of the ketone substituents and the reaction conditions being used.?’
For instance, cyclohexanone reacts 200 times slower with peracetic acid than
trifluoroperacetic acid.?®? Since peracetic acid is a stronger nucleophile than
trifluoroperacetic acid, the carbonyl addition should be faster. However, as the
observed reaction rates between trifluoroperacetic acid and cyclohexanone are
significantly fast, this would suggest that for this substrate the decomposition of the

Criegee intermediate is the rate-determining step.

"/\(‘ — \,(9/“@ — \é)v

3.33 3.34 3.35 3.36 3.37
Criegee intermediate

3.40 3.39 3.38

Scheme 66: The Baeyer-Villiger oxidation mechanism.

The migratory step in the Baeyer-Villiger oxidation occurs with retention of
stereochemistry at the migrating carbon. This was first demonstrated by Turner when

optically pure cis-1-acetyl-2-methylcyclohexane (3.41) was treated with perbenzoic
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acid and the stereochemistry at the migrating centre was retained (Scheme 67a).2* The
authors determined the optical purity of the acetate (3.42) by measuring the melting
point depression of the respective acid phthalate (3.43) when adding an authentic
reference to it. As there was no depression in the melting point value for the acid
phthalate, Turner concluded that there was no loss of stereochemistry during the
Baeyer-Villiger oxidation. Mislow and Brenner provided additional evidence that the
Baeyer-Villiger oxidation proceeded with retention of stereochemistry, when reporting
the oxidation of (S)-(+)-3-phenyl-2-butanone (3.44) with perbenzoic acid afforded (S)-(-)-
1-phenylethyl acetate (3.45) (Scheme 67b).?** In this instance the stereochemistry of
the acetate was confirmed by measuring the optical rotation of the alcohol 3.46 ([a]p?’ =
-34.1 (c 1.95, CHCL;), 57% ee), obtained by the saponification of the acetate 3.45,
against an authentic reference of (S)-(-)-phenylethanol (3.46) (lit.%*° [a]o** = - 54.0 (¢ 1.0,
CHCls), 97% ee). The optical rotation values were in agreement which provided strong
evidence the Baeyer-Villiger oxidation proceeded with retention of stereochemistry.
These two studies also demonstrated that the oxidation usually occurs with a high
degree of regioselectivity, where in general the more substituted substituent will migrate
(tertiary alkyl > secondary alkyl > benzyl > phenyl > H > primary alkyl > methyl).

Although, there are exceptions.

A. BV oxidation of cis-1-acetyl-2-methylcyclohexane - Turner.?*

Perbenzoic 1. NaOH (3.0 eq.) C{ Q
acid (1.2 eq.) MeOH / H,0
CHClg, rt, 7 days . 2. Phthalic anhydride HO
(1.1eq.)
Pyridine, reflux, 3 h 0
3.41 3.42 3.43
(14.3 mmol) (63 % over 3 steps)

B. BV oxidation of (S)-(+)-3-phenyl-2-butanone - Mislow and Brenner.?**

Perbenzoic
acid (1.3 eq) \< _~ KOH (2.4 eq)
> s _ R
R CHCly 1t,43h PR H EtOH/H,0 PH H
PR H
(S)-(+)-3.44 (S)-(-)-3.45 (5)-(-)-3.46
58 % ee 56 % ee 57 % ee
(54 mmol) [a]D27= -34.1°

(80 % over 2 steps)

Scheme 67: Two early examples that provided evidence that the Baeyer-Villiger oxidation
proceeds with retention of stereochemistry.
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The observed stereospecificity and regioselectivity in the Baeyer-Villiger oxidation can
be accounted for by the concepts of the primary and secondary stereoelectronic effects
in the Criegee intermediate (Scheme 68a).2°2*8 The primary stereoelectronic effect
dictates that the migrating substituent (Rn) must be antiperiplanar to the oxygen-oxygen
single bond of the peroxide. Within the Criegee intermediate, this effect ensures the o
orbital of the C-C bond (associated with R) has the maximum overlap with the ¢*
orbital of the O-O bond (Scheme 68b). This antiperiplanar alignment of the o and ¢o*
orbitals are critical, as it facilitates the migration of the migratory group and the
cleavage of the O-O bond to occur in a concerted process with retention of
stereochemistry. For the secondary stereoelectronic effect, the migrating substituent
(Rm) should have an antiperiplanar alignment to one of the nonbonding electron pairs of
the hydroxyl group (Scheme 68a). This alignment allows donation of electron density
from the lone pair of the hydroxyl group to assist in the breaking of the R-C bond. When
both the primary and secondary stereoelectronic effects are in place, there is an
uninterrupted flow of electrons allowing the C=0 bond formation, migration of R, and

O-0 bond breaking to take place in a concerted process.

A. Criegee intermediate - Newman projection.  B. Orbitalinteractions - Criegee intermediate.

...........................................

Rp._O :
Y 5 H\O]\
H N L~ R
Gg:) : Ph\\H 1;6 PhH O
Me, Criegee intermediate 3.45

Scheme 68: Primary and secondary stereoelectronic requirements for the Criegee intermediate
in the Baeyer-Villiger oxidation.

3.1.4 Primary and secondary stereoelectronic effects

Chandrasekhar and Roy were the first to provide evidence of the primary
stereoelectronic effect in the Baeyer-Villiger oxidation.?¢ In the study 2-oxocyclohexane
acetic acid (3.46) was treated with peracetic acid to generate the 2-oxocyclohexane

peracetic acid (3.47), to promote an intramolecular Baeyer-Villiger reaction (Scheme
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69). The authors postulated that the breakdown of the conformationally restricted
bicyclic Criegee intermediate (3.48) could take place by migration of either bond ‘a’
(under stereoelectronic control) or bond ‘b’ (based on migratory aptitude of the
substituent). If the rearrangement of the Criegee intermediate did not require the
antiperiplanar alignment of the migrating group to the O-O bond, then the tertiary centre
would be anticipated to migrate in preference of the secondary centre. However, the
authors reported that 3.50 was formed exclusively, from the migration of bond ‘a’ which
had the required antiperiplanar alignment. The formation of 3.50 supports the notion
that the primary stereoelectronic effect is more important than the relative migratory
aptitude of substituents (tertiary alkyl > secondary alkyl > benzyl > phenyl > primary
alkyl > methyl). The only drawback of the study was the product of the Baeyer-Villiger
oxidation 3.49 was never isolated, as under the acidic reaction conditions the lactone
was susceptible to ring-opening to form the di-acid 3.50 in a 62 % yield. The low mass
balance of the product unfortunately weakens the argument that only 3.50 was formed

exclusively.

o) 0 OH 0
ij/\V(OH H4202> é/\f(O\OH - - R/L\( R \bWCOOH
o iy 0 b
3.46 3.47 3.48 3.49

Criegee Intermediate

i

COOH

COOH
AcO

3.50
(62 %)

Scheme 69: Chandrasekhar and Roy’s model to demonstrate the primary stereoelectronic
236

effect in the Baeyer-Villiger oxidation.
Crudden and co-workers built upon the work by Chandrasekhar and Roy to provide
more compelling evidence to support the notion that the primary stereoelectronic
effect has the most influence on the Baeyer-Villiger regioselectivity.?*% 23 Crudden and
co-workers focussed on two systems, the oxidation of trans- and cis-4-tert-butyl-2-

fluorocyclohexanone (3.51 and 3.54) with m-CPBA (Scheme 70).2%8 In the trans isomer
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(3.51) the sterically larger tert-butyl adopts an equatorial position forcing the smaller
fluorine substituent to adopt the axial position. The major product isolated from the
oxidation of 3.51 resulted from the non-fluorinated substituent migrating (3.53b). This
was expected, as it has been widely reported that a-halo substituents of ketones
supress migratory aptitude during the Baeyer-Villiger oxidation.?**24° For the cis isomer
3.54, the sterically bulky tert-butyl still adopts the equatorial position, forcing the
smaller fluorine to also adopt the equatorial position. When 3.54 was oxidised the
regioselectivity was reversed and the a-fluoro substituent migrated preferentially

(3.56a).

R. _O RYO OYR
© RoosH f
'BUM 8 o = - +
fBuNgOH H _H H rH
3.51 Rl e R
3.52a 3.52b
o} o}
F
o} 0
E
Bu Bu
3.53a 3.53b
29% yield 71% yield
R _O RYO OYR
© RcoH f %
gu% —_— 0 = - + “
rsuwQOH o H o R
3.54 Ry “Re Ry A
H HoH H HoH
3.55a 3.55b
o} o}
F
o} o}
F
Bu Bu
3.56a 3.56b
91% yield 9% vyield

Scheme 70: Crudden and co-workers’ model to demonstrate the primary stereoelectronic

effect in the Baeyer-Villiger oxidation.
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The difference in the regioselectivity for the cis and trans ketone was understood when
looking at the two reactive conformations of the Criegee intermediate (3.55a and 3.55b)
that obey the primary and secondary stereoelectronic rules (Scheme 70). In conformer
3.55b the dipoles of the C-F bond and the O-O bond are pointing in the same direction,
this unfavourable dipole/dipole interaction promotes the reaction to proceed via the
conformer 3.55a that does not have dipoles aligned in the same direction. Therefore,
favoured migration of the a-fluoro substituent during the oxidation of the cis isomer
demonstrated that the primary stereoelectronic effect are more important than the

classical migratory aptitude of substituents.

Noyori and co-workers also used rigid bicyclic ketones to study how important the
secondary stereoelectronic effects were during the Baeyer-Villiger oxidation (migrating
substituent being antiperiplanar to a non-bonding electron pair of the hydroxyl group).
In their investigations five bicyclic ketones (3.57) with different y-substituents were
oxidised to examine how varying degrees of steric hinderance in the Criegee

intermediate would impact regioselectivity (Table 18).2%”

Table 18: The effect substituents hindering the formation of the Criegee intermediate .2

(0] O o}
O O
CF3CO3H (3.0 eq.
@ 3CO3H (3.0 eq.) RO n RO
DCM, rt, 36 h
o_ O o__ 0O o_ 0O
P P e
3.57 3.58a 3.58b
Entry R Conversion of 3.57 t0 3.58 / % Ratio of 3.58a:3.58b
1 H 100 -
2 CHs 62 67:33
3 n-C4H11 48 75:25
4 CHZOCH2C5H5 32 77:23
5 t-C4Hq 0 -

The oxidation of the parent bicyclic ketone (R=H) with trifluoroperacetic acid proceeded
smoothly, with full conversion to the product reported (Table 18, entry 1). However, the

introduction of bulkier substituents at the gamma position reduced the consumption of
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the ketone (entry 2-4), with the tert-butyl derivative remaining unreactive under the
reaction conditions (entry 5). For entries 2-4, the ratio of the two lactones was
approximately the same, with a preference for migration to proceed via conformer
3.58a’ (Figure 26). The observed regiochemical outcomes can be attributed to the
relative stability of the reactive conformers of the Criegee intermediate and the
assumption that similar steric demands are present in the product determining
transition states. In conformer 3.58a’, the authors proposed that there is reduced steric
hinderance between the hydroxyl hydrogen and the y-substituent in comparison to
conformer 3.58b’. As a result, conformer 3.58a’ preferentially leads to the formation of
regioisomer 3.58a. The spatial arrangement of the hydroxyl hydrogen and the non-
bonding electrons in the Criegee intermediate therefore plays a significant role in

governing the regioselectivity of the Baeyer-Villiger oxidation.

O._CF FsC.__O
Y ¥
O
o =
><O OOCOCF4 @
R “\ HO 0 5
3.57a o (0] o (0]
> >
Reactive confomer Reactive confomer
3.58a’ 3.58b’

Figure 26: The two reactive conformers of the Criegee intermediate for ketone 3.57.%*’

Vil' and co-workers postulated that if the primary and secondary stereoelectronic
effects were supressed, the Criegee intermediate would be too deactivated to undergo
the rearrangement step (Scheme 71).2*" This would offer further evidence that the
Baeyer-Villiger oxidation cannot proceed in the absence of these two stereoelectronic
effects. In their study, various ketoesters (3.59) were reacted with hydrogen peroxide in
the presence of boron trifluoride etherate, resulting in the formation of 5-membered
peroxy-Criegee intermediates (3.60) that were sufficiently stable to be isolated and
characterised. The ability to isolate these pseudo-Criegee intermediates was attributed

to the disruption of both stereoelectronic effects: (a) the loss of an antiperiplanar
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alignment between the C-R,, bond and the O-O bond, and (b) weakening the donation of
electron density from the hydroxy group’s lone pair, achieved by substituting the
hydrogen of the hydroxyl group with an OH group creating an inverse a-effect. To
demonstrate that supressing the secondary stereoelectronic effect does influence the
stability of the Criegee intermediate, the exocyclic hydroperoxide moiety (3.60) was
treated with triphenyl phosphine to unmask the classical Criegee intermediate (3.61a).
Given the reactivity normally associated with the Criegee intermediate, the authors
happily reported yields ranging from modest to excellent for the isolation of several
Criegee intermediates. It was observed that when the migrating centre of R, was a
secondary or a tertiary centre, such as a i-propyl group (3.61aa) or an adamantane ring
(3.61ab), the Criegee intermediate was not detected. In contrast, when Ry was a
primary centred n-propyl group the Criegee intermediate was isolated in a yield of 28%
(3.61ac). Notably, derivatives where R, was a methyl group (3.61ad), which has a lower
migratory aptitude compared to tertiary, secondary and other primary centred groups,
the Criegee intermediates were isolated in higher yields. Under these reaction
conditions, the trend in the stability of the Criegee intermediate is therefore consistent

with the trend for the migratory aptitudes of substituents in the Baeyer-Villiger oxidation.

O O H50, (5%, 10 eq) 0-0 -
M BF;-Et,0 (10 eq) R &/&o PPh3 (1.1 eq) % R M
R OR > h
1 S Et0,n, 12h ! T DeM, 1t 1h
R2 RZ
3.59 3.60 3.61a 3.61b
9 examples Minor product: Major product:
>70 % yield Criegee intermediate 1,2-shift of Criegee

intermediate
Isolated yields for selected examples:

0-0
0-0 0-0 0-0 (@]
~Pl=o Wo r&ko

3.61aa 3.61ab 3.61ac 3.61ad
0% yield 0% vyield 28% yield 44% yield

s . f ori Suppression of secondary
uppression o .prlmary /&)% stereoelectronic effect .

: stereoelectronic effect o (o) . :
' 1 N . H
! Breaking antiperiplanarity between B Weakens donation of

. and bonds H :
i 3.60 via inverse a-effect '

..................................................................................

Scheme 71: Isolation of Criegee intermediate by suppressing the primary stereoelectronic
effect.*
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Structural characterisation of a non-cyclic Criegee intermediate has never been
reported for the Baeyer-Villiger oxidation, due to its low stability and high reactivity.?! 24
However similar to the work of Vil' and co-workers?*':242 other protected derivates of the
Criegee intermediate have been isolated and characterised. Instead of protecting the
hydroxyl with a hydroperoxide moiety to supress the secondary stereoelectronic effects,
Fox and co-workers protected the hydroxyl of the Criegee intermediate by forming the
sodium salt (Scheme 72).2*3 This was achieved by performing the Baeyer-Villiger
oxidation of hexafluoroacetone with the sodium salt of trifluoroperacetic acid (3.63).
The addition of the sodium salt of trifluoroperacetic acid to the ketone occurred rapidly
to afford the sodium salt of the Criegee intermediate (3.64), which was characterised by
elemental analysis and "°*F NMR to confirm its identity. Unfortunately, yields were not
provided for any of the steps in Scheme 72, making it challenging to comment on the

stability of the protected Criegee intermediate 3.64.

O Nay0,(1 eq) © ® (1am) © ®
—_— —_— N
FsC~ “Cl  MeCN, rt MeCN, rt
3.62 3.63 3.64
(50 mmol) Protected Criegge intermediate

Scheme 72: Isolation of a protected Criegee intermediate during the BV oxidation of
hexafluoroacetone.

3.1.5 Migratory aptitude trends

The migratory preference of substituents during the Baeyer-Villiger oxidation of an
unsymmetrical ketone or an aldehyde generally follows the trend: tertiary alkyl >
secondary alkyl > benzyl > phenyl > H > primary alkyl > methyl.232 244246 Doering and
Speers were the first to investigate the Baeyer-Villiger oxidation of unsymmetrical
ketones.?” The study focussed on treating a series of unsymmetrical benzophenones
(3.65) with peracetic acid, to examine how different para-substituents on one of the
phenyl rings would affect the regioselectivity of the ester products (Table 19). Para-
substituted phenylrings bearing electron donating groups were found to migrate in

preference over the un-substituted phenyl ring (entry 1-2). However, the migration
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preference was reversed when the para-substituent was an electron withdrawing group,

which favoured migration of the un-substituted phenylring (entry 4-5).

Table 19: The electronic influence that different para-substituted benzophenones have on the
Baeyer-Villiger oxidation using peracetic acid.**’

O O

)J\ Peracetic acid (40%) e}
Acetic acid, rt, 8 days ph)J\ R
1
3.65 3.66a 3.66b
Entry R, Recovered 3.65/%® 3.66ayield/ %* 3.66byield / %°
1 OCHjs 0 86 0
2 CHs 39 47° 0
3 H 46 45°
4 Cl 74 2 20
5 NO, 0 0 100

[solated yield of the ester. °Isolated yield of the phenol after hydrolysis of the ester.

The regioselectivity reported by Doering and Speers for the oxidation of para-substituted
benzophenones (Table 19) aligns with the kinetic studies on the Baeyer-Villiger oxidation
of substituted acetophenones (Table 20).24¢-2*" For instance, Hawthorne and Emmons
performed rate measurements on a series of para-substituted acetophenones oxidised
with trifluoroperacetic acid (Table 20).2*¢ A Hammett plot of the Log(ks) versus the
Hammett constant (c,) for each of the para-substituted acetophenones was then used
to calculate the Hammett reaction constant (p) as -1.5.2*%252 The negative p value
indicates that electrons are flowing out of the transition state, resulting in the
development of a positive charge in the transition state. Consequently, the Baeyer-
Villiger oxidation of the para-substituted acetophenones was accelerated by electron
donating aryl groups. This reasoning similarly helps explain the Doering and Speers
experimental results (Table 19), which showed a preference for the migration of electron

donating aryl groups in the oxidation of para-substituted benzophenones.?*’
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Table 20: Rate data for the Baeyer-Villiger oxidation of para-substituted acetophenones, using
trifluoroperacetic acid in DCM at 30 °C.2*®

Entry R Hammett constant (6)**> ks /L>mol?s” Log(ks)
1 para-CHs -0.17 2.9x10° -2.54
2 para-H 0 1.7x10°3 -2.77
3 para-Cl 0.23 5.3x10* -3.28
4 para-Br 0.23 7.7x10% -3.11
5 para-NO, 0.78 1.1x10* -3.96

The observed regioselectivity in the oxidation of para-substituted aryl ketones, where
the migratory aptitude coincidentally mirrors with the trend of carbocation stability, has
led to the common misconception that the regioselectivity in other ketones can be
predicted solely based on the substituents ability to stabilise the partial positive charge
in the transition state. Aforementioned, when predicting or explaining the
regioselectivity of the Baeyer-Villiger oxidation, first all the conformations of the Criegee
intermediate that fulfils the anti-periplanar alignments (primary and secondary
stereoelectronic effects) should be considered.?® The principal product typically results
from the lowest energy conformer, the steric effects of which translate to the respective
transition states, being mindful of the Curtin-Hammett principle.?** When considering
the energy of the transition state both structural stability, such as dipole interactions
and steric repulsion, and kinetic stability, such as cation stability in the transition state
are factors to consider.?®® Consequently, predicting the regioselectivity of Baeyer-Villiger
oxidations for unsymmetrical ketones or aldehydes can be highly challenging without
the aid of computational studies. Fortunately, a substantial body of literature exists that
has documented the regioselectivity of Baeyer-Villiger oxidations since its discovery 125

years ago, allowing organic chemists to make educated predictions.

Hawthorne and co-workers investigated the Baeyer-Villiger oxidation of various alkyl
phenyl ketones (3.67) with trifluoroperoxyacetic acid, to compare the migratory aptitude
of primary, secondary and tertiary alkyl groups relative to a phenyl ring (Table 21).2*2 To

ensure an accurate comparison between the migratory ability of different substituents,
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the authors performed the oxidations under conditions that did not encourage
transesterification of the products generated. The authors achieved this by adding
disodium acid phosphate to the reaction, which acted as an acid scavenger to the
trifluoroacetic acid being generated. Under the conditions described in Table 21, the
oxidation of acetophenone resulted in phenyl migration without measurable migration
of the methyl group (entry 1). This result was not unexpected, as prior to this publication
it has been reported that all functional groups migrate in preference to a methyl
group.2*+24° As a result, the Baeyer-Villiger oxidation of methyl ketones can be used as a
convenient method to acquire the respective acetates, which has become a good

synthetic tool to shorten the carbon chain by two units (Scheme 73).254.2%

Table 21: The relative migratory aptitudes of alkyl groups during the oxidation of phenyl alkyl
ketones using trifluoroperacetic acid.*?

hiy disodm myrogen phoshais (10 a) L 1
DCM, reflux, 1h = i
3.67 3.68a 3.68b
(50 mmol)

Entry R, Recovered 3.67 / %° 3.68ayield / %* 3.68byield / %°
1 methyl 0 - a0
2 ethyl 0 6 87
3 n-propyl 0 6 85
4 benzyl 0 51 39
5 i-propyl 0 63 33
6 cyclohexyl 0 75 25
7 t-butyl 11 77 2

?Yields was calculated by quantitative infrared analysis of the reaction mixtures.

Lengthening the alkyl chain to an ethyl or n-propyl group resulted in a loss of
regioselectivity, affording 3.68a in a 6 % yield for both substrates, due to migration of the
alkyl groups. Substituting the alkyl chain to a benzyl group reversed the regioselectivity
(entry 4), with benzyl migration becoming the major productin ayield of 51 %.
Introducing bulkier secondary alkyl groups, such as i-propyl and cyclohexyl (entry 5-6),

further increased the yield of ester 3.68a to 63 % and 75 % respectively. Notably,
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ketones that are excessively bulky can hinder the nucleophilic attack of the peracid to
the carbonyl, resulting in incomplete consumption of the ketone, as demonstrated by

the recovery of the t-butyl substituted ketone in ayield of 11 % (entry 7).

V\&O TFPAA (8.0 eq.) LiAlH4 (7.0 eq.)
> (¢) >
DCM, i, 3h N THF, refux, 30 min N

3.69 3.70 3.71
(0.54 mmol) (56 %) (86 %)

Scheme 73: Baeyer-Villiger oxidation of a methyl ketone to shorten the carbon chain.?*®

To further demonstrate how steric bulk proximal to the ketone can hinder the Baeyer-
Villiger oxidation, Saunders oxidised a series of ortho-substituted benzophenones
(3.72) with peroxyacetic acid (Table 22).2°¢ For each oxidation a low mass balance of the
products were reported, particularly for 2-methylbenzophenone (entry 3). When
Saunders resubjected the phenylbenzonate esters to the reaction conditions the esters
were recovered in yields exceeding 95 %, demonstrating their stability to the reaction
conditions. Therefore, the discrepancy in the mass balance was attributed to the
incomplete consumption of the ketones due to the increase in steric hinderance

surrounding the carbonyl.

Table 22: The steric and electronic influence of different ortho-substituted benzophenones
have on the Baeyer-Villiger oxidation using peracetic acid.?*®

o

N 0 o)
)]\ Peracetic acid (3 eq, 40 %)
Acetic acid, sulfuric acid ﬁ )EE)
rt, 6 days Ry R,
3.72 3.73a 3.73b
(10 mmol)

Entry R, R> 3.73ayield / %* 3.73byield / %°
1 Cl H 0 71
2 Cl Cl 0 80
3 CH; H 12 38
4 OCHj; H 82 0

?|solated yield of the respective acids after the hydrolysis of the ester products.
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In the oxidation of the ortho-chlorophenyl ketone, no migration of the ortho-
chlorophenyl was observed (Table 22, entry 1). This result was consistent with the
findings of Doering and Speers, that reported when 4-chlorobenzophenone was treated
with peracetic acid only migration of the unsubstituted phenyl ring was observed (Table
19, entry 4). Direct comparison between migration of para-chlorophenyl and ortho-
chlorophenyl saw only the para-substituted chlorophenyl migrate under these
conditions (Table 22, entry 2). The regioselectivity could be attributed to: (a) an
unfavourable dipole interaction between the ortho-Cl group and the carboxylate leaving
group in the transition state, and/or (b) the ortho-Cl group interfering with the ability of
the ortho-chlorophenyl to rotate to the required conformation to obey the primary and
secondary stereoelectronic factors. The addition of a methyl group at the ortho position
activated this ring relative to the chloro-substrate, which promoted the ortho-
methylphenyl group to migrate in a yield of 12 % (entry 3). The introduction of ortho-
methoxyphenyl, a stronger electron donating group compensated for the ortho-steric

interference resulting in no migration of the unsubstituted phenyl group (entry 4).

Having discussed the relative migratory aptitude of aryl and alkyl groups in the Baeyer-
Villiger oxidation, the final aspect to review is the migratory aptitude of a hydrogen

atom, which can be examined by the oxidation of aldehydes. Lehtinen and co-workers
oxidised a series of primary and secondary aliphatic aldehydes with m-CPBA (Table
23).2% The primary aliphatic aldehydes were mostly oxidised to the carboxylic acid by m-
CPBA, resulting from the migration of the hydrogen atom (entry 1-2). Although, if the -
carbon of the aldehyde was secondary the formation of the formate was favoured over

the carboxylic acid under the same conditions (entry 3-5).
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Table 23: Oxidation of primary and secondary aldehydes (13 mmol) with m-CPBA (1.2 eq) in
DCM at room temperature for 2 hours.?*

Entry Aldehyde Recovered Formate / %° Carboxylic acid
aldehyde / %° ! %°
1 /\/\70 - - 100
2 Yvo 22 - 78
3 1 55 44
_0O
4 4 73 23
_0

gb ©)VO - 96 2

2Yjelds for the oxidation products were determined by GC-MS equipped with El and CI. * By-
products formation was reported.

Tertiary aldehydes can also be oxidised using m-CPBA, as evidenced by the work of
DeBoer and Ellwanger studying the oxidation of aldehyde lactones (Scheme 74).2%”
When the aldehyde 3.74 (1:1 mixture of diastereomers) was subjected to the reaction
conditions, the formate 3.75 was isolated in a 85 % yield. Unfortunately, during the
work-up of the reaction the authors performed a base wash, therefore there was no way
to conclude if the carboxylic acid was generated. Nevertheless, even if the carboxylic
acid was produced the fact the formate was isolated with an 85 % yield demonstrates

the tertiary carbon centre had a greater migratory ability under these reaction

conditions.

H

H
o X0 0" "0

DCM, 12°C, 24 h

3.74 3.75
(0.6 mmol) (85 %)
(cis/trans 1:1) (cis/trans 1:1)

Scheme 74: Oxidation of a tertiary aldehyde (1:1 mixture of diastereomers) with m-CPBA.*’
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3.1.6 Impact of reagent selection

When selecting a peracid for the oxidation, there are a range of reagents to choose from
with varying oxidising strengths. The reactivity of the oxidising agent is related to the
acidity of the conjugate acid of the leaving group, therefore the strength order of
common peracids is TFPAA > m-CPBA > peracetic acid > hydrogen peroxide. Predicting
the regioselectivity of the Baeyer-Villiger reaction is not trivial, as using different
peracids on the same substrate can change the regioselectivity of the oxidation. One
study compared the percentage of phenyl migration when phenyl cyclohexyl ketone
(3.76) was oxidised with peroxyacetic acid verses trifluoroperoxyacetic acid (Table
24).2%2\When using the weaker peracid 10 % phenyl migration was reported (entry 2),
versus 20 % phenyl migration for the stronger peracid (entry 1). The authors reported
that when using the oxidant trifluoroperacetic acid, it is likely the Criegee intermediate
was more reactive. As a consequence, the effect of the migrating groups on the energies
of the transition state was reduced, resulting in lower regioselectivity when using a

stronger oxidant.

Table 24: Impact on regioselectivity when employing different strength peracids.

peracid (2.5 eq.) ©\
trifluoroacetic acid
DCM, rt

3.76 3.77
(0.2 mmol)
Entry Peroxyacid Phenyl migration (3.77) / %
1 Trifluoroperoxyacetic acid 20
2 Peroxyacetic acid 10

The choice of solvent can also have a significant effect of the regioselectivity. If the
oxidation of a ketone/aldehyde leads to conformations of the Criegee intermediate
where there are unfavourable dipole/dipole interactions (Scheme 70), using a more
polar solvent can be used as a technique to stabilise the dipole moments and alter the
regioselectivity of the reaction.?®® This is demonstrated in Table 25 where the selectivity

of the oxidation of the equatorial substrate (3.78.,), that suffers with unfavourable
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dipole/dipole interactions (3.79a versus 3.79b), decreases in more polar solvents (entry
1-5). Whereas the regioselectivity of the axial substrate (3.82,), which does not have
unfavourable dipole/dipole interactions (3.83a and 3.83b), is mostly unaffected in

different solvents (entry 6-10).

Table 25: The effect of solvent polarity on the regioselectivity for the oxidation of 3.78.4 and

3.82,.2%8
_ OYR - RYO
L 1) -
’ : T @
i @R Pl H
=H Ry "R
R 1 2
3.78 "noH Hr- H oM oH
26 €q | m-CPBA (1.2 eq.)
(2.6 mmol) NaHCOj (1.0 eq.) 3.79a 3.80,, 3.79b 3.81¢q
or o solvent (0.2 M) _ — or B

rt, 24 h
’ O._R R__0O
%UM Y

i > g
N RN )

(2.6 mmol) H H He H

Ry R, Ry "Ry

H

3.83a 3.80,, 3.83b 3.81,,
Entry Ketone Solvent Ratio of 3.80 : 3.81
1 3.78¢q CCl, 1:13.6
2 3.78¢, CHCLs 1:9.3
3 3.78¢q DCM 1:7.2
4 3.78¢q MeCN 1:5.5
5 3.78¢q Sulfolane 1:5.1
6 3.82. CCl, 1.3:1
7 3.82. CHCLs 2.4:1
8 3.82. DCM 2.5:1
9 3.82. MeCN 2.6:1
10 3.82, Sulfolane 25:1

3.1.7 Migratory aptitude of strained hydrocarbons

There has been a substantial amount of research on the oxidation of ketones and

aldehydes over the last 125 years, however, there is limited amount of data about the
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behaviour of strained hydrocarbon systems during this transformation. For the oxidation
cyclopropyl systems with trifluoroperacetic acid and m-CPBA, the migratory sequence
reported was phenyl ~ secondary alkyl > primary alkyl > cyclopropyl > methyl (Table 26,
entry 1-4).%8 Interestingly entry 4, where phenyl migrated preferentially to cyclopropane,
directly contradicted an earlier study on the same substrate, in which the cyclopropyl
group migrated preferentially (entry 5).2°° The main difference between the two
reactions was entry 5 used a weaker oxidising agent perbenzoic acid. Again, this is

another example where the choice of peracid can alter the regioselectivity of the

reaction.
Table 26: The migratory aptitude of different cyclopropyl ketones.?*®
trifluoroperacetic acid (1.5 eq)
0 tisodium hydrogen phosphate (4.0 eq) _ o j\
A DCM, reflux, 1h - V)k R
3.84 3.85a 3.85b
(0.1 mmol)
Entry R 3.93a Yield /% 3.93b Yield / %
1 CHs 4 96
2 n-CzH5 79 21
3 i-CsH5 94 6
4 CeHs 97 3
5@ CeHs 11 S7

aKetone was treated with perbenzoic acid (1.0 eq) in CHCl; at 35 °C for 8 days.?*°

The first Baeyer-Villiger oxidation of a cubyl ketone was reported by Eaton and co-
workers, who treated a cubyl phenyl ketone (3.6f) with trifluoroperacetic acid (Scheme
75a)."' The authors reported the reaction proceeded with exclusive migration of the
phenyl group, although the yield of cubyl benzoate (3.7f) was not reported. However, in
the doctoral thesis written by Millikan, it was reported that the crude product mixture
from the BV oxidation of 3.6f was directly hydrolysed using sodium hydroxide to obtain
the respective di-carboxylic acid, which was subsequently treated with ethereal
diazomethane to give the methyl ester 3.86 in 85 % yield over three steps (Scheme

75a).2%° Eaton continued to further explore cubane chemistry and used the Baeyer-
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Villiger oxidation as a synthetic route to study the solvolysis of 4-substituted mesylate
and triflate cubanes (Scheme 75b)."%° Both methyl-4-(trimethylsilyl)cubyl ketone (3.6a)
and methyl-4-(trimethylstannyl)cubyl ketone (3.6b) were treated with m-CPBA, with the
corresponding acetates being isolated in a 98 % and 71 % yield respectively.
Unfortunately, only the reagents used for the oxidation and the melting point of the
acetates were reported, no further experimental or analytical data was included to

conclusively prove that no other by-products were formed under these reaction

conditions.
A. BV oxidation of cubyl phenyl ketone - Eaton et gl."9:26°
i i i i { i
Pr\N,Pr Pr\N,Pr Pr\N,Pr
1. 10% aqg. NaOH
o) Ph  CF4CO5H (2 eq) o) ph  THF, 70°C, 7h o
Ph 0 DCM (0.06 M)  Ph o 2. CH,N, 0
rt, 1 h Et,O / MeOH
N N N
ProPr ProPr ProPr
3.6f 3.7f 3.86
(0.35 mmol) yield not reported (85 % over 3 steps)

B. BV oxidation of 4-substituted cubyl methyl ketones - Eaton and Zhou.®®

1. DIBAL,

ﬁ/\ m-CPBA /@/ " Toluene, - 70°C _
DCM, rt, 17 h 2. H,0
MesX MegX MesX
3.6a M = Si 3.7a (98 %) 3.87
3.6b M =Sn 3.7b (71 %)
MeSO,Cl, NEt,
DCM, - 20 °C
solvolysis

experiments

dist_:ussed n <
Section 3.3.3.2 MeX

3.88a (80 %)
3.88b (67 %)

Scheme 75: Eaton literature examples for BV oxidations of cubyl ketones.

Della and Head investigated how the '°F chemical shifts vary with different 4-
substituted fluorocubanes (Scheme 76a).'® One of the substrates included in the study
was 4-fluorocubane acetate (3.7¢), which was synthesised by treating methyl-4-

fluorocubane ketone (3.6¢) with m-CPBA. Similarly to Eaton'®, it was reported that only
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the acetate was formed under these conditions, which was verified with "H NMR
analysis and elemental analysis of the crude product.”® The last example for the
oxidation of a cubyl ketone was a year later by Choi and co-workers, which used the
Baeyer-Villiger oxidation to synthesise authentic references for their studies on the
hydroxylation of methyl cubanes (Scheme 76b).' Once again, the Baeyer-Villiger
oxidations in this study was of substituted methyl cubyl ketones (3.6d-e) and the
corresponding cubane acetates were formed (3.7d-e). In all four of these papers the
authors have made no reference to whether the substituted cubane ketones were fully
consumed and how they determined there was exclusive migration of one substituentin
each instance. In addition, most of the examples are for the oxidation of methyl
ketones, in which we are aware that a methyl group almost never migrates during the
Baeyer-Villiger oxidation. Currently, no study has attempted to look at the migratory

behaviour of cubane against different functional groups for this reaction.
A. BV oxidation — Della and Head.°

m-CPBA, NaHCO; ﬁ -
/@A DCM, reflux, 16 h

. F

3.6¢ 3.7¢
(65 %)

B. BV oxidation — Choi et gl."®

m-CPBA (2 eq) m-CPBA (2 eq) e
ﬁ/\ DCM, 11, 16 h /@/ " DCM, 1, 16h
3.6d 3.7d | aee 3.7e

(0.1 mmol) (91 %) ' (0.1 mmol) (80 %)

Scheme 76: Further examples of the Baeyer-Villiger oxidation of cubyl ketones.

The migratory tendencies of other polycyclic bridgeheads have been examined by
measuring the kinetics of the Beckmann rearrangement of methyl ketoxime picrates
(3.89, Table 27).%%" In the Beckmann rearrangement the group that is anti to the leaving
group will always migrate (Scheme 77).252 Therefore, the oximes in Table 27 were

prepared in a way that ensured the polycyclic bridgeheads were anti to the picrate
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leaving group. The kinetic data showed that the rate of the rearrangement was higher for
the class of polycyclic bridgeheads that had less ring strain. Although, the most
noteworthy result was the cubane oxime migrating faster than the tert-butyl oxime
(entry 1 versus entry 4), potentially indicating that the migratory aptitude of cubane in

the Baeyer-Villiger oxidation could be comparable to that of a tert-butyl group.

Table 27: Comparison of the rate of the Beckmann rearrangement of polycyclic bridgehead
261

oximes.
~ N /\
O,N NO, Acid O,N NO,
\
L NO,
3.89 3.90
Entry R4 105 *Kgooc /s
1 > § 60
2 i 5
“l,
3 j 88
M,
4 Jn 126
5 [; Fn, 192
6 T 520

7 T 4580
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Scheme 77: Mechanism of the Beckmann rearrangement.

Given the limited number of reports on the Baeyer-Villiger oxidation of cubyl ketones, we
believe it is important to perform a systematic examination of the Baeyer-Villiger
oxidation of a series of functionalised unsymmetric cubyl ketones to investigate how
steric and electronic factors influence the migratory aptitude of cubane, thus allowing
us to determine where cubane is positioned in the BV migratory aptitude series. The
cubyl ester products in which the cubane has migrated could then be used to access
cubanols, a synthetic intermediate we had earlier identified as being critical for the

synthesis of our most complicated cubyl tamoxifen analogue (Chapter 4).

3.2 Results and discussion
The work described in this chapter has been published.??

3.2.1 Preparation of substrate for BV optimisation studies

To examine the migratory aptitude of cubane in the Baeyer-Villiger (BV) oxidation of
unsymmetrical cubyl ketones, we began by synthesising phenyl-4-phenylcubyl ketone
(3.91a) for the optimisation studies. In the BV oxidation the migratory aptitude of a
phenylring in acyclic ketones normally lies in the middle of the trend (Figure 27),
therefore, the initial preliminary studies on the BV rearrangement of 3.91a should
provide valuable information regarding the migratory aptitude of cubane.®%24 The
phenylring on the y-carbon on the cubyl framework was selected to increase the
molecular mass of the optimisation substrate, ensuring the ester products of the BV

rearrangement were not volatile or prone to sublimation.
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Figure 27: General migratory aptitude trend in the BV rearrangement and cubyl ketone 3.91a
selected for BV optimisation studies.

Ketone 3.91a was synthesised in five steps in an overall yield of 28 %, starting with the
commercially available material 4-methoxycarbonylcubanecarboxylic acid (2.8)
(Scheme 78 & 79). To introduce the phenylring onto the cubane framework, a C-C
cross-coupling reaction was utilised (Scheme 78). The metal-mediated cross coupling
arylations of cubane redox-active ester that have been reported include: Ni-mediated by
the Senge group,'®® Fe-mediated by the Baran group'®? and Cu-mediated by the
MacMillan group®®. These cross-coupling reactions for cubane rely on activating the
carboxylic acid as their redox-active ester derivatives, either as the N-
hydroxyphthalimide (2.9) or the N-hydroxy-tetrachlorophthalimide (2.9a). We opted to
use the Ni-based cross coupling system to synthesise 2.55 based on the superior yields
and broad substrate scope reported.’®® To begin with the commercially available 2.8
was treated with oxalyl chloride (1.2 eq) in DCM with a catalytic quantity of DMF (10 mol
%) at rt, after 1.5 hours this produced the acid chloride. Direct addition of the acid
chloride to a solution of N-hydroxyphthalimide (1.2 eq) and triethylamine (2.5 eq) in
DCM for 2 hours at rt gave 2.9 as a yellow solid. It was found that the phthalimide 2.9
was slightly unstable to silica gel column chromatography. Therefore, we opted to purify
the crude product by washing the impure solid with hexane several times, this gave pure
2.9in 94 % yield. The next step was the Ni-mediated cross-coupling between 2.9 and an
arylzinc reagent. Preparation of the arylzinc reagent was achieved by the addition of
bromobenzene (1 eq) to magnesium turnings (1.2 eq) in the presence of lithium
chloride (1 eq) in THF at room temperature, followed by the addition of the Grignard to a
solution of anhydrous ZnCl, in THF. An excess of the freshly prepared arylzinc reagent

(3.5 eq) was subsequently added to a solution of 2.9 (1 eq), NiCl.-glyme (1 eq) and
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dimethyl 2,2’-bipyridine-4,4’-dicarboxylate (2 eq) in DMF at room temperature to give
2.55in 53 % yield after purification by silica gel column chromatography. Pleasingly, we
found the Ni-mediated cross-coupling to be reliable, with no reduction in yield when
scaling the reaction from 0.1 to 2 mmol of 2.9 (49 % and 53 % isolated yield

respectively).

PhZnCI'LiCl (3.5 eq)

o 1. oxalyl chloride (1.2 eq) NiCly-glyme (1 eq)
DMF (10 mol %) 2 9 (1 eq, 1.93 mmol)
OMe DCM,rt, 1.5h DMF/THF _ DMF/THF, 2 h, 1t
HO 2. Nhydroxyphthallmlde MeO,C
(1.2 eq) 7
o NEt; (2.5 eq) =~ _N
DCM, 2 h, rt
2.8
(7.3 mmol) 94 °/°) ~ |N
MeO,C~ X
ZnAr,, Fe(acac)s (2 eq)
dppBz
toluene, 1 h, rt | Baran® Senge?
25% (1 example) 10-58 %
(14 examples)
(0] Cu(acac),

[Ru(4,4’-dClbpy)3](PFg)s
0 OMe BuMeNSi(TMS)3
cl o aryl bromide
N
o) NaOAc, blue LED, 10 min
Cl e 41-48 % (8 examples

cl cl MacMillan?®

2.9a 2.55a 2.55
(53 %)

Scheme 78: Synthesis of 2.3 via a Ni-mediated cross-coupling.

2| iterature methods for metal-mediated C-C cross-coupling arylations for cubane.5® 52 163

With the aryl group now installed, we then turned our attention to the opposite side of
the cubane scaffold. The direct synthesis of a ketone from a carboxylic acid derivative,
for example from a methyl ester, is often not efficient due to the newly formed ketone
being highly susceptible to attack from any remaining organometallic reagent in the
reaction. To avoid the tertiary alcohol being formed as a by-product we opted to
proceed via the Weinreb amide.’ Preparation of the Weinreb amide 3.93 began with
the hydrolysis of the methyl ester 2.55 (1 eq) with lithium hydroxide (2.5 eq) in
THF:MeOH:H;0 (3:3:1, 0.34 M) at room temperature, which gave the carboxylic acid
3.92in ayield of 95 % (Scheme 79). Following a protocol similar to that described

previously the carboxylic acid moiety was converted to the acid chloride with oxalyl
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chloride, which when treated directly with N,O-dimethylhydroxylamine (1.4 eq) and
triethylamine (2.5 eq) afforded the Weinreb amide 3.93 in 81 % yield after purification by
silica gel column chromatography. Addition of the Grignard phenylmagnesium bromide
(1.5eq, 1 Min THF) to the Weinreb amide 3.93, gave the desired ketone 3.91a. As
expected, in the crude product no over addition of the Grignard to form the tertiary
alcohol side product was detected by TLC or '"H NMR analysis, with 3.91a isolated in a

74 % yield after purification by silica gel column chromatography.

0 1. oxalyl chloride (1.2 eq) o

LOHHO o DMF (10 mol %) ou

iOH- 25e DCM, rt, 1 h -OMe

OMe 20 ( Q)= OH . N
THF/MeOH/THF 2. N,O-dimethylhydroxylamine Ph |

Ph (8:3:1,0.34 M)  Ph (1.4 eq)
16 h, rt NEt; (2.5 eq)
2,55 3.92 DCM, 2 h, rt 3.93
(1 mmol) (95 %) (81 %)

PhMgBr (1.5 eq, 1 M in THF)
THF, -78 °C — rt, 30 min

(0]

ﬁﬂph

3.91a
(74 %)

Ph

BV optimisation substrate
28 % overall yield - 5 steps

Scheme 79: Continued synthesis of BV optimisation substrate 3.91a via the Weinreb amide.

Overall, the BV optimisation substrate 3.91a was synthesised in 5 steps from
commercially available 4-methoxycarbonylcubanecarboxylic acid (2.8) in a combined

yield of 28 %.

3.2.2 Baeyer-Villiger optimisation

Our initial experiments for the BV oxidation of phenyl-4-phenylcubyl ketone (3.91a) were
inspired by the previous literature, which in most instances performed the
rearrangement of cubyl ketones with m-CPBA in DCM at room temperature, 109 169190, 191
Treatment of 3.91a with 2 equivalents of <77 % m-CPBA in DCM at room temperature
for 24 hours resulted in 35 % consumption of 3.91a, with preferential formation of ester

3.94a resulting from migration of the cubyl group in a NMR yield of 20 % (Table 28, entry
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1). Performing the reaction in CHCl; under the same reaction conditions slightly
decreased the consumption of 3.91a to 31 %, while the formation of ester 3.94a
increased to 30 % (entry 2). Increasing the quantity of m-CPBA to 4 equivalents in both
DCM and CHCl;led to an increased consumption of ketone 3.91a (66 % versus 74 %)
and formation of ester 3.94a (42 % versus 46 %) (entries 3-4). Small quantities of 3.95a
were observed in DCM (3 %) and CHCl; (4 %), resulting from the migration of the phenyl

ring under these conditions (entries 3-4).

Table 28: Screening of peracid loading in dichloromethane and chloroform.

O O
/@)kph m-CPBA (eq) _ /@ WF’“ ﬁ)k Ph
Ph so,ﬁte,ngd.( L en © Ph
3.91a 3.94a 3.95a
(0.1 mmol)
Entry m-CPBA / equiv® Solvent NMRYield®/ %
3.91a (% consumption) 3.94a 3.95a
1 2 DCM 35 20 0
2 2 CHCls 31 30 0
3 4 DCM 66 42 3
4 4 CHCls 74 46 4
5 8 DCM 86 63 3
6 8 CHCls 90 72 5

2NMR yields were determined by "H NMR analysis using the internal standard durene. * The
equivalents of m-CPBA have not taken into account its purity.

Identifying the trend that using more equivalents of m-CPBA was enhancing both the
consumption of 3.91a and formation of 3.94a in DCM and CHCl;, the experiments were
repeated with using 8 equivalents of m-CPBA (entries 5-6). Using such a large excess of
the peracid resulted in nearly full consumption of 3.91a in both DCM (86 %) and CHCl;
(90 %), whilst increasing the formation of 3.94a to yields of 63 % and 72 % respectively.
The quantity of 3.95a also increased in both solvents when using 8 equivalents of m-
CPBA, indicating that large excess of peracid was promoting phenyl migration to a small
extent (entries 5-6). Notably, for each experiment screening the quantity of peracid to

use, CHCl; outperformed DCM. From a practical perspective given the modest increase
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in yield we deemed using 8 equivalents of m-CPBA in CHCl; as non-optimal from both
an atom economy and a safety stance. Therefore, to increase the extent of consumption
of 3.91a without requiring 8 equivalents of m-CPBA, we opted to investigate the use of a

Lewis acid catalyst and varying temperatures to promote the BV oxidation.254-2%¢

To explore if using a Lewis acid would increase the consumption of 3.91a, we began
with the conditions outlined in Table 28, entry 4. Performing the BV oxidation using
those conditions with the addition of the Lewis acid Sc(OTf); (10 mol%) resulted in a
decreased consumption of 3.91a (74 % versus 65 %), but with an increased formation
of ester 3.94a (46 % versus 51 %) (Table 98, entries 1-2). Once more, small quantities of
ester 3.95a (3 %, entry 2) were formed when using the Lewis acid Sc(OTf); over a period
of 24 hours. Notably, when the reaction time was decreased from 24 to 6 hours, no
measurable quantity of 3.95a was detected by '"H NMR analysis (entry 3). Although, this
reduction in reaction time caused a reduction in both consumption of ketone 3.91a (35

%) and formation of ester 3.94a (19 %) (entry 3).

Table 29: Screening of catalyst, temperature and time.

0] 0]

- Ph Ph
Ph m-CPBA (4.0 eq.)= /@ \n/
CHCl3 (1 mL) Ph (0]

Ph catalyst (10 mol %) Ph
temperature, time
3.91a 3.94a 3.95a
(0.1 mmol)
Entry Catalyst Temperature/°C Time/h NMRYield?/ %
3.91aconsumption 3.94a 3.95a
1 - rt 24 74 46 4
2 Sc(OTf)s rt 24 65 51 3
3 Sc(OTf)s rt 6 35 19 0
4° Sc(OTf); 50 6 87 51 3
5 BF;-OEt, 50 6 84 51 3
6 Sc(OTf)s 50 3 65 46 3

@ NMR yields were determined by "H NMR analysis using the internal standard durene.
b Optimised reaction conditions.
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Fortunately, increasing the temperature from room temperature (20 °C) to 50 °C for 6
hours produced ester 3.94a in 51 % yield (entry 4), the same result observed when
performing the oxidation at room temperature for 24 hours (51 %, entry 2). Changing the
Lewis acid to BFs-OEt, (10 mol %) had minor impact on the consumption of starting
material and yields of the ester products (entry 5). Given the yield of 3.94a was identical
for both Lewis acids, we chose to use Sc(OTf)sin the further screening experiments due
to its ease of handling. Reducing the reaction time to from 6 to 3 hours at 50 °C using
Sc(OTf)s (10 mol %) (entry 4 and 6) only slightly decreased the yield of 3.94a (46 %),
however, the shorter reaction time significantly lowered the consumption of 3.91a (65
%). Since the substrate scope was likely to include cubyl ketones that could be less
reactive towards the BV rearrangement than our model substrate 3.91a, the conditions
in Table 28, entry 4, with the longer reaction time of 6 hours were selected for studying

the relative migratory aptitudes.

After reaction with
quench and HsC CH3
bicarbonate wash :@:
i HaC CHs
HsC CHs
Internal standard
H;C CHj F3
H
Internal standard
[k s L L

o

cDel,

After reaction
with quench o

only cl OH

cbcl

3-Chlorobenzoic acid

By-product AJ
] B
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Ph Cubane C-H bonds

JE I

Ph
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Figure 28: Stacked 'H NMR for 3.94a being resubjected to the optimised reaction conditions
(Table 29, entry 4). After quench and bicarbonate work up 3.94a was re-isolated in a 73 % yield.
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To verify that the yields in Table 28 and 29 were an accurate representation of the
migratory aptitude of cubane rather than the stability of the two ester products (3.94a
and 3.95a) under the reaction conditions, each ester was independently subjected to
the optimised reaction conditions in Table 28, entry 4. Both esters were re-isolated in
yields > 70 %, confirming that the yields were a good indication of the relative migratory
aptitude of the cubyl group versus a phenyl ring and hydrolysis was not significant factor
in the observed yields of products (Figure 28 and 29). The overlays in Figures 28 and 29
each include: (1) '"H NMR of the ester before being resubmitted to the optimised
reaction conditions, (2) "H NMR of the re-isolated ester after quenching the oxidation
with sodium bisulfite solution and (3) "H NMR of the re-isolated esters after quenching
with sodium bisulfite solution, followed by washing with saturated aqueous bicarbonate

solution.
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H
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Figure 29: Stacked 'H NMR for 3.95a being resubjected to the optimised reaction conditions
(Table 29, entry 4). After quench, 3.95a was re-isolated in a 76 % yield. After quench with a
bicarbonate work up 3.95a was re-isolated in a 72 % yield.
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Overall, the "H NMR overlays for the re-isolated 3.94a (Figure 28) and 3.95a (Figure 29)
confirm that when these esters were independently subjected to the optimised reaction
conditions no additional cubyl or rearranged cubyl species were formed. Furthermore,
these control experiments demonstrate that the esters remained stable to the work-up

conditions.

During the optimisation studies for the BV oxidation of 3.91a, the major product
observed was 3.94a, resulting from the preferential migration of the cubyl group over
the phenylring. Interestingly, Eaton observed the opposite regioselectivity for the BV
rearrangement of 3.6f (1 eq) with trifluoroperacetic acid (2 eq) in DCM at rt, in which
exclusive migration of the phenyl ring was observed (Scheme 80a)."" As the migratory
aptitude in the BV rearrangement can be dependent on the reaction conditions used,
we treated 3.91a to the same conditions as described in the Eaton study.' Surprisingly,
we observed extensive cubyl decomposition, with 66 % of 3.91a consumed and only
trace amounts of 3.94a (3 %) detected (Scheme 80b). In contrast to Eaton’s study, ester
3.95a or the corresponding cubyl carboxylic acid (3.92, formed via the hydrolysis of

3.95a) were not observed by '"H NMR analysis.

A) BV oxidation of 3.6f using CF3CO3H - Eaton™’

i i i i { j
Pr\N,Pr Pr\N,Pr Pr\N,Pr
1.10% aq. NaOH
O Ph CF3;COzH (2 eq) O Ph THF, 70 °C, 7h 0
Ph o DCM (0.06 M)  Ph o 2. CH,N, 0
rt,1h Et,O / MeOH
. . N N
Pr” ipr Pr” ipr Pr” ipr
3.6f 3.7f 3.86
(0.35 mmol) yield not reported (85 % over 3 steps)

B) BV oxidation of 3.91a using CF;CO3H - Our work

o) o ; o
Ph DC'\A,(? r1 M en © Ph ! Ph
3.91a 3.94a 3.95a ' 3.92 :

(0.1 mmol) (3% yield) (Not detected) + (Not detected)

..................

Scheme 80: Comparison of migratory aptitude of cubane versus phenyl for 3.6f and 3.91a with
comparable reaction conditions
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3.2.3 Substrate scope

3.2.3.1 Migratory aptitude of cubane

Having established optimised reaction conditions for the BV rearrangement of 3.91a
(Table 29, entry 4), our studies began by exploring the migratory aptitude of cubanein a
range of unsymmetrical cubyl ketones, in addition to the cubyl aldehyde (Table 30).
Details regarding the synthesis of all the cubyl substrates in Table 30 can be found at the

end of this chapter (Section 3.3.1 - Substrate scope synthesis).

For the BV oxidation of the unsymmetrical cubyl ketone bearing a methyl substituent
(3.91b) the ester 3.94b, resulting from cubyl migration, was formed in a 79 % yield
(Table 30, entry 1). By '"H NMR there was no evidence of methyl migration under these
reaction conditions, which is consistent with the previous reports for the BV
rearrangement of cubyl methyl ketones (Scheme 81).7%%:16%.1%0 |ncreasing the carbon
chain length to an ethyl substituent (3.91¢) gave a similar result, with only 3.94¢ being

formedin a 87 % yield (entry 2).

Table 30: Migratory aptitude of cubane in the Baeyer-Villiger oxidation

o) 0
Ph
/@)LR m-CPBA(40eq) e /@/lk Ph
Sc(OTf)3 (10 mol %) //fi o)
Ph CHCl3 (2 mL) Ph Ph
50°C,6h
3.91a 3.94a-f 3.95a-f
(0.2 mmol)
Entry Substrate R Conversion Yield 3.94a-f° Yield 3.95a-f° Ratio®
(%) (%) (%) (3.94:3.95)
1 3.91b Me 100 79 (86) 0 (n.d) >99:1
2 3.91c Et 100 87 (76) 0 (n.d) >99:1
3 3.91a Ph 87 51(50) 3 (n.d) 17:1
4 3.91d H 100 55 (50) 28 (n.d) 2:1
5 3.91e i-Pr 100 58 (62) 25(27) 2:1
6 3.91f t-Bu 36 0 (n.d) 8 (n.d) 1:>99

aNMRyields determined by '"H NMR using durene as an internal standard, isolated yields are in
parentheses and n.d = isolated yield not determined ."Product ratios determined using '"H NMR
yields.
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R2
m-CPBA ﬁ -
DCM R

R?
3.6aR'= Si(Me)s, RZ=H 3.7a 98 % yield
3.6b R' = Sn(Me)s, R = H 3.7b 71 % yield
36cR'=F R2=H 3.7c 65 % yield
3.6d R'=Me, R2=H 3.7d 91 % yield

3.6eR' = H, R2 = Me 3.7e 80 % yield

Scheme 81: Previous reports on the BV rearrangement of cubyl methyl ketones. ' 169 1%

Treating 1-phenyl cubyl aldehyde (3.91d) under the optimised conditions resulted in a
lower regioselectivity, affording a 2:1 mixture of the formate 3.94d (55 %) and the
carboxylic acid 3.95d (28 %) (Table 30, entry 4). Attempts to isolate the carboxylic acid
3.95d via silica gel column chromatography were unsuccessful, due to the by-product
3-chlorobenzoic acid (a result of quenching the excess m-CPBA) co-eluting during the
purification. The 2:1 product ratio of the formate 3.94d and the carboxylic acid 3.95d
was consistent with the reported literature for the BV rearrangement of tertiary
substituted aldehydes, with the formation of the formate being favoured due to
preferential migration of the tertiary cubyl group over hydrogen.?’ In this instance the
regioselectivity can be explained by comparing the steric hinderance associated with a
cubyl group versus a hydrogen atom. Assuming the product-determining transition state
has a similar steric demand to the Criegee intermediate, it is likely that more sterically
demanding cubyl substituent will adopt an antiperiplanar arrangement to the O-O bond
of the carboxylate leaving group and migrate preferentially, over the sterically smaller
hydrogen (to obey the primary and secondary stereoelectronic effects).232 2%6-238, 253
However, this is not always the case, and the Curtin-Hammett principle must be
considered.?®”-2%8 |f the interconversion of conformers of the Criegee intermediate is
faster than the migration step in the BV mechanism, the regioselectivity is determined
by the relative energies of the two product-determining transition states and not the
lowest energy conformer of the Criegee intermediate.?*®:2°3 This principle is particularly
relevant in the BV rearrangement of aldehydes with primary alkyl substituents, where
preferential migration of the hydrogen over the larger alkyl chain substituent has been

reported in the literature.45 26°
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Preferential migration of the cubyl group remained during the BV oxidation of the cubyl
ketone bearing a sterically bulkier i-propyl substituent (3.91e), with formation of the two
esters 3.94e and 3.95e in a 58 % and 25 % yield respectively (Table 30, entry 5). Further
increasing the steric bulk of the substituent to a t-butyl group (3.91f) led to only 36 %
consumption of the cubyl ketone 3.91f. This is likely due to the ketone bearing two bulky
tertiary substituents, which significantly hindered the nucleophilic attack of the peracid
to the carbonyl centre. '"H NMR analysis of the crude product revealed trace quantities
of one cubyl ester forming in the reaction. Based on the chemical shift of the three CH;
protons in the tert-butyl group, a shift from 1.23 ppm for 3.91f to 1.50 ppm (Figure 30),
allowed us to tentatively assign that migration of the t-butyl (3.95f) had occurred (8 %
NMR yield).

'H of 3.91f
o

X

Ph

| A L\g

"H of 8:1 mixture of 3.91f to 3.95f
(0]

e

Ph

b J__JL A

T T T T T T T T T T T T T T T T T T T T T T T T T T
50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 10 08 06 04 02 00
1 (ppm)

Figure 30: Stacked 'H NMR of ketone 3.91f (top) and 8:1 mixture of 3.91f to 3.95a from BV
rearrangement of 3.91f after silica gel chromatography (bottom).

Unfortunately attempts to isolate 3.95f were unsuccessful, with the best outcome

obtained being an 8:1 mixture of the ketone 3.91f with the ester we tentatively assigned
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as 3.95f. '*C NMR analysis of this mixture supported that the ester 3.95f was formed,
with tertiary carbon of the CMe; group shifting from 44.5 ppm in 3.91f to 80.2 ppm,
which is consistent with migration of the t-butyl group rather than the cubyl group
(Figure 31). It is important to clarify that we are not ruling out the possibility of cubyl
migration under these conditions; however, due to poor consumption of ketone 3.91f

and the detection limits of "H and '*C NMR, it is not possible to draw a conclusion.

13C of 3.91f
(o}

Ph

1 ] . ‘ |

13C of 8:1 mixture of 3.91f to 3.95f
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Figure 31: Stacked "*C NMR of ketone 3.91f (top) and 8:1 mixture of 3.91f to 3.95a from BV
rearrangement of 3.91f after silica gel chromatography (bottom).

Overall, the migratory aptitude of the alkyl groups in this study are consistent with

previous reports.232 246.248.258 | ynder the conditions outlined in this study, cubane can be

positioned in the BV migratory aptitude series as follows:

%§>@§>>—§>H—§>©7§>/—§>Me—§

Bu cubane iPr hydrogen phenyl ethyl methyl
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According to the primary stereoelectronic effect for the BV rearrangement and
assuming the product determining transition state has a similar steric demand to the
Criegee intermediate, the lowest energy conformer places the more sterically
demanding group antiperiplanar to the O-O bond. 232 236-238,253,267. 268 Qr calculations
found that for substrate 3.91e the Criegee intermediate was 2.9 kl/mol lower in free
energy when the cubyl group was antiperiplanar to the O-O bond compared to the /-
propyl group, leading to a 77/23 Boltzmann weighting. This is in line with the observed
2:1 regioselectivity for the formation of 3.94e over 3.95e in our experiments (Table 30,
entry 5). All computational calculations were performed by Dr James Platts, Cardiff

University.

3.2.3.2 Effect of cubyl substituents on cubyl migratory aptitude

Having established where cubane fits in the BV migratory aptitude series, we were next
interested if different substituents on the cubyl framework would influence the relative
migratory aptitude of the cubyl group. Based on the migratory aptitude data presented
in Table 30, we decided to prepare a series of functionalised cubyli-propyl ketones due
to the similar migratory aptitude observed between the j-propyl and cubyl groups (ratio
of ester products 3.94e:3.95e = 2:1). We hypothesised that this study would allow us to
observe the influence of electronic factors on the relative migratory aptitude of the
cubyl group, whilst providing cubyl esters that could be used to prepare structurally
complex cubanols. Details regarding the synthesis of the functionalised cubyl j-propyl

ketones can be found at the end of this chapter (3.3.2 — Substrate scope synthesis).

The BV rearrangement of the trimethylsilyl substituted cubane (3.91g), performed under
the optimised conditions detailed in Table 30, resulted in a 65 % and 9 % NMR yield of
3.94¢g from cubyl migration, and 3.95g from i-propyl migration respectively (3.94g:3.95g
=7:1) (Table 31, entry 1). Comparing this ratio of products to that of the model substrate
3.91e (3.94e:3.95e = 2:1 Table 31, entry 4), demonstrated that the migratory aptitude of
the trimethylsilyl substituted cubyl group was significantly greater than the phenyl
substituted compound. With the parent unsubstituted cubyl framework (3.91h) the two
esters 3.94h and 3.95h were formed in a 44 % and 15 % NMR yield respectively
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(3.94h:3.95h = 3:1 entry 2). Despite a lower migratory aptitude of the cubyl component
relative to trimethylsilyl substrate 3.91g (3.94g:3.95g = 7:1), the migratory aptitude of
cubane for the unsubstituted substrate 3.91h remained greater than the model
substrate 3.91e (3.7e:3.8e = 2:1) (entry 2 and 4). A similar result was observed for the

alkyl substituted cubane 3.91i, yielding 3.94i in 44 % and 3.95i in 15 % in a ratio of 3:1

(entry 3).
Table 31: Effect of cubyl substituents on migratory aptitude
o
m-CPBA (4.0 eq.) \H)\ \\
Sc(OTf)3 (10 mol % ﬁ
R CHCI3 (2mL)
50°C,6h
3.91g-l 3.94¢-| 3.95¢-I
(0.2 mmol)
Entry Substrate R Conversion Yield 3.94g-1° Yield 3.95g-1° Ratio®
(%) (%) (%) (3.94:3.95)

1 3.91g SiMe; 100 65 (61) 9(10) 7:1
2 3.91h H 100 44 (46) 15 (22) 3:1
3 3.91i CH.OMe 100 44 (42) 15 (8) 3:1
4 3.91e Ph 100 58 (62) 25(27) 2:1
5 3.91j C(O)N(iPr), 100 25(22) 29(9) 1:1
6 3.91k Br 100 12 (9) 50 (46) 1:4
7 3.911 F 100 11 (10) 49 (39) 1:4

NMRyields determined by "H NMR using durene as an internal standard, isolated yields are in
parentheses. ® Product ratios determined using NMR yields.

It was found that the addition of electron-withdrawing substituents onto the cubane
framework decreased the migratory aptitude of cubane versus the i-propyl group. For
instance, a 1:1 ratio of 3.94}:3.95j was observed for the N,N-diisopropylamide
substituted cubane (3.91j), with a yield of 25 % and 29 % respectively (Table 31, entry 5).
Notably, halogens had a profound effect on the migratory aptitude of cubane, favouring
the migration of i-propyl group over the cubyl group (entry 5-6). In the case of the bromo-
and fluoro-substituted cubanes (3.91k and 3.911), a similar product ratio of 1:4 of

3.94k:3.95k and 3.941:3.951 was observed with preferential migration of the i-propyl
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group over the cubane, in stark contrast to our model substrate the phenyl-substituted

cubane 3.91e.

The variation in the ratio of cubyl versus i-propyl migration for the isopropyl cubyl
ketones examined in our study (Table 31) demonstrates that there is an electronic
component influencing the migratory aptitude of groups, as noted in previous studies
on the BV rearrangement of substituted arenes.?*”-2* The presence of the trimethylsilyl
group at the y-position on the cubane ring increased the migratory aptitude of the cubyl
group over the j-propyl under our reaction condition (Table 31, entry 1), presumably by
providing stabilisation to the positive charge that forms on the cubane core in the

transition state (Scheme 82a).

A) The transition state in the BV rearrangement

D) ® Si(Me)s
O Re —> S . 05T
> g >
(Me)3Si (Me)Si
3.96 3.94g
Criegee intermediate
Ry = i-Pr

B) Charge distribution in a cubyl carbocation through hyperconjugation

®<—+0.12

. @ ~—a:+0.20 ﬂ

Scheme 82: Rationale behind the observed regioselectivity in our BV studies.?”°

Della and Schiesser have performed ab initio MP2/6-31G** calculations on cubyl
cations to examine how charge was distributed amongst the cubyl framework.?”°
Population analysis revealed that a charge of +0.12 was present at the cationic centre,
with extensive charge delocalisation at the a-carbons (+0.20) and the y-carbon (+0.15),
with minimal build up at the B-carbons (+0.04) (Scheme 82b). Della and Schiesser’s
proposal that charge delocalisation in a cubyl cation occurs through hyperconjugation

of the a-B and B-y cubane C-C bonds is consistent with separate experimental studies
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by Eaton, Kevill, and Moriarty, which examined the varying rates of solvolysis of 4-
substituted cubyl triflates.’®® 27272 For instance, Kevill et al compared the rate of
solvolysis of 4-substituted cubyl triflates and found the presence of electron
withdrawing substituents on the y-carbon significantly decreased the rate of solvolysis

relative to the unsubstituted species (Table 32).272

Table 32: Rate of solvolysis of 4-substituted cubyl triflates — Kevill et al.>”*

Rate of solvolysis / 10° k/s™

4-Substituent 63°C 75°C
I 6.47 18.8
CO;Me 4.15 12.5
Br 1.10 2.97
Cl 0.53 1.29

H 107602

@Rate of solvolysis at 25 °C

Based on the computational data by Della and Schiesser and the independent
experimental data on the solvolysis rate of four 4-substituted cubyl triflates, it can be
inferred that any functional group on the y-carbon that can destabilise a cubyl cation
and thus raise the energy of the corresponding transition state, will consequently
reduce cubyl migration in the Baeyer-Villiger oxidation. Our experimental results in Table
31 support this notion. To provide further evidence, we performed our own
computational calculations of the relative stability of 4-substituted cubyl cations. We
found that the presence of an electron donating trimethylsilyl group at the y-carbon
stabilised the cubyl cation by 22.8 kJ/mol relative to the unsubstituted species (3.97b),
whereas the electron withdrawing fluorine destabilised the cubyl cation by 52.1 kJ/mol
(8.97¢) (Figure 32). All computational calculation was performed by Dr James Platts,
Cardiff University. Overall, our computational data alongside our experimental work was
in agreement with the proposal by Della and Schiesser, that stabilisation of cubyl

cations occur via hyperconjugation of the a-B and B-y C-C bonds (Scheme 82b).228.270

&

3.97a 3.97b 3.97c

Messi

Figure 32: 4-substituted cubyl cations.
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Now considering the factors that can influence cubyl cation stabilisation, Eaton’s
observation of exclusive migration of the phenyl group during the BV oxidation of the di-
amide-substituted cubyl phenyl ketone (3.6f) is in line with the expected experimental
outcome (Scheme 83a). In the computational studies by Della and Schiesser, the
largest partial positive charge build up was on the a-carbon of the cubyl core (Scheme
82b).?’° Consequently, the BV oxidation of 3.6f in Eaton’s study resulted in exclusive
migration of the phenyl ring, presumably due to the presence of the two electron-
withdrawing amides at the a-carbons sufficiently destabilising the cubyl carbocation
thereby preventing any cubyl migration. Whereas, when employing Eaton’s conditions to
our model substrate 3.91a we observed no phenyl migration and only trace quantities of
cubyl migration (3 %), demonstrating greater stabilisation of the cubyl cation in our
model substrate versus Eaton’s study (Scheme 83b). Overall, our work alongside
Eaton’s shows that the variations in the substituents and their positioning on the cubyl
framework plays an important role in controlling the regioselectivity of the BV

rearrangement of cubyl ketones and aldehydes.

A) BV oxidation of 3.6f using CF3CO3H - Eaton™’

f j i i i i
Pr\N,Pr Pr\N,Pr Pr\N,Pr
1. 10% ag. NaOH

o} Ph CF3CO3H (2 eq) (6] Ph THF, 70 °C, 7h e}

Ph 0 DCM (0.06 M) Ph o} 2. CHoN, o
rt, 1 h Et,O / MeOH
pr” ipr Pr” ipr pr” ipr
3.6f 3.7f 3.86
(0.35 mmol) yield not reported (85 % over 3 steps)

B) BV oxidation of 3.91a using CF;CO3H - Our work

i o i '
Jo gt Al S - e
Ph PR en ° e ! Ph
3.91a 3.94a 3.95a 3.92 :
(0.1 mmol) (3% yield) (Not detected) + (Not detected)

..................

Scheme 83: Migratory aptitude of cubane verses phenyl in 3.6f and 3.91a under comparable
reaction conditions.
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3.3 Substrate scope synthesis

An overview of the synthesis of the BV substrates studied in Section 3.2 are

summarised in this section.

3.3.1 Synthesis of 4-phenyl substituted cubyl ketones

The phenyl substituted cubyl ketones (3.91b-c and 3.91e) were prepared by the
addition of the relevant commercially available Grignard (between 2-3 eq) to a solution
of the Weinreb amide 3.93 (1 eq) in THF, with yields exceeding 70 % for each ketone
(Scheme 84). Overall, we found all the Grighard reagents employed reacted cleanly with

the cubyl Weinreb amide 3.93, with no side product formation observed by TLC or 'H

NMR analysis.
le) MeMgBr (o) PrMgCl o
(2 eq, 1.4 M in toluene/THF) N,OMe (3eqg, 2 Min THF)
- B —
THF, -78 °C — rt, 30 min | THF, 0 °C — 1t
Ph Ph 25h Ph
3.91b 3.93 3.91e
(96 %) (4 steps from 2.1 - 38 %) (77 %)
EtMgBr 1. Lithium diisopropylamide
(2 eq, 0.9 M in THF) (1.5 eq)
THF -78°C = 0°C THF, -78 °C, 30 min
1.5h 2. Mel (1.5 eq)

THF -78 °C — 0 °C, 30 min

0 0
Phﬁ)v Phﬁ)*

3.91c 3.91f
(74 %) (86 %)

Scheme 84: Synthesis of the cubyl ketones (3.91b-c and 3.91e) used in Section 3.2.3.1 (Table
29) for studying the migratory aptitude of cubane.

As anticipated, the addition of tert-butylmagnesium chloride (1.2 eq, 2 Min Et;0) to a
solution of the Weinreb amide 3.93 (1 eq) at room temperature for 2 hours resulted in no
formation of the desired cubyl t-butyl ketone 3.91f, likely due to the Grignard reagent
acting a strong base rather than a nucleophile. Therefore, we opted to synthesise 3.91f

via the alkylation of the i-propyl ketone (3.91e, Scheme 84). We prepared the lithium
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enolate of ketone 3.91e using lithium diisopropylamide (1.5 eq) at - 78 °C in THF, freshly
generated by the addition of n-BuLi (1.4 eq, 1.6 M in hexanes) to a solution of
diisopropylamide (1.5 eq) also cooled to - 78 °C in THF. Subsequent addition of the
methylating agent iodomethane (1.5 eq) to the lithium enolate of ketone 3.91e, followed
by warming the reaction to 0 °C afforded the desired ketone 3.91f in an 86 % yield after

silica gel column chromatography.

Finally, the cubyl aldehyde (3.91d) was prepared in two steps from the cubyl carboxylic
acid 3.92 (Scheme 85). In the first step, the carboxylic acid moiety in 3.92 (1 eq) was
reduced to the primary alcohol using borane dimethyl sulfide (1.6 eq, 1 M in 2-MeTHF)
within 5 hours at room temperature. Without purification, the crude alcohol was directly
added to a solution of oxalyl chloride (1.2 eq) and DMSO (2.7 eq) in DCM at - 78 °C.
Subsequent addition of triethylamine (5.4 eq) and warming the Swern reaction to room
temperature gave the aldehyde 3.91d in 68 % yield, after purification by silica gel

column chromatography.

1. Oxalyl chloride
(1.2 eqg, 2 M in DCM)
o) BH3-DMS DMSO (2.7 eq) o
on (1.6 eq, 1 M in 2-Me-THF) ﬁAOH DCM, -78 °C, 1.5 h 9y
THF,0°C = 1t,5h Ph 2. NEt3 (5.4 eq)
Ph -78°C = rt,15min  Ph
3.92 3.98 3.91d
(3 steps from 2.1 - 47 %) (96 %) (71 %)

Scheme 85: Synthesis of cubyl aldehyde 3.91d used in Section 3.2.3.1 (Table 29) for studying
the migratory aptitude of cubane.

3.3.2 Synthesis of the 4-substituted cubyl i-propyl ketones

3.3.2.1 Trimethylsilyl substituted BV substrate (3.91g):

The retrosynthetic analysis of trimethylsilyl substituted cubyli-propyl ketone (3.91g) is
described in Scheme 86. Several protocols to introduce a trimethylsilyl group onto the
cubane framework have been published. 158 169.190.191. 273 However, only one paper by
Eaton and Zhou have reported the synthesis of 4-(trimethylsilyl)cubyl ester 3.100, a key

intermediate we identified in our retrosynthetic analysis towards cubyl ketone 3.91g."¢°
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Eaton and Zhou reported that 3.100 was prepared in two steps from cubane 2.8, with
second step involving the addition of t-BuLi to a solution of cubyl iodide 3.99 in THF at -
78 °C, promoting a halogen-lithium exchange reaction. The subsequent addition of
trimethylsilyl chloride provided 3.100.'° Although the authors did not include details on
reagent quantities or timings, we believed based on the information included we could

replicate this work.®®

o

o) o) 9
Me3Si I 5
2.8

3.91g 3.100 3.99

MGSSi

Scheme 86: Retrosynthetic analysis of trimethylsilyl substituted cubyl i-propyl ketone (3.91g),

based on the published work by Eaton and Zhou on silylation of cubanes.'®

We began preparing the cubyliodide 3.99 by an iododecarboxylation of 4-
methoxycarbonylcubanecarboxylic acid (2.8, 1 eq) with 1,3-diiodo-5,5-
dimethylhydantoin (DIH, 1.2 eq) in refluxing DCE, a protocol previously reported by
Kulbitski and co-workers (Scheme 87).%”% Instead of using a tungsten lamp as reported
by Kulbitski et al we opted to irradiate the mixture with a blue LED light source for 5
hours. After purification by silica gel column chromatography the cubyliodide 3.99 was
isolated in 85 % yield, consistent with the reported literature yield of 93 % yield when
employing a tungsten lamp.?”* With the cubyl iodide 3.99 in hand we next focussed our
attention to the halogen-lithium exhange reaction. Treatment of 3.99 with t-Buli (2.2 eq,
1.9 Min pentanes) in THF at - 78 °C, followed by the addition of chlorotrimethylsilane (4
eq) after 10 minutes did not yield the desired product 3.100 (Scheme 87). Instead, 'H
NMR analysis revealed mostly decomposition of the starting material 3.99, with only 16
% of 3.99 recovered from the reaction after silica gel column chromatography. In
addition, when increasing the timeframe between addition of t-BuLi and the
electrophile chlorotrimethylsilane from 10 to 30 minutes, we observed full consumption
of the starting material 3.99 and no formation of the desired product 3.100 was

detected by "H NMR.
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o 1. BuLi

(0] (22eq1.9M in_ pentanes) e}
I 8i-C,5h | 2. TMSCI (4 o0 MesS
2.8 3.99 3.100
(4.9 mmol) (85 %) No product detected

Scheme 87: lododecarboxylation of 2.8 using blue LED light source and lithium-halogen
exhange of cubyliodide 3.99.

We were unable to replicate the work by Eaton and Zhou, which was particularly
surprising when considering Della and Head, and Plunkett et al have reported the
introduction of the trimethylsilyl moiety onto the cubane framework with the 4-
susbtituted cubyl iodides 3.101a and 3.101b under similar conditions (Scheme 88a-
b)."®8 190 Based on these literature results, we hypothesised that the methyl ester moiety

in 3.99 may be unstable to the reaction conditions we described in Scheme 87.

A) Della and Head'®° B) Plunkett et al’%®

1. BuLi (2.5 eq, ' 1. BuLi (2 eq,
1.7 M in pentane) 1.6 M in hexane)

P -78°C, 0, F oMe - 78°C.THF, oMo
10 min /@/ : /@/\ 60 min
| 2.TMSCI (5.6eq) ~ MesSi il 2.TMSCl (2eq)  MeaSi
-78°C, 10 min | -78 °C, 10 min
3.101a 3102a |  3.101b 3.102b
81%) | (90 %)

C) Lukin and Eaton?”®

1. BuLi (2.25 eq,

0] . O .
I ,Pr 1.7 Miin pentane) e, s; /Pr
N - 78 °C, Et;0, N
Pr 20 min Pr

2. TMSCI (4 eq)
- 78 °C, 30 min

3.101¢c 3.102¢
(80 %)

Scheme 88: Literature examples of lithium-halogen exhange of substituted cubyl iodides
followed by addition of chlorotrimethylsilane.

When reviewing the literature, we found Lukin and Eaton had later reported the silylation
of substrate 1-((diisopropylamino)carbonyl)-2-iodocubane 3.101¢, by performing the

metallation at - 78 °C in THF with t-BulLi (2.25 eq, 1.7 M in pentanes) followed by the
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addition of 4 equivalents of chlorotrimethylsilane after 20 minutes (Scheme 88c).?’5 At

the time we were undecided if the ortho relationship between the metallation site and

the diisopropyl amide was necessary for a successful silylation, or if the diisopropyl

amide group in 3.101¢c was inert compared to the methyl ester group in 3.99, thus

reducing side reactions and decomposition of the cubyl framework. Pleasingly, we

found the latter was true and when employing the Lukin and Eaton reaction conditions

to the cubyl iodide 3.104, which was prepared from the cubyliodide 3.99 in two-steps

via a hydrolysis followed by amide formation via an acid chloride, we successfully

isolated 3.105 in an excellent yield of 94 % after purification by silica gel column

chromatography (Scheme 89).

o 1. BuLi
(0] (2.2 eq 1.9 M in pentanes) 0
DIH (1.2 THF, - 78 °C, 30 min
o OMe (1.2eq) Mom OMe
DCE, Blue LED
o I 2. TMSCI (4 eq) ;
o 84°C,5h -78°C, 2h Me;Si
2.8 3.99 3.100
(4.9 mmol) (85 %) No product detected
LiOH-H,0 (2.5 eq)
THF/MeOH/H,0 (3:3:1)
r,16 h
(o]
ﬁ)LOH
I
3.103
(92 %)
1. Oxalyl chloride (1.2 eq, 2 M in DCM)
DMF (10 mol %), DCM, rt, 1.5 h
2. Diisopropylamine (2.5 eq)
DCM, rt, 3.5 h
1. BuLi
(_2.2 eq1.9M 1. BuLi
o in pentanes) ' o (2.2 eq 1.9 M in pentanes) o
/@)J\Nfipr THF, - 78 °C, 20 min ﬁ)LN»’Pr THF, - 78 °C, 20 min ﬁ)LN’IPr
_ Pr 2 TMSCI (3.8 iPr 2. TIPSCI (3.8 eq) iPr
Me,Si s OC,(1_5 eq) ' -78°C,1.5h H
3. MeOH quench 3. MeOH quench
3.105 3.104 3.104a
(94 %) (87 %) (98 %)

Scheme 89: Protocol for silylation of cubane towards the synthesis of trimethylsilyl cubyl
ketones 3.91g.

164



For our own knowledge we repeated the reaction with the bulkier silylation agent
triisopropylsilyl chloride (TIPSCL, 4 eq). Unfortunately, the only cubyl species isolated
was cubyl diisopropyl amide 3.104a in 98 % yield, formed by the lithiated cubyl species
of 3.104 being quenched with methanol (Scheme 89). Having synthesised 3.105, we
next sought to remove the diisopropylamide group which in essence acted as a
protecting group (Scheme 90). The diisopropylamide 3.105 was converted to the
carboxylic acid 3.107 using an established two-step protocol reported by Lukin and
Eaton.?”® In the first step the amide 3.105 was reduced to amine 3.106 in a yield of 97 %,
by refluxing the amide (1 eq) with lithium aluminium hydride (1.5 eq) for 1 hour. In the
next step the crude amine 3.106 (1 eq) was dissolved in acetone and heated to reflux.
Potassium permanganate (4.5 eq) in H,O:acetone (1:5 ratio) was slowly added to the
refluxing solution until the mixture remained a deep purple colour, indicating the
presence of excess potassium permanganate in the reaction. After an acid/base work

up, the carboxylic 3.107 was isolated in 88 % yield.

0 , o]
1)
i LiAlH, (1.5 e ZPr KMnQO, (2.9 eq)
/@AN’ L/ or
',- THF, 0 °C — 66 °C i r cetone
Me;Si Pr 1h MesSi Hz0,56 °C  Me,Si

10 min

3.105 3.106 3.107

(2.2 mmol) (97 %) (88 %)

1. oxalyl chloride (1.2 eq)
DMF (10 mol %)

DCM, rt, 1 h

2. N,O-dimethylhydroxylamine
hydrochloride

(1.4 eq)
NEt; (2.5 eq)
DCM, 1 h, rt
@) iPrMgCil 0O
(3eq,2Min THF) OMe
- N~
_ THF, 0 °C — rt _ |
Me3Si 35h MesSi
3.91g 3.108
(75 %) (60 %)

Scheme 90: Final steps in the synthesis towards 3.91g for our study on the migratory aptitude of
cubane (Section 3.2.3.2, Table 30).

The final steps in the synthesis included converting the carboxylic acid 3.107 to the

Weinreb amide via an acid chloride (60 % yield), which was subsequently treated with
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the Grignard isopropyl magnesium chloride to afford the trimethylsilyl substituted cubyl

ketone 3.91g (75 % yield). Overall, trimethylsilyl substituted cubyl j-propyl ketone

(3.91g) was synthesised in 8-steps in a yield of 25 %.

3.3.2.2 Mono-substituted BV substrate (3.91h):

The synthesis of 3.91h commenced by converting 4-methoxycarbonylcubanecarboxylic

acid 2.8 to the Weinreb amide 2.12 in 4 steps (30 % overall yield,). The details of this

were previously discussed in Section 2.2.1.2.2, with an overview of the conditions

displayed in Scheme 91.

0 1. oxalyl chloride (1.2 eq) le} Hantzsch ester (1.5 equiv)
DMF (10 mol %) (Ir[dF(CF3)ppylo(dtbpy))PFg
OMe DCM,rt,1.5h o OMe (1 mol%)
HO 2. N-hydroxyphthalimide B DCM (0.1 M)
(1.2 eq) Blue LED Light
O NEt; (2.5 eq) o o 1,5 h
DCM, 2 h, rt
2.8 2.9
(7.3 mmol) (94 %)
Y
1. oxalyl chloride (1.2 eq)
0 DMF (10 mol %) L|OH H,0
N = OMe
| 2. N,O- dlmethylhydroxylamlne THF/MeOH/HgO
hydrochloride (1.6 eq) rt3 ?6131
212 NEls (3.2 eq) 2.1 2.10
(55 %) e (81 %) (70 %)

PrMgCl (3 eq, 2 M in THF)
THF,0°C - 11,35 h

0]

3.91h
(87 %)

Scheme 91: Synthesis of 3.91h for our study on the migratory aptitude of cubane (Section

3.3.3.2, Table 30).

In the final step, an excess of the Grignard isopropyl magnesium chloride (3eq, 2 M in

THF) was added to a solution of Weinreb amide 2.12 in THF at 0 °C, after 3.5 hours we

observed full consumption of the starting material by TLC. Purification of the crude

product mixture by silica gel column chromatography gave the final product cubyl

isopropyl ketone 3.91h in 67 %, with an overall yield of 20 % over 5 steps.
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3.3.2.3 Alkyl substituted BV substrate (3.91i):

When considering synthetic routes towards 3.91i, we opted to follow the retrosynthetic
analysis described in Scheme 92a. The methylation of cubylmethanol 3.109 was
unknown in the literature, although recently, the Linclau group had reported the
benzylation of 3.109 by the addition of NaH (2 eq) and benzyl bromide (1.5 eq), which
provided the product 3.110b in 29 % yield (Scheme 92c)."®* Furthermore, based on our
group’s previous work on the alkylation of alcohol 3.109 with 2-
(bromomethyl)naphthalene, we were aware that using the base NaH to deprotonate the
alcohol would also lead to the hydrolysis of the methyl ester moiety in 3.109. However,
given that carboxylic acid 3.110 was the next target in our synthetic sequence we were
not concerned about this side reaction and thus chose to proceed with the

retrosynthetic route.

A) Retrosynthetic analysis

(o]
(0] (0] (0]
OMe
= OH = oMe = 5
MeO MeO HO
0]

3.91i 3.110 3.109 2.8

B) Alkylation of 3.109 - Tredwell group.?  C) Benzylation of 3.109 - Linclau group.'®

1. NaH (1.6 eq)
0 -15°C > 1t o} NaH (2 eq) o

. benzyl bromide
THF, 30 min
OR <=—mmm OMe ﬂ» OMe
NAPO 2 HO THF, 1, 18h  Bno
O
3.110a (2eq) 3.109 3.110b

R = Me (31 %) (29 %)
R=H (19 %) 'BuNI (5 mol %)
THF, i, 18 h

Scheme 92: Retrosynthetic analysis of the alkyl substituted cubyl ketone 3.91i and reported
protocols for the alkylation and benzylation of cubylmethanols.

@ Unreported work by Annika Burget, Tredwell group.

To begin with the carboxylic acid in 2.8 was selectively reduced using borane dimethyl
sulfide (1.7 eq, 1 M in 2-MeTHF), affording alcohol 3.109 in 96 % yield after 4.5 hours at
room temperature (Scheme 93). When treating 3.109 (1 eq) with NaH (2 eq, 60 %
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dispersion in mineral oil) followed by the addition of methyl iodide (3 eq) at room
temperature for 6 hours, as predicted a mixture of products were formed. After
purification of the crude mixture by silica gel column chromatography, 3.110 (16 %) and
3.111 (26 %) were isolated, along with recovered starting material 3.109 (7 %). During
the purification process there were several unknown side products eluting with
fractions of both 3.110 and 3.111, which likely contributed to the poor isolated yields of
these products. However, based on the quantity of 3.110 and 3.111 isolated we believed
we had sufficient material to reach the end of our synthetic sequence, therefore, we did

not attempt to re-purify the contaminated fractions containing 3.110 and 3.111.

0 BH5;-DMS 1. NaH
(1.7eq, 1M THF

OMe in2- Me THF) °C -t

HO THF, 0 oc -t ho 2Mel v@)J\OMe -

o 45h THF

0°C—rt

2.8 3.109 3.110 LiOH-H,0 (2.5 eq)
(2.42 mmol) (96 %) (16 %) THF/MeOH/H,0O
(3:3:1),rt,16 h
+ (59 % yield)

1. oxalyl chloride (1.7 eq)
O DMF (10 mol %)

.OMe __DCM,rt,1.5h <
N
MeO | 2 N,O- dlmethylhydroxylamlne
iPrMgClI hydrochloride (1.7 eq)

(3 eq, 2 M in THF) Nt (3.4 )
THF, 0°C — rt 3.112 et 3.111
25h (55 %) (26 %)
o]
MeOV@/UW/
3.91i

(74 %)

Scheme 93: Synthesis of 3.91i for our study on the migratory aptitude of cubane (Section
3.2.3.2, Table 30).

The ester moiety in intermediate 3.110 was then subjected to our standard hydrolysis
protocol, using lithium hydroxide (2.5 eq) in THF:MeOH:H,0 (3:3:1 ratio, 0.34 M) at room
temperature, yielding pure carboxylic acid 3.111 after workup (Scheme 93). The
carboxylic acid 3.111 from the hydrolysis reaction was combined with the carboxylic
acid 3.111 from the ether synthesis, resulting in an overall yield of 36 % over two-steps.

Next, the carboxylic acid 3.111 was converted into the Weinreb amide in a moderate
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yield of 55 %, by using our usual protocol via the acid chloride followed by the addition
of the amine N,O-dimethylhydroxylamine hydrochloride. Subsequent addition of
isopropylmagnesium chloride (3 eq, 2 M in THF) to a solution of the Weinreb amide
3.112 (1 eq) gave the final product 3.91i in 74 % yield. Overall, the alkyl substituted

cubyl ketone 3.91i was synthesised in 5-steps in ayield of 14 % (Scheme 93).

3.3.2.4 Amide substituted BV substrate (3.91j):

The synthesis of 3.91j began with the formation on an acyl chloride, by treating 2.8 (1
eq) with oxalyl chloride (1.7 eq, 2 Min DCM and DMF (10 mol %) at room temperature.
After 1.5 hours, 2.5 equivalents of diisopropylamine was added to the reaction mixture
to afford the amide 3.113in 95 % yield (Scheme 94). Intermediate 3.113 was subjected
to hydrolysis conditions using 1.1 equivalents of lithium hydroxide in THF:MeOH:H,0O
(3:3:1 ratio, 0.34 M) at room temperature, providing the desired product 3.114 in a good

yield of 88 %. Importantly, under those hydrolysis conditions the bulky diisopropylamide

remained intact.

1. oxalyl chloride (1.7 eq) (0]
DMF (10 mol %)
DCM, rt, 1.5 h OMe
2. diisopropylamine HO
(2.5 eq)
DCM, 4.5 h, rt (6}
2.8
(1.45 mmol)
. o
) LiOH-H,0
) (1.1 eq) i
iPr OMe - Pr oH
N THF/MeOH/H,0 ipp N
Pr (3:3:1), 11,4 h 5
o
3.114 1. oxalyl chloride (1.7 eq)
3.113 (88 %) DMF (10 mol %)
(95 %) DCM, rt, 1.5 h _
. HATU (1.2 eq), DIPEA (3.4 eq) 2. N,O-dlmethylhydroxylamlne
N,O-dimethylhydroxylamine hydrochloride (1.2 eq) hydrochloride(1.7 eq)
DMF, rt, 2h ggtl\gﬂ(?az.tec:)
) , I
o} O
PrMgCl OMe (13 % yield)
.iPr B (3eq,2Min THF) I,'Pr ,T]'
P THF, 0 °C - 1t ipp
© e ° 3.115
3.91j -
(47 %) (80 %)

Scheme 94: Synthesis of 3.91j for our study on the migratory aptitude of cubane (Section
3.2.3.2, Table 30).
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Initially, we attempted to synthesise the Weinreb amide 3.115 via the acid chloride,
again using the combination of oxalyl chloride and DMF. However, we observed
significant decomposition in the crude product NMR, with the desired product 3.115
isolated in a poor yield of 13 % after silica gel column chromatography. Eaton et al have
also reported the same issue when using thionyl chloride in the presence of cubyl
diisopropylamides, but mentioned decomposition can be avoided using an excess of
TMEDA in the acid chloride formation step.?’® Instead of repeating the reaction with
TMEDA, we opted to use the coupling agent HATU (1.2 eq) in the presence of DIPEA (3.4
eq) and N,0O-dimethylhydroxylamine hydrochloride (1.2 eq) for the amide bond
formation, which gave 3.115 in a much improved yield of 80 %. Finally, the addition of 3
equivalents of the Grignard reagent isopropylmagnesium chloride (2 M in THF) to the
Weinreb amide 3.115 gave the ketone 3.91j in a moderate yield of 47 % after silica gel
column chromatography. In total, the amide-substituted cubyl ketone 3.91j was

synthesised over 4-steps in an overall yield of 32 % (Scheme 94).

3.3.2.5 Bromo substituted BV substrate (3.91k):

The bromodecarboxylation of 2.8 was achieved following a procedure reported by
Watanabe and co-workers.?”” A solution of 2.8 (1 eq), (diacetoxyiodo)benzene (1.5 eq)
and potassium bromide (1.8 eq) in DCM under air was irradiated with the standard
fluorescent light fittings located in the fume hood. After 24 hours at room temperature
the crude product mixture was purified by silica gel column chromatography to afford
the bromide 3.116 in 48 % yield, which was consistent with the reported literature yield
of 53 % (Scheme 95).?”” The subsequent steps to afford the bromo substituted cubyl
ketone 3.91k for our BV studies proceeded with no issues, using the standard
conditions previously discussed to install the isopropyl ketone group. Overall, 3.91k

was synthesised in 4 steps in a total yield of 19 %.
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0 (Diacetoxyiodo)benzene

(1.5 eq) 0 LiOH-H,0O (0]
OMe KBr (1.8 eq) (2.5 eq)
> OMe —» OH
HO DCM, rt, air THF/MeOH/H,0
fluorescent light Br (8:3:1) Br
rt, 16 h

2.8 3.116 3.117
(48 %) (93 %)

1. oxalyl chloride (1.7 eq)
DMF (10 mol %)

DCM, rt, 1.5 h

2. N,O-dimethylhydroxylamine
hydrochloride(1.6 eq)

NEt; (3.2 eq)
DCM, 2.5 h, rt
Y
(0] iPrMgCl (0]
(3 eqg, 2 Min THF) OMe
- N~
THF, 0°C — rt ‘
Br 15h Br

3.91k 3.118
(68 %) (62 %)

Scheme 95: Synthesis of 3.91k for our study on the migratory aptitude of cubane (Section
3.2.3.2, Table 30).

3.3.2.6 Fluoro substituted BV substrate (3.911):

Della and Head were the first to synthesise 4-fluorocubane-1-carboxylate 3.119 by
using the fluorinating reagent xenon difluoride (1.5 eq) (Scheme 96a-b).?’® Two
methodologies were described: (1) the fluorodecarboxylation of the carboxylic acid 2.8
to give 3.119 in DCM at room temperature overnight (Scheme 96a) or (2) the
fluorodeiodination of iodo 3.99 to give 3.119 in DCM at reflux for 6.5 hours (Scheme
96b).?’% In both examples the fluoride product was contaminated with chloro-cubane
3.120, a result of the cubyl cation abstracting a chloride atom from the DCM solvent. In
addition, for the fluorodecarboxylation of the carboxylic acid 2.8 a significant quantity of
methyl-cubanecarboxylate 2.10 was observed by GC/MS analysis (Scheme 96a). In a
subsequent study Della and Head reported that yield for the fluorodeiodination of 3.99
to afford 3.119 could be increased to 80 %, by performing the fluorination reactionin a
sealed vessel at an elevated temperature of 70 - 80 °C."*° For this improved procedure
the authors did not comment on whether the chloro contaminant 3.120 was formed
under these conditions, although, we suspect it did as shortly after Della et al published

a new method that replaced the chlorinated solvent DCM for hexane.'® Thus,
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preventing the formation of the chloro contaminant 3.120 during the fluorodeiodination

reaction (Scheme 96c¢).'%¢

A) Fluorodecarboxylation - Della and Head. 28

0]

0 o} o
OMe XeF5(1.5equiv) ﬁ)LOMe MOMe OMe
HO DCM (0.1 M)
r, 18 h F H Cl
o)
2.8 3.119 2.10 3.120

After purification: 3.119 : 2.10 : 3.120 in aratioof 12:3 : 1
(determined by GC/MS)

B) Fluorodeiodination in DCM - Della & head.?”® C) Fluorodeiodination in hexane - Della et al.'®®

o} O
XeF2 (1.5 equiv) OMe XeF5 (4.5 equiv) OMe
—_—
DCM (0.15 M) hexane (0.15 M)
reflux 65h | reflux, 5h ~ F

3.120 3.119 3.99 3.119
(Trace quantity) (58 %) (59 %)

Scheme 96: Literature repots for the synthesis of fluorocubanes.

Based on the existing literature towards the synthesis of fluorocubanes, we opted to
begin with the fluorination of the cubyl iodide 3.99 with xenon difluoride in hexane. We
choose to use the cubyliodide 3.99 over the carboxylic acid 2.8, as we anticipated that
2.8 would not be soluble in hexane even at elevated temperatures. Unfortunately, in
contrast to the success Della et al reported, in our hands the fluorination was largely
unsuccessful in hexane. We found the addition of xenon difluoride (1.5 eq) to a solution
of iodide 3.99 (1 eq, 0.5 mmol) in hexane (0.15 M) at room temperature (behind a blast
shield) resulted in only 15 % conversion of the iodo 3.99 to fluoride 3.119 after 6 hours
at reflux (determined by '"H NMR, Scheme 97). As expected, separation of the desired
fluoride product from the iodide starting material would be extremely challenging by
silica gel column chromatography, therefore, no attempt to isolate 3.119 was made on

this occasion as the yield for the reaction was too low.
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o (@] (6]
OMe DIH (1.2 eq) OMe XeF, (1.5 equiv) OMe
-
HO DCE, Blue LED Hexane, 70 °C .
o 84°C,5h I 6h

2.8 3.99 3.119
(4.9 mmol) (85 %) 15 % conversion

XeF, (1.5 equiv)

DCM, 40 °C
4-6h
o o) o
/@A"Me . ﬁ*we . ﬁ*we
F cl |
3.19 3.120 3.99

Before purification: 3.119 : 3.120 : 3.99 in aratioof 4 : 1 : 1

After purification: 3.119 : 3.120 : 3.99 in aratioof 13: 1 : 1
(38 % yield)

Scheme 97: Fluorodeiodination of 3.99 using xenon difluoride in hexane and DCM.

With hexane not being a suitable solvent, we had no option but to attempt the
fluorination of the cubyl iodide 3.99 in the chlorinated solvent DCM, knowing the
chlorinated cubane by-product 3.120 would make the purification of the fluorinated
product even more challenging. Subjecting the iodide 3.99 (1 eq, 0.5 mmol) to xenon
difluoride (1.5 eq) in DCM (0.15 M) for 4 hours at reflux resulted in a 4:1:1 ratio of 3.119:
3.120: 3.99 in the crude mixture (Scheme 97). By 'H NMR analysis we were able
determine the ratio each cubyl species by comparing the chemical shifts of the cubane
multiplets to authentic samples of 3.120 and 3.99 we had previously synthesised
(Figure 33), in addition to the "H NMR data reported by Della and Head for fluoride
3.119.%78
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"H NMR (400 MHz, CDCly)
Cubane CH peaks in compound 3.120

(o}

ﬁ)LOMe
ks

3.120

Cl

"H NMR (400 MHz, CDCl,)
Cubane CH peaks in compound
3.99

OMe

3.99

"H NMR (400 MHz, CDCl,)
Fluorodeiodination crude mixture

(o}

T T T T T T T T T T T
450 445 4.40 435 430 425 420 415 410 405 400
1 (ppm)

Figure 33: Stacked 'H NMR spectra of crude mixture containing fluorocubane 3.119 (highlighted
in yellow).

Due to safety concerns with using large quantities of xenon difluoride, the fluorination in
DCM was repeated in an additional 4 batches, each using 0.5 mmol of cubyliodide 3.99
(Scheme 97). The reaction time was also increased to 6 hours to try and enhance the
consumption of the iodide starting material 3.99. The crude product from each batch
was combined and 'H NMR analysis revealed the ratio of 3.119 : 3.120 : 3.99 remained
the same (4:1:1), despite increasing the reaction time from 4 to 6 hours. Pleasingly, after
one challenging round of purification via silica gel column chromatography the ratio of
3.119:3.120: 3.99 was improved to 13:1:1 in ayield of 38 % (Figure 34), albeit lower

than the reported literature yield of 58 % under similar conditions (Scheme 96b).278
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After purification: 3.119 : 3.120 : 3.99 in aratioof 13:1: 1

o

F
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29
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38 % yield
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Figure 34: '"H NMR of 3.119: 3.120 : 3.99 in a ratio of 13:1:1 after purification by silica gel
column chromatography.

Despite Della and Head reporting the synthesis of 3.119 over 30 years ago, to the best of
our knowledge the literature does not contain '°F NMR data of any fluorocubane
species.?’® We can report that in the "*F{'"H}NMR (471 MHz, CDCl;) of 4-fluorocubane-1-
carboxylate 3.119, a singlet at -140.36 ppm was observed (see appendix for '°F NMR

spectrum).

At this stage, we decided to use the halogen mixture in the next step of the synthesis,
with the thought that purification may be easier on a different substrate later in the
synthetic sequence (Scheme 98). Continuing with the synthetic sequence, the 13:1:1
mixture of 3.119 : 3.120 : 3.99 was hydrolysed with lithium hydroxide (2.5 eq) in
THF:MeOH:H,0 (3:3:1 ratio, 0.34 M) at room temperature, affording 3.121 in 94 % yield.
As a result of the crude product not requiring purification by silica gel column
chromatography the ratio of halo contaminants remained unchanged (13:1:1 ratio of

fluoro : chloro : iodo determined by "H NMR). Employing the peptide coupling reagent
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HATU (1.2 eq) in the presence of DIPEA (3.5 eq) and N,O-dimethylhydroxylamine
hydrochloride (1.2 eq) in DMF, the carboxylic acid moiety in 3.121 was converted into
the Weinreb amide 3.122 within 2 hours at room temperature. One round of purification
by silica gel column chromatography gave 3.122 in 62 % yield, with an improved ratio of

the fluoro : chloro : iodo products to 59:4:1 respectively.

HATU (1.2 eq), DIPEA (3.5 eq) o

0 LIOH+H,0 © N,O-dimethylhydroxyl- ou
/@)J\OMe (2.5 eq) . MOH amine hydrochloride (1.2 eq) N /@)J\T e
THF/MeOH/H,O DMF, rt, 2h F

F (3:3:1) F
rt, 16 h
3.119 3.121 3.122
Note: 9% = Chloro (94 %) (62 %)
6% = lodo Note: 9% = Chloro Note: 6% = Chloro

6% = lodo 2% = lodo

PrMgCl (3 eq, 2 M in THF)
THF, 0°C — rt
2h

o

FY

F

3.911
(75 %)
Note: 6% = Chloro
0% = lodo

Scheme 98: Continued synthesis of 3.91L for our study on the migratory aptitude of cubane
(Section 3.2.3.2, Table 30).

Finally, the Weinreb amide 3.122 (1 eq) was treated with isopropylmagnesium chloride
(83eq,2MinTHF) in THF at room temperature for 2 hours, followed by one round of silica
gel column chromatography to afford the final product 3.91lin 75 % yield (14:1 of
fluoro:chloro). During the purification, we were able to completely remove the iodo
impurity, although the ratio of the fluoro:chloro remained largely unchanged. The
difficulty associated with removing the chloro cubane impurity highlights the
importance of finding an alternative solvent for the fluorination reaction, although, more
importantly the development of a novel fluorination method compatible to cubane.
Overall, we were able to successfully synthesise fluoro substituted cubyl ketone 3.91lin

17 % yield over 5 steps, with 3.911 having a purity of 94 % (determined by "H NMR).
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3.4 Summary

To summarise this chapter has focused on examining the Baeyer-Villiger oxidation of
cubyl ketones as a method to acquire cubyl esters, which we propose could act as a
useful synthetic building block to access cubanols. At the start of this chapter, we
identified that cubanol 3.3 could be an important synthetic intermediate towards the
cubyl tamoxifen 1.19 (Scheme 99). With a method for the Baeyer-Villiger oxidation of
cubyl ketones now established, the next chapter will focus on the method development

for the transformation of the cubyl esters to cubanols via a hydrolysis reaction.

O (0] organolithium
HWE addition ~ Br
| P— | p— \@\ lll
/\/
! 0 > N (0] ~

1.19 3.1 3.2
l alkylation“
| Br Baeyer-
O ‘ | Villiger pr o hydrolysis Br
O/\/ N N R D e— \@ )J\ D —
0 O R OH

-Tamoxifen
@ (1.1) 3.5 3.4 3.3

Scheme 99: Retrosynthetic analysis towards cubyl tamoxifen 1.19, incorporating the Baeyer-
Villiger oxidation of cubyl ketones (Chapter 3) followed by hydrolysis of the resulting cubyl esters
to afford cubanols (Chapter 4).
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Chapter 4 Cubanol

4.1 Introduction

The recent interest around strained hydrocarbon cages, such as 1,4-substituted
cubanes acting as bioisosteres for para-substituted phenyl rings, has driven the
advancement of novel chemical methods to incorporate these strained scaffolds into
complex molecules. Despite phenols being commonly found in pharmaceuticals and
natural products, literature reports on the synthesis of cubanols are limited and their

stability and synthetic utility as intermediates are inconclusive (Figure 35). 112 167,169,189,

190, 279

A. Phenol motif in natural products and pharmaceuticals.

OH
0 OH
HO N O o /@/
OH
NH, O A N
HO H
OH

Tyrosine Resveratrol Paracetamol

B. Phenol verses cubanol.’#

@OH <}OH cubanols unexplored as phenol bioisosteres
requires general method for cubanol synthesis
o ~ = chemical stability of cubanol unclear

2.80 A 272A
Ph cuB

Figure 35: Cubanol as a phenol bioisostere.

Eaton and Zhou reported that cubanols could be accessed by the reduction of cubyl
acetates using DIBAL at -70 °C (Scheme 100a).'®® The crude mixture was then directly
treated with methanesulfonyl chloride in the presence of triethylamine at - 20 °C to
afford the mesylate 3.88a and 3.88b in 80 % and 67 % yield respectively.'®®
Unfortunately, Eaton and Zhou omitted experimental information and analytical data for

the DIBAL reduction and subsequent mesylate formation.
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A. DIBAL reduction of cubyl acetate - Eaton and Zhou.'®®

1. DIBAL,

@/ <~ Toluene, - 70 °C . ﬁ MeSO,Cl, NEtz _

MesX 2. H,0 MesX DCM,-20°C  pgx
3.7aM=Si 3.87 3.88a (80 %)
3.7b M = Sn 3.88b (67 %)

B. Acid and base catalysed hydrolysis of homocubyl acetates - Klunder and Zwanenburg.'”- 168

HCI (0.001 M Br
4 \/j NaOMe (0.2 M) ﬁ j __inEtOH _ ) ﬁoj

MeOH rt, 1 h reflux 3h

(95 %) (1.6 mmol) (87 %)

167

C. Deamination - Klunder and Zwanenburg. D. Deamination - Della and head.'

ﬁ/ NaNO, (11 eq.) ﬁ ; ﬁ NaNO, (15 eq.) ﬁ
HCl (ag. 1.4 M) 5 HCl (ag. 1.4 M)
0°C.3h Br F t, 16 h F
4.4a a5a | 4.4b 4.5b
(60%) | (27 %)

Br

Scheme 100: Synthetic routes to cubyl and homocubyl alcohols.

Unlike Eaton and Zhou, Klunder and Zwanenburg provided a detailed experimental
section for their work on the synthesis of cubanols and homocubanols (a ring expanded
analogue of cubane).’®” %8 The synthesis of homocubyl alcohol 4.2 was achieved by
acid catalysed hydrolysis of the homocubyl acetate 4.1 in refluxing 0.001 M HClin
ethanol for 3 hours (87 % yield, Scheme 100b)."®” Conversely, the treatment of 4.1 with
sodium methoxide (0.2 M) in methanol at room temperature for 1 hour led to the
rearrangement of the polycyclic system, affording ketone 4.3 in a 95 % yield.'®® Based on
these two experiments, Klunder and Zwanenburg suggested to avoid decomposition of
the homocubyl alcohol only acidic conditions should be employed. Despite the acid
catalysed hydrolysis method affording the homocubanol in a yield of 87 %, Klunder and
Zwanenburg did not indicate whether this protocol could be applied to cubyl acetates to
yield cubanols. Instead, the authors synthesised the cubyl alcohol 4.5a via a diazonium
salt, implying the acid catalysed hydrolysis of cubyl acetates could be more challenging

than homocubyl acetates (Scheme 100c)."®” Klunder and Zwanenburg reported that
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treating cubyl amine 4.4a (1 eq) with NaNO, (1.1 eq) in dilute aqueous HCL (5 %) at 0 °C
for 3 hours gave 4.5a in 60 % yield, with decomposition of the product only observed at
temperatures exceeding 100 °C."®” Under similar conditions Della and Head reported
the deamination of the amine 4.4b only gave 4-fluorocubanolin 27 % yield (Scheme
100d)."*° The poor isolated yield for 4.5b could be attributed to Della and Head leaving
the reaction at room temperature for a prolonged period of time (16 hours), which may

have promoted some decomposition of the cubanol product.

f\‘C:
ﬁ /ﬁ
QC H3C HSC

4.5¢ 4.6 4.7

Scheme 101: Cubane ring-opening by homoketonisation - Eaton."®

In a review published by Eaton on advances in cubane chemistry, the stability of
cubanol was briefly discussed. Eaton reported that cubanols can be fragile, stating they
can be isolated but are susceptible to ring opening by homoketonisation and
rearranging to vinylcyclobutenylketene (4.7) (Scheme 101).'% In addition to these
synthetic methodologies, there are several enzymatic literature reports towards
cubanols. Enzymatic approaches for the C-H oxidations of the cubane core to yield
cubanols were previously discussed in Chapter 1, Section 1.2.2.2.4, with an example

included in Table 33.™"

Table 33: Enzymatic oxidation of methylcubane.”'

enzymatic
CHs ___ oxidation ﬂ OH
ﬂ 37 °C 30 min OH

3

1.14 1.14a 1.14b 1.14c 1.14d
Yield® / %
1.14a 1.14b 1.14c 1.14d
Rat CYP2B1 62 12 19 7
Rat CYP2B4 88 4 1 7
Rat CYP2E1 55 13 16 10

@ The percentage yields represent product distribution not isolated yields. Overall yield was not reported.
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Overall, all the enzymatic approaches currently reported for the synthesis of cubanol
are generally low yielding, on biological scale and reported poor regioselectivity.’ " 12
27% Similar to the synthetic methodologies, no reference to the cubanols stability were

made in any of the studies.

As a result of the limited reports on cubanols in general, we became interested in
developing a general method towards cubanols to evaluate their suitability as useful
synthetic intermediate and a potential (bio)isostere for phenol. We envisaged that a
useful transformation for the esters formed in our BV rearrangements, in the cases
where cubane migrated, would be their conversion into cubanols (Scheme 102a). Once
a reliable method for accessing cubanols has been developed, the synthesis and
alkylation of cubanol 3.3, using 2-chloro-N,N’-dimethylethylamine as the alkylating
agent, would be of considerable interest to us. As this transformation could provide a
route to prepare the most challenging cubyl analogue of the oncology drug (2)-

tamoxifen 1.19 (Scheme 102b).

A. Two-step protocol to prepare cubanols from cubyl ketones/aldehyde.

(0] Baeyer-Villiger
oxidation O\H/R hydrolysis
Sl 57 e 7

4.8 4.9 4.5d

OH

B. Synthesis cubyl-tamoxifen 1.19.

O (0] organolithium

| HWE addition ! |
— —

| \@ ~_N

O, o~ o

1.19 3.1 3.2
! alkylation“
| Br Baeyer-
| Villiger Br o hydrolysis Br
oM e— QI =
o O R OH
(2)-Tamoxifen
35 3.4 3.3

Scheme 102: Proposed synthetic approach towards cubanols and its derivatisation into cubyl-
tamoxifen 1.19.
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4.2. Result and discussion

The work described in this chapter has been published.??

4.2.1 Hydrolysis optimisation

The conversion of cubyl esters into cubanols has only been reported by Eaton and Zhou,
by a DIBAL reduction (Scheme 100a).'® Therefore, based on the literature we elected to
begin our cubanol studies with the DIBAL reduction of cubyl ester 4.10 (where R = Ph),
prepared via a Bayer-Villiger oxidation (Chapter 3). In our hands we found no reduction
took place when treating ester 4.10 (1 eq) in THF with DIBAL (1.1 eq, 1 M in toluene) at -
78 °C for 2 hours. Instead, the starting material was fully recovered (Table 34, entry 1).
When performing the reaction at room temperature under similar reaction conditions,
the only identifiable compound in the crude '"H NMR was the starting material 4.10, with
the presence of numerous signals that presumably belonged to decomposition
products (entry 2). The fact decomposition sighals were observed made us consider
that cubanol formation under the conditions in entry 2 may have taken place, although
4.11 may have been unstable in the basic reaction conditions at room temperature. Due
to incomplete consumption of ester 4.10 despite performing the DIBAL reduction at
room temperature (entry 2), led us to question whether 4.10 was the best substrate for

this reaction optimisation.

Table 34: Synthesis of cubanol 4.11 under basic conditions.

ﬁO\ﬂ/R Reagent ﬁOH
Ph © Ten;rgiime Ph
4.10 4.11
Entry R Reagent/ Temp/ Time/ Conversion Major products in
equiv °C h of4.10to crude '"H NMR
4.11°/ %
1 Ph DIBAL/ 1.1 -78 2 0 4.10
2 Ph DIBAL/1.1 rt 2 0 4.10 + decomposition
3 H DIBAL/1.5 -78 2 0 decomposition
4 Ph LiAlH,/ 2.0 0 0.25 0 decomposition
5P Ph LIOH /2.5 Rt 24 0 4.10 + decomposition

@ Conversion calculated by integration of relevant peaks in '"H NMR of the crude material. *3:1:1
solvent ratio of THF/MeOH/H-O.
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We decided to revisit the conditions in Table 34 entry 1, but with the sterically less
hindered formate (where R = H) (entry 3). We were pleased to find that the formate was
fully consumed at - 78 °C, demonstrating how much more reactive the cubyl formate
was compared to cubyl benzoate. To our surprise, cubanol 4.11 was not observed in the
crude "H NMR, instead signals belonging to an unidentified side product which was
likely a mixture of cubane ring-opened by-products. Attempts to isolate the side
products by silica gel column chromatography to characterise them were unsuccessful.
In addition to the DIBAL reduction, we also explored a reduction of 4.10 (R = Ph, 1 eq)
with lithium aluminium hydride (2 eq) in THF at 0 °C and a hydrolysis using lithium
hydroxide (2.5 eq) in a solvent system of THF: MeOH:H,O (3:3:1 ratio) (entries 4-5).
Unfortunately, cubanol formation was not observed in both conditions, with peaks only

relating to extensive decomposition visible in the crude product '"H NMR.

Given the lack of success in synthesising cubanol through basic conditions, our next
experiments focused on exploring acidic conditions to promote this transformation and
thus avoiding the potential formation of the unstable deprotonated cubanol . Unlike
Klunder and Zwanenburg, when we refluxed the ester 4.10 (R = Me) with HCl in ethanol
(0.001 M) for 3 hours, we only observed starting material and slight decomposition in
the crude "H NMR (Table 35, entry 1) . Extending the reaction time to 6 hours only
increased decomposition (entry 2). The concentration of HClin ethanol used in entry 1
and entry 2 was very low, therefore we suspected the decomposition was a result of
heating the reaction at 78 °C rather than the concentration of the acid. To our delight,
when running the hydrolysis at room temperature and using a more concentrated
solution of HClin ethanol (1.25 M), 4.10 was fully converted into cubanol 4.11 within 3
hours and no decomposition products were observed by '"H NMR (entry 3). Pleasingly,
the same result occurred when extending the reaction time to 18 hours, demonstrating
that cubanol was stable to the reaction conditions (entry 4). Interestingly, when treating
the ester 4.10 (R = Ph) under the same conditions only 6 % conversion of ester 4.10 to
cubanol 4.11 was observed, which further demonstrated that the cubyl benzoate was a

poor substrate for accessing cubanols (entry 5) .
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Table 35: Synthesis cubanol 4.11 under acidic conditions.

O_R HCl in EtOH OH
/lfji7/ \H/ (0.5 mL, concentration) /)Cfi7/
Ph © >

Temp, time Ph
4.10 4.1
Entry R Conc. of HCl in Temp/ Time/ Conversion Major products in
EtOH/M °C h of4.10 to crude '"H NMR
4.11°/ %
1 Me 0.001 78 3 0 4.10 + decomposition
2 Me 0.001 78 6 0 decomposition
3° Me 1.25 rt 3 100 4.1
4 Me 1.25 rt 18 100 4.1
5 Ph 1.25 rt 18 6 4.10 + 4.11

@ Conversion calculated by integration of relevant peaks in 'H NMR of the crude material.
b Optimised conditions.

Initially inspection of crude "H NMR from the hydrolysis reaction revealed the reaction
proceeded cleanly, with the only impurity present being residual ethanol (Table 35, entry
3-4 and Figure 36 bottom spectrum). When the crude mixture was left under high
vacuum for extensive time periods (5 days), the trace quantities of what we tentatively
assigned as ethanol via 'H and *C NMR analysis remained. Attempts to remove this
impurity using trituration and ethanol azeotropes were unsuccessful. Additionally, 2D-
TLC analysis indicated that the cubanol was unstable to normal phase silica gel column
chromatography, preventing us removing this impurity by this method. Instead, we
discovered this impurity could be removed by a liquid-liquid extraction, using ethyl
acetate and a solution saturated ammonium chloride. Washing the organic layer several
times with the slightly acidic solution over a time frame of 5 minutes resulted in no
decomposition of the cubanol and complete removal of the impurity. It is important to
note, when we used water at pH 7, instead of saturated ammonium chloride, we

observed some decomposition of cubanol 4.11.

NMR analysis of cubanol 4.11 also provided greater insight into its stability. We found
that cubanol 4.11 began to decompose in CDCl; after 1 hour at room temperature (20

°C) via '"H NMR monitoring, shown by the intensity of the cubyl C-H peaks decreasing
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and decomposition peaks increasing over time (Figure 36, top spectrum). From our

optimisation studies we learnt that cubanol was stable in acidic ethanol solution for at

least 18 hours, we therefore believed acetic acid-d; may be a more suitable NMR

solvent. As proposed, we observed no decomposition of cubanol 4.11 in acetic acid-ds;

after 24 hours at room temperature (20 °C) via '"H NMR monitoring (see appendix).

"H NMR of 4.11 after 1 h in CDCl;

OH

/g

4.1

Ph

A

_/

il i

_,_A\/MJ\J‘L Mo,

1L lh WMJJ “.

H NMR of 4.11 after 10 minutes
in CDCly

OH

/g

4.1

Ph

Cubane C-H bonds
highlighted in green

65 6.0 55 5.0
1 (ppm)

45 40 35 3.0 25 20 15 1.0 05 0.0 -05

Figure 36: Decomposition of cubanol 4.11 in NMR solvent CDCl; after 1 hour.

To examine the synthetic utility of this hydrolysis method to generate cubanols, we

originally wanted to apply our BV and hydrolysis protocols towards the synthesis of the

cubyl tamoxifen 1.19. However, due to time constraints associated with the project and

the complexity of that target, we instead opted to test the usefulness of our method by

synthesising cubyl derivatives of resveratrol, a phenol containing biologically active

compound.
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4.2.2 Application to complex molecule synthesis

4.2.2.1 Overview of cubyl-resveratrol

The two cubyl analogues of the biologically active compound resveratrol (4.12) we set
out to synthesise are displayed in Figure 37. In achieving this target, we would
demonstrate that the ester products of the BV rearrangement of cubyl ketones, in which
cubane migrates, are a useful precursor to cubanol a potential phenol bioisostere.
Traditionally, resveratrol can be found in certain plant species and red wines; although,
more recently it has been sold as a nutritional supplement due to its wide range of
biological properties including antioxidant, anticancer, anti-inflammatory and
antiaging.?® However, its use beyond a nutritional supplement has been restricted due
to its poor bioavailability resulting from extensive first-pass metabolism.?° An approach
which is becoming more popular to reduce phenylring related drug metabolism
includes utilising phenyl bioisosteres that could have an improved metabolic stability,
such as cubane. This, in conjunction with the breadth of chemistry needed to
synthesise the two cubyl analogues of resveratrol (4.13a and 4.13b), made us believe
this was an ideal substrate to demonstrate the general applicability of our BV and

hydrolysis protocol.

..........................

Resveratrol Cubyl-resveratrol analogues
HO : HO o’
' Bioisosteric
OH: replacement OH o/

'
~ H m— S ~
H
'

i HO ' HO HO

: 412 : 4.13a 4.13b

..........................

Figure 37: Resveratrol (4.12) and cubyl-resveratrol analogues 4.13a and 4.13b.

Recently, Goh and co-workers synthesised bicyclo[1.1.1]pentane-resveratrol and
evaluated several of its pharmacokinetic properties against the parent aromatic
compound.? In the first instance we opted to follow a similar synthetic strategy. The

retrosynthetic analysis for the two cubyl-resveratrol analogues are outlined in Scheme
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103. The target cubanol 4.13a and 4.13b would be revealed by hydrolysis of the acetate
esterin 4.26a and 4.26b, with this moiety installed in an earlier step by the BV
rearrangement of the cubyl methyl ketone (4.17). Given the ease of access of carbonyl
functionalised cubanes, we planned to prepare the alkene moiety in 4.26a and 4.26b by
a Wittig reaction with the cubyl aldehyde 4.20. The intermediate 4.20 would be
accessed using the same Weinreb amide strategy we previously employed in our
optimisation of the BV reaction. However, as under our optimised BV conditions (m-
CPBA (4 eq), Sc(OTf)s (10 mol%), CHCl; (0.1 M), 50 °C, 6h) both ketones and aldehydes
are expected to rearrange, it would be necessary to introduce a protecting group at the

start of synthetic sequence.
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OR
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0
_ OR __ QOR 5 @JJ\H N v@\
o 5 )LO, BrPhgP oR

Mo

H 4.26aR=H 4.20 4.23a R
Me 4.26b R = Me 4.23b R

[

(@]
\-PG
e Me— [T
e \W
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2.8 4.17

H
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4.13a R
4.13b R

Scheme 103: Retrosynthetic analysis of cubyl-resveratrol analogues 4.13a and 4.13b via the BV
rearrangement of the cubyl methyl ketone 4.17. PG = tert-butyldimethylsilyl protecting group.

4.2.2.2 Synthesis of cubyl-resveratrol

The synthesis commenced with the reduction of the carboxylic acid moiety in the
commercially available material 4-methoxycarbonylcubanecarboxylic acid (2.8). To
ensure the selective reduction of the carboxylic acid over the methyl ester in 2.8, we
opted to reduce 2.8 (1 eq) in THF with borane-dimethyl sulfide (1.7 eq), which gave the
primary alcohol 3.109 in a 98 % yield after 6 hours at room temperature (Scheme 104).

For the protection of the primary alcohol we elected to follow Goh’s approach of
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performing a TBS-protection with tert-butyldimethylsilyl chloride, as we predicted the
stability of the protecting group between bicyclo[1.1.1]pentane and cubane substrates
would be comparable.?®' Protection of the primary alcohol 3.109 (1 eq) with tert-
butyldimethylsilyl chloride (1.2 eq) in the presence of imidazole (2.5 eq) in DCM gave
4.14 in a 92 % yield, after purification by silica gel column chromatography (Scheme
104). With installation of the protecting group complete, the focus was now switched to
the opposite side of the cubyl framework, synthesis of the methyl ketone moiety in 4.17.
The first step towards this goal was the hydrolysis of the methyl esterin 4.14 (1 eq) using
lithium hydroxide in a solution of THF:MeOH:H,0 (0.5 M, ratio of 3:3:1), which gave rise
to the carboxylic acid 4.15 in a yield of 93 %, after only 3 hours at room temperature. As
the TBS protecting group is suspectable to cleave under acidic conditions, we chose to
avoid synthesising the Weinreb amide via the acid chloride. Instead, we opted to access

the Weinreb amide through a peptide coupling reaction.

o BH,-DMS
(1.7eq, 1M OH imidazole (2.5 eq)
OH in2-Me-THF) MeO TBSCI (1.2 eq) OTBS
—_— e NS
M
MeO THF, 0 °C — rt DCM. rt. 3 h €0
o 6h o o
2.8 3.109 414
(7.27 mmol) (98 %) (92 %)

THF/MeOH/H,O

LiOH-H,0 (1.1 eq)
(3:3:1), 11,3 h

HATU (1.2 eq), DIPEA (3.5 eq)

N,O-dimethylhydroxyl-
lll\[ﬁ/\OTBS amine hydrochloride (1.3 eq) HO\[(@/\OTBS
MeMgBr (2 eq, - ~
95 (20, MeO DMF, t, 1.5 h

1 Min THF)
THF, 0 °C — rt © ©
15 min 4.16 4.15

(89 %) (93 %)
\‘(@/\OTBS

o

417
(88 %)

Scheme 104: Synthetic sequence towards precursor 4.17 for the BV rearrangement step.

TBS = tert-butyldimethylsilyl.

Treatment of carboxylic acid 4.15 (1 eq) with HATU (1.2), N,N-diisopropylethylamine (3.5
eq) and N,0O-dimethylhydroxylamine hydrochloride (1.3 eq) in DMF at room temperature
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provided the Weinreb amide 4.16 in an excellent yield of 89 %, after purification by silica
gel column chromatography (Scheme 104). The cubyl methyl ketone 4.17 was then
prepared by the addition of the commercially available Grignard reagent
methylmagnesium bromide (2 eq, 1 M in THF) to a solution of the Weinreb amide 4.16 (1
eq) in THF, with full consumption of starting material observed by TLC analysis within 15
minutes at room temperature. The reaction mixture was quenched with a saturated
aqueous solution of ammonium chloride and purified by silica gel column

chromatography, affording the cubyl methyl ketone 4.17 in 88 % yield.

When submitting the ketone 4.17 under our optimised BV reaction conditions (m-CPBA
(4 eq), Sc(OTf); (10 mol%), CHCl; (0.1 M), 50 °C, 6 h) we observed by TLC analysis that
the ketone was fully consumed within 3 hours, although more than one product was
formed (Scheme 105, conditions A). Purification of by silica gel column chromatography
allowed us to isolate two main compounds: (1) the desired product4.18 ina 23 %
isolated yield and (2) the deprotected alcohol 4.19 in a 35 % isolated yield. At first, we
believed the low mass balance for this reaction might be attributed to the in-situ
cleavage of the TBS-protecting group forming the cubyl methyl alcohol 4.19, which has
been reported to be fragile and can rearrange to the homocubyl system with ease
(4.19a, Scheme 105)."% However, of the fractions collected none included the

homocubyl product 4.19a.

..................

OTBS  m-CPBA (4 eq) : OH !
\(@A Sc(OThs (10mol %) O /@AOTBS 0 ﬁ/\OH . ﬁ/ :
CHCl3, 50°C,3h /U\o /lLo 5 )Lo 5

o] :
417 4.18 4.19 : 4.19a
(23 %) (35 %) t  not detected
m-CPBA (4 eq)
CHCls, 1t, 2 h
1. oxalyl chloride (1.6 eq)
B TBAF (1.3 eq, DMSO (2.8 eq) O
o OTBS 1 Min THF) o] OH  DCM,-78°C,15h
P P 0 H
O THF,it, 1 h o) 2. NEtg (5.6 eq) PR
-78°C — rt, 15 min o)
4.18 4.19 4.20
(96 %) (98 %) (97 %)

Scheme 105: BV rearrangement (A) under our optimised reaction conditions (B) under our
adapted reaction conditions, towards precursor 4.20 for the Wittig reaction.
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To avoid the cleavage of the TBS protecting group we opted to use milder BV reaction
conditions. When treating 4.17 (1 eq) with m-CPBA (4 eq, <77 % purity) in CHCl; (0.1 M)
at room temperature we observed fully consumption of the ketone within 2 hours, with
no cleave of the TBS-protecting group visible by TLC analysis (Scheme 105, conditions
B). After quenching the excess oxidant with aqueous sodium bisulfite and washing the
organic layer with saturated bicarbonate solution, cubyl acetate 4.18 was obtained in a
98 % yield without requiring purification. As expected, the BV rearrangement of 4.17
was regioselective, with only migration of cubane observed by '"H NMR analysis.
Pleasingly, cleavage of the TBS-protecting group in 4.18 (1 eq) with TBAF (1.3 eq, 1 Min
THF) at room temperature cleanly gave the product 4.19 in 1 hour, with a 98 % yield
achieved after purification by silica gel column chromatography. Finally, a Swern
oxidation of the primary alcohol 4.21 (1 eq) using oxalyl chloride (1.6 eq, 2 M in DCM),
DMSO (2.8 eq) in DCM at -78 °C, followed by the addition of triethylamine (5.6 eq) gave

the desired aldehyde 4.20 in a 97 % yield without requiring purification.

Our synthetic strategy outlined earlier in Scheme 103, next required us to synthesise the
two phosphonium salts 4.23a and 4.23b for the proposed Wittig reactions (Scheme
106). For the phosphonium salt 4.23a we began with the bromination of 3,5-
dihydroxybenzyl alcohol (4.21a) via the Appel reaction. Bromination of the primary
alcoholin 4.21a (1 eq) on a 1 mmol scale, when using tetrabromomethane (1.2 eq) and
triphenylphosphine oxide (1.2 eq), allowed desired product 4.22a to be separated from
the by-product triphenylphosphine oxide by silica gel column chromatography.
Unfortunately, when scaling the bromination of 4.21a to 10.7 mmol, the product 4.22a
and triphenylphosphine oxide were inseparable by silica gel column chromatography.
As we suspected the product mixture containing triphenylphosphine oxide as an
impurity would not drastically affect the next step, we directly treated the mixture with
triphenylphosphine (1.4 eq respective to 4.21a) in MeCN under refluxing conditions for
5 hours (Scheme 106). Based on reported protocols towards the synthesis of 4.23a the
salt should have crushed out of solution when the reaction mixture was cooled to 0 °C,
with the precipitate collected by filtration and washed with ice-cold MeCN to remove
impurities. In contrast to the literature 4.23a did not precipitate at 0 °C when we

performed the reaction, despite performing the reaction at a higher concentration. As
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we discovered the product was soluble inice-cold MeCN, we deviated from the
literature purification protocol. We found the phosphonium salt 4.23a could be purified
by trituration with DCM, as the impurities triphenylphosphine and triphenylphosphine
oxide were readily soluble in this solvent compared to 4.23a, which allowed us to

isolate the phosphonium salt in a 24 % yield over the two steps.

CBry (1.2 €q)
H 4 H
© OH PPhs (1.2 eq) © Br PPh; (1.4 eq) HO PPh3Br
THF, rt, 16 h MeCN, 82 °C,5h
OH OH OH
4.21a 4.22a 4.23a
(10.7 mmol) (used without purifcation) (24 % over 2 steps)
1 1LAM,(15eq  Meo MeO
. Ll 4 (1.0 €eq
MeO OMe THF68°C,15h Br PPhy (1.5 eq) PPhoBr
2. PBr3 (1.1 eq) toluene, 110 °C
DCM, 0 °C — rt OMe 19h OMe
OMe
1.5h
4.21b 4.22b 4.23b
(2.54 mmol) (59 % over 2 steps) (78 %)

Scheme 106: Preparation of the phosphonium salts 4.23a-b for the Wittig reactions.

The phosphonium salt 4.23b was synthesised in a similar manner over three steps,
beginning with the commercially available methyl 3,5-dimethoxybenzoate (4.21b)
(Scheme 106). Reduction of the ester 4.21b (1 eq) using lithium aluminium hydride (1.5
eq) in refluxing THF for 1.5 hours gave the primary alcoholin 98 % isolated yield, without
the need for purification by silica gel column chromatography. Bromination of the
alcohol (1 eq) with phosphorous tribromide (1.1 eq) in DCM at room temperature did not
achieve full conversion to the bromide 4.22b after 2 hours. Therefore, the crude was
quickly passed through a short-pad of silica gel to isolate the desired bromide 4.22b in
60 % yield. For the phosphine alkylation of 4.22b, we chose to use toluene instead of
MeCN, with the latter used in the synthesis of the previous phosphonium salt 4.23a.
This decision was based on the bromide 4.22b having good solubility in toluene, with
the expectation that precipitation of the desired product 4.23b would be easierin
toluene compared to the more polar solvent MeCN. When refluxing the bromide 4.22b
(1 eq) with triphenylphosphine (1.5 eq) in toluene, within 30 minutes a white precipitate

began to form. The precipitate was filtered, washed with hexane and dried to give the
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phosphonium salt 4.23b in 78 % yield. Overall, 4.23b was synthesised in 46 % yield over
three steps, a higher overall yield than the over phosphonium salt 4.23a (24 % yield over

two steps).

With both the cubyl aldehyde 4.20 and the phosphonium salts 4.23a and 4.23b in hand,
we next examined the Wittig reaction. To initially test the Wittig reaction, we opted to
use the cubyl aldehyde 4.24 over 4.20, as the former could be prepared quickly in two
steps from the commercially available 4-methoxycarbonylcubanecarboxylic acid (2.8)
compared to the latter which took 7 steps to synthesise and thus was a more valuable
precursor. Following the protocol developed by Goh and co-workers, we prepared our
ylide by treating a solution of the phosphonium salt 4.23b (1.4 eq) in THF with 1.5 eq of
lithium bis(trimethylsilyl)amide (1 M in THF) at -78 °C. After 30 minutes the aldehyde
4.24 (1 eq) was added and warmed to room temperature for 1.5 hours, yielding a 2:3 E/Z
mixture of 4.25 in a 43 % yield after purification by silica gel column chromatography
(Scheme 107). The E/Z ratio was determined by analysis of the coupling constants of the
olefin protons in the '"H NMR spectrum, with the major isomer having a coupling
constant consistent with the geometry of the Z-isomer (}Jy..4» = 11.7 Hz) and the minor

consistent with the E-isomer (3Jua.mp = 15.7 Hz).

O . LIHMDS (1.5 equiv)
M
°0 PPhgBr y THF
-78°C—~»0°C
+ 30 min =
OMe .4.24 MeO
THF, - 78 °C — rt
1.5h OMe
4.23b 4.24 4.25
(1.4 equiv) (0.15 mmol) (43 %)
(E:Z=2:3)
o . LIHMDS (1.5 equiv)
MeO THF
PPhsBr H 278°C = 0 °C
+ 30 min MeO =
> Me
OMe .4.20
THF, - 78 °C — rt
1.5h OMe
4.23b 4.20 4.26b
(1.4 equiv) (0.15 mmol) (4 %)
(E:Z=1:2)

Scheme 107: Outcome of room temperature Wittig reaction for aldehyde 4.24 and 4.20 with

phosphonium salt 4.23b.
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Having established conditions for the Wittig reaction with our test cubyl aldehyde 4.24,
these conditions were then applied to the cubyl aldehyde 4.20 included in our original
retrosynthetic analysis of cubyl-resveratrol (Scheme 105 and 107). When employing the
same conditions for the Wittig reaction using aldehyde 4.20 with phosphonium salt
4.23b, the olefin 4.26b was only isolated in trace quantities (4 % yield) in a E/Z ratio of
1:2 (Scheme 107). Initially we suspected the poor yield of 4.26b was the result of
aldehyde 4.20 being less reactive than aldehyde 4.24. Therefore, to test this hypothesis
we extended the reaction time at room temperature from 1.5 to 24 hours. Analysis of the
crude mixture by "H NMR revealed both the product 4.26b and the aldehyde 4.20 were
not present, which led us to believe the acetate moiety in aldehyde 4.20 and/or the
olefin product could be decomposing under the reaction conditions. To minimise
decomposition, we first ensured the base (LIHMDS) was fully consumed before the
addition of aldehyde 4.20 by using less equivalents of LIHMDS (1.1 eq) in respect to the
phosphonium salt 4.23b (1.4 eq). Secondly, following the addition of the aldehyde 4.20
the temperature was maintained at -78 °C. By implementing these changes, we
observed full consumption of aldehyde 4.20 within 10 minutes (via TLC analysis).
Purification of the crude by silica gel column chromatography afforded a 1:2 E/Z mixture
of 4.26b in a 71 % yield (Scheme 108). Attempts to convert 4.26b directly to 4.26a by

ether cleavage with BBr; were unsuccessful, leading to decomposition of 4.26b.

1. LIHMDS (1.1 equiv) O\(

0 THF o}
@ﬁPPhsBr L -78°C-0°C
30 min s
+ 0 -
2.4.20
)LO THF, - 78 °C
10 min
4.23b 4.20 4.26b
(1.4 equiv) (1.0 equiv) (71 %)
(E:Z=1:2)
1. LIHMDS (3.8 equiv) Oj(
o} THF (0]
\©ﬁpph35r h -78°C-0°C
30 min =
+ o -
2.4.20
)LO THF, - 78 °C
10 min
4.23a 4.20 4.26a
(1.4 equiv) (1.0 equiv) (34 %)
(E:Z=13:1)

Scheme 108: Stereoselectivity of Wittig reaction between phosphonium salts 4.23a and 4.23b
with cubyl aldehyde 4.20.
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The olefin 4.26a was then synthesised by a Wittig reaction using the phosphonium salt
4.23a (Scheme 108). Preparation of the ylide was achieved by treating 4.35a with 3.8
equivalents of LIHMDS. Increased equivalents of base were necessary to account for
the two phenol moieties in the phosphonium salt 4.23a which would be deprotonated
by LIHMDS. However, it is noteworthy that the equivalents of base used were still lower
than the theoretical requirement of 4.2 equivalents required for full deprotonation of all
three labile deprotonation sites in 4.23a. Addition of the aldehyde 4.20 to the freshly
prepared ylide at -78 °C resulted in full consumption of 4.20 within 20 minutes, affording
a 13:1 E/Z mixture of 4.26a in a 34 % yield after purification by silica gel column
chromatography (Scheme 108). Interestingly, for the Wittig reaction between
phosphonium salts 4.23a and the aldehyde 4.20 we observed a complete reversal in the
stereochemistry, compared to the Wittig reaction that used the phosphonium salts
4.23b (4.26a: 13:1 E/Z and 4.26b: 1:2 E/Z) (Scheme 108). Notably, the stereoselectivity
and yield for 4.26a are comparable to those reported for the BCP analogue of 4.26a by
Goh and co-workers (19:1 E/Z, 31 % yield).?®

The final step in our synthetic sequence towards two cubanol analogues resveratrol
(4.13a and 4.13b), was to apply our hydrolysis conditions to cleave the cubyl acetate in
4.26a and 4.26b to unmask the desired cubanols (Scheme 109). Treating each of the
acetates (0.04 mmol) with anhydrous HCL (0.5 mL, 1.25 M in ethanol) at room
temperature facilitated the acid-catalysed transesterification, affording the cubanols
4.13aand 4.13b in an NMRyield of 38 % (13:1 E/Z) and 49 % (1:2 E/Z) respectively.
Notably, the reaction time for the hydrolysis of 4.26a and 4.26b were considerably
different, 3 hours verses 24 hours respectively. We attributed the longer reaction time
required for cubyl acetate 4.26b to it only being sparingly soluble in the HCl ethanol
solution, with the acetate not fully dissolved 8 hours into the reaction. In the future,
potentially using HClin a solvent 4.26b has greater solubility in would increase the
reaction rate. As we wanted to observe the cubanol OH peak in the '"H NMR analysis we
opted to use DMSO-ds as the NMR solvent. Pleasingly, we found the cubanol moiety in
the two cubyl-resveratrol analogues 4.13a and 4.13b were stable in DMSO-d¢ for over 48
hours at room temperature (20 °C), with successful recovery of the cubanols possible

using the optimised work-up protocol previously discussed in Section 4.2.1.

194



Importantly, '"H NMR analysis of the coupling constants of the olefin protons revealed
that the ratio of the stereoisomers remained unchanged and no hydrohalogenation of
the olefin was observed in the '"H NMR analysis of the crude product under our
hydrolysis reaction conditions. To the best of our knowledge, these are the first two

examples of cubanols that have been isolated and characterised.

HCl in EtOH (1.25 M)

— - —
RO R=H r,3h RO
R=Me rt,24h
OR OR

4.26aR=H (E:Z=13:1) 4.13aR=H (38 % E.Z=1311)

4.26b R = Me (E:Z=1:2) 4.13bR=Me (49 % E:Z=1:2)
Resveratrol
: HO

..........................

Scheme 109: Hydrolysis of cubyl acetates to prepare two cubanol analogues of the natural
product resveratrol.

In conclusion, we have successfully demonstrated that the BV rearrangement of cubyl
ketones serves as an effective synthetic strategy for accessing cubanols, illustrated by
our synthesis of two cubanol analogues of the natural product resveratrol 4.12. The first
cubanol 4.13a was synthesised in an overall yield of 8 % over 10 steps and the second
4.13b was made in an overall yield of 21 % in 11 steps. Future work will explore the
synthetic utility of cubanols as an intermediate towards the preparation more complex

cubane-containing compounds, particularly the preparation of cubyl tamoxifen 1.19.
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5.1 General information

General information: 'H, *C and '°F NMR spectra were obtained on either a Bruker
Avance 300 (300 MHz 'H, 75 MHz "*C), Bruker Avance 400 (400 MHz 'H, 101 MHz '°C,
376 MHz "°F) or a Bruker Avance 500 (500 MHz 'H, 126 MHz '*C, 471 MHz "°F)
spectrometer at rt in the solvent stated. Chemical shifts (8) for protons and carbons are
reported in parts per million (ppm) relative to the residual deuterated solvent signal.
Data has been reported as follows: chemical shift, multiplicity (s = singlet, brs = broad
singlet, d = doublet, t = triplet, q = quartet, m = multiplet), coupling constants (Hz) and
integration. High resolution mass spectrometry (HRMS, m/z) data was acquired at
Cardiff University. ES/EI/CI HRMS data was collected on a Thermo Scientific Exactive
GC machine with an orbitrap mass analyser or a Waters Xevo G2XS. TLC analysis was
performed on commercially prepared 60 Fas4silica gel plates and visualized by
ultraviolet light (254 nm), followed by staining with 1% aqueous KMnQO, solution. Flash
chromatography used silica gel 60 (230-400 mesh) in the solvent system stated. IUPAC
names were obtained using the ChemDraw service. Weighing was performed with a 4 or
5 decimal place balance. All reagents were used directly as obtained commercially
unless otherwise noted. For reactions that required heating a heating mantle was used.
The blue LED photoreactor (Aldrich® Micro Photochemical Reactor blue LED
(ALDKITOO1) were purchased from Merck. The irradiation vessel material was
borosilicate glass and the distance of irradiation vessel from light source was 5 cm.
Unless otherwise stated, all glassware was dried in a 125 °C oven before use and all
reactions were performed under an atmosphere of nitrogen. All anhydrous solvents
were purchased from Fisher Scientific, over molecular sieves in Acroseal bottles. All
cubanol compounds were under an atmosphere of nitrogen and stored in the freezer (- 5

°C).
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5.2 Chapter 2 experimental

5.2.1 Route 1: McMurry approach

5.2.1.1 Synthesis of (Z/E)-tamoxifen (1.1)

General scheme:

Route A
0 0 ¢
(i)
ot T |
on U
OH

2.5 2.6 (ZE)y-2.7

Route B l(iii) i (i)

, , )
e
SR
o RO WY

o> N
2.5a 2.6 (Z/E)-Tamoxifen (1.1)

Conditions: (i) 1. Zn, TiCl,, THF, reflux, 2 h; 2. 2.5, 2.6, THF, reflux, 2 h, 34 % (Z/E = 5:4); (ii) 1.
KoCOs, acetone, 0 °C — rt; 2. 2-chloro-N,N’-dimethylethylamine hydrochloride, rt — 60 °C, 16 h,
35 % (Z/E =1:1); (iii) 1. K.COs, acetone, 0 °C — rt, 10 min; 2. 2-chloro-N,N’-dimethylethylamine
hydrochloride, rt — 60 °C, 6 h, 48 %; (iv) 1. Zn, TiCl4, THF, reflux, 2 h; 2. 2.5a, 2.6, THF, reflux, 2 h,
18 % (Z/E = 5:2).

Route A:

(Z/E)-4-(1,2-diphenylbut-1-en-1-yl)phenol (2.7)

0 0 g
Zn, TiCl,
+ T, |
THF, reflux
or O
OH

25 2.6 (ZE)-2.7

Titanium tetrachloride (2.95 mL, 5.9 equiv., 1 M in toluene) was added dropwise to a
solution of zinc powder (440 mg, 13.3 equiv., 6.7 mmol) in anhydrous THF (5 mL) at -5
°C. After the addition, the mixture was heated at reflux for 2 hours. The reaction mixture

was cooled to 0 °C and a solution of 4-hydroxybenzophenone (2.5a) (100 mg, 1.0 equiv.,
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0.50 mmol) and propiophenone (2.6) (0.2 mL, 3.0 equiv., 1.5 mmol) in anhydrous THF (5
mL) was added dropwise. Following the addition the reaction mixture was heated to
reflux for 2 hours. The mixture was cooled to 0 °C and quenched with sat. brineq (5 mL)
and filtered through a pad of celite. The aqueous layer was extracted with EtOAc (3x 15
mL) and the combined organic layers were washed with sat. brineq (10 mL), dried over
MgSQ,, filtered and concentrated in vacuo to afford the crude (Z/E = 5:4). Purification by
silica gel column chromatography (7:93 EtOAc/hexane) gave the title compound as a

5:4 ratio of (2)-2.7 : (E)-2.7 (51 mg, 34 %) as a white solid.

'H NMR (400 MHz, CDCl;) 6 7.40 - 7.32 (m, 2H, Z-isomer), 7.32-7.23 (m, 4.1H, Z/E-
isomer), 7.22-7.06 (m, 11.3H, Z/E-isomer), 7.06 - 6.94 (m, 2.7H, Z/E-isomer), 6.92 —
6.85(m, 1.7H, Z/E-isomer), 6.85-6.78 (m, 1.7H, Z/E-isomer), 6.78 - 6.71 (m, 2H, Z-
isomer), 6.52-6.43 (m, 2H, Z-isomer), 4.79 (s, 0.8H, E-isomer), 4.56 (s, 1H, Z-isomer),
2.57-2.41 (m, 3.8H, Z/E-isomer), 0.99 - 0.89 (m, 5.8H, Z/E-isomer); *C NMR (101 MHz,
CDCls) 6 154.3, 153.5, 143.9, 143.4, 142.5, 142.5,142.1, 141.6, 138.4, 138.3, 136.4,
135.9, 132.2,130.9, 129.8, 129.6, 128.3, 128.0, 127.9, 127.4, 126.7, 126.2, 125.8,
115.1,114.4, 29.1, 13.7; HRMS (ESI*) m/z: [M+H]" Calcd. for C»,H»:0 301.1587; Found

301.1591. All spectroscopic data were in accordance with the literature.??

1. K5COg, acetone, 0 °C
|/\/N
OH rt = 60 °C o/\/N

(Z/ E)-Tamoxifen (1.1)
(1:1)

(Z/E)-Tamoxifen (1.1)

Cew’
Anhydrous K,CO; (47 mg, 2 equiv., 0.34 mmol) was added to a solution of (Z/E)-4-(1,2-
diphenylbut-1-en-1-yl)phenol (2.7, Z/E ratio 5:4) (51 mg, 1 equiv., 0.17 mmol) in acetone
(2.5 mL) at 0 °C. The reaction mixture was warmed to rt and after 5 minutes 2-chloro-
N,N’-dimethylethylamine hydrochloride (30 mg, 1.2 equiv., 0.2 mmol) was added.
Following the addition the mixture was heated to 60 °C for 16 hours. After cooling to rt
the mixture was concentrated in vacuo to remove the acetone. 1 M HClq (3 mL) was
added to the mixture and the aqueous layer was washed with EtOAc (10 mL), and the

organic layer was extracted further with 1 M HClq) (3 X 5 mL). The combined aqueous
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layers were basified using 2.5 M NaOH,q to pH 9 and extracted with EtOAc (3 x 10 mL).
The combined organic layers were washed with sat. brineq (10 mL), dried over MgSQO,,
filtered and concentrated in vacuo to afford the crude (Z/E = 1:1). Purification by silica
gel column chromatography (3:7 EtOAc/hexane + 2% NEt;) gave the title compound as a
1:1 ratio of (2)-1.1: (E)-1.1 (22 mg, 35 %) as a colourless oil.

'"H NMR (300 MHz, CDCl;) 5 7.42-7.33 (m, 2H, Z-isomer), 7.32 - 7.24 (m, 3H, Z/E-
isomer), 7.23-7.07 (m, 12H, Z/E-isomer), 7.06 - 6.98 (m, 3H, Z/E-isomer), 6.96 - 6.87
(m, 4H, Z/E-isomer), 6.84 -6.75 (m, 2H, Z-isomer), 6.64 - 6.54 (m, 2H, Z-isomer), 4.12 (t,
J=5.8 Hz, 2H, E-isomer), 3.96 (t, /= 5.8 Hz, 2H, Z-isomer), 2.79 (t, /= 5.8 Hz, 2H, E-
isomer), 2.69 (t, /= 5.8 Hz, 2H, Z-isomer), 2.61-2.43 (m, 4H, Z/E-isomer), 2.39 (s, 6H, E-
isomer), 2.32 (s, 6H, Z-isomer), 1.02-0.90 (m, 6H, Z/E-isomer); HRMS (ESI*) m/z:
[M+H]" Calcd. for C6H3oNO 372.2322; Found 372.2325. All spectroscopic data were in

accordance with the literature.?®®

Route B:

(4-(2-(Dimethylamino)ethoxy)phenyl)(phenyl)methanone (2.5a)

o 1. K,COj, acetone, 0 °C o
N '
~ N
OH Cl 10 I SO
rt = 60 °C
2.5 2.5a

Anhydrous K,CO; (1.7 g, 2.4 equiv., 12 mmol) was added to a solution of 4-
hydroxybenzophenone (2.5) (1 g, 1 equiv., 5 mmol) in acetone (20 mL) at 0 °C. The
reaction mixture was warmed to rt and after 5 minutes 2-chloro-N,N’-
dimethylethylamine hydrochloride (870 mg, 1.2 equiv., 6 mmol) was added. Following
the addition the mixture was heated to 60 °C for 6 hours. After cooling to rt the mixture
was concentrated in vacuo to remove the acetone. 1 M HCl,q (5 mL) was added to the
mixture and the aqueous layer was washed with EtOAc (10 mL), and the organic layer
was extracted further with 1 M HClq) (3 X 10 mL). The combined aqueous layers were
basified using 2.5 M NaOH,q to pH 9 and extracted with EtOAc (3 x 20 mL). The
combined organic layers were washed with sat. brinegq (20 mL), dried over MgSQO,,

filtered and concentrated in vacuo to afford the crude. Purification by silica gel column
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chromatography (3:7 EtOAc/hexane — 3:7 EtOAc/hexane + 2% NEt; — 1:1
EtOAc/hexane + 2% NEt;) gave the title compound 2.5a (654 mg, 48 %) as a colourless

oil.

'H NMR (400 MHz, CDCl;s) 5 7.85-7.79 (m, 2H), 7.78 = 7.72 (m, 2H), 7.59 - 7.52 (m, 1H),
7.50-7.43 (m, 2H), 7.02-6.94 (m, 2H), 4.15 (t, /= 5.7 Hz, 2H), 2.76 (t, /= 5.7 Hz, 2H),
2.35 (s, 6H); *C NMR (101 MHz, CDCl;) 5 195.7, 162.7, 138.4, 132.7, 132.0, 130.3,
129.9, 128.3,114.2, 66.4, 58.3, 46.1; HRMS (ESI*) m/z: [M+H]* Calcd. for C1;H20NO,
270.1489; Found 270.1495. All spectroscopic data were in accordance with the

literature.?®*

(Z/E)-Tamoxifen (1.1)

: 0
Zn, T|CI4 |

O ‘ | THF reflux

o >N O |

O/\/N\

2.6 (Z/E)-Tamoxifen (1.1)
(5:2)

Titanium tetrachloride (2.1 mL, 5.9 equiv., 1 Min toluene) was added dropwise to a
solution of zinc powder (304 mg, 13.3 equiv., 4.7 mmol) in anhydrous THF (5 mL) at -5
°C, followed by being heated at reflux for 2 hours. The reaction mixture was cooled to 0
°C and a solution of (4-(2-(dimethylamino)ethoxy)phenyl)(phenyl)methanone (2.5a) (94
mg, 1.0 equiv., 0.35 mmol) and propiophenone (2.6) (0.14 mL, 3.0 equiv., 1.1 mmol) in
anhydrous THF (5 mL) was added dropwise. After the addition, the reaction mixture was
heated to reflux for 2 hours. The mixture was cooled to 0 °C, quenched with sat. brineq
(5 mL) and filtered through a pad of celite. The aqueous layer was extracted with EtOAc
(83x 15 mL) and the combined organic layers were washed with sat. brineq (10 mL),
dried over MgSQy, filtered and concentrated in vacuo to afford the crude (Z/E = 5:2).
Purification by silica gel column chromatography (7:93 EtOAc/hexane) gave the title

compound as a 5:2 ratio of (2)-1.1: (E)-1.1 (23 mg, 18 %) as a colourless oil.

'H NMR (400 MHz, CDCls) 6 7.39-7.31 (m, 2H, Z-isomer), 7.31-7.21 (m, 4.3H, Z/E-
isomer), 7.21-7.05 (m, 7.5H, Z/E-isomer), 7.02 -6.96 (m, 0.9H, Z/E-isomer), 6.93 - 6.86
(m, 1.5H, Z/E-isomer), 6.79-6.73 (m, 2H, Z-isomer), 6.58 - 6.52 (m, 2H, Z-isomer), 4.10
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(t,/J=5.8 Hz, 0.7H, E-isomer), 3.95 (t, /= 5.8 Hz, 2H, Z-isomer), 2.78 (t, /= 5.8 Hz, 0.7H,
E-isomer), 2.68 (t, /= 5.8 Hz, 2H, Z-isomer), 2.55-2.41 (m, 2.6H, Z/E-isomer), 2.38 (s,
2.1H, E-isomer), 2.31 (s, 6H, Z-isomer), 0.97 - 0.90 (m, 4H, Z/E-isomer). HRMS (ESI")
m/z: [M+H]" Calcd. for C,sH3oNO 372.2322; Found 372.2325. All spectroscopic data

were in accordance with the literature.?83

5.2.1.2 Synthesis towards (Z/E)-cubyl-tamoxifen (1.18)

General scheme:
o)
0 OMe o o
OMe (i (i)
HO NS
o) o)

238 29 2.10 2.11

(iv) i

oy oy 0 0
(vi) W) OMe
| -ameee | - - N
U Q=
o™ N OH

(Z/E)-1.18 (Z/E)- 2.14a 213 2.12

Conditions: (i) 1. oxalyl chloride (2 M in DCM), DMF, DCM, rt, 1.5 h; 2. N-hydroxyphthalimide,
NEts, DCM, rt, 2 h, 94 %; (ii) hantzsch ester, (If[dF(CF;s)ppyl.(dtbpy))PFs, DCM, blue LED lights, rt,
5 h, 70 %; (iii) LIOH, THF:MeOH:H,0 in 3:1:1 ratio, rt, overnight, 81 %; (iv) 1. oxalyl chloride (2 M
in DCM), DMF, DCM, rt, 1.5 h; 2. N,O-dimethylhydroxylamine hydrochloride, NEt;, DCM, rt, 3 h,
55 %; (v) EtMgBr (0.9 M in THF), THF, -78 °C — rt, 30 min, 71 %; (vi) 1. Zn, TiCl,, THF, reflux, 2 h; 2.
2.13, 2.5, THF, reflux, 2 h, 0 %.

1-(1,3-Dioxoisoindolin-2-yl) 4-methyl-cubane-1,4-dicarboxylate (2.9)

Q . 2 NPhth
OH 1. oxalyl chloride o
DMF, DCM, rt
2. N-hydroxyphthalimide,
MeO NEts, DCM,0°C —» 1t~ MeO
o 0]
2.8 2.9

To a solution of 4-(methoxycarbonyl)cubane-1-carboxylic acid (2.8) (1.5 g, 1.0 equiv.,
7.27 mmol) in anhydrous DCM (30 mL) was added oxalyl chloride (4.36 mL, 1.2 equiv., 2
M in DCM) at rt. Anhydrous DMF (55 mL, 10 mol%) was then added and the reaction
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mixture was allowed to stir at rt for 1.5 hours. The mixture was concentrated in vacuo to

afford the acid chloride as a light-yellow solid.

The acid chloride was dissolved in anhydrous DCM (15 mL) and added dropwise to a
solution of N-hydroxyphthalimide (1.4 g, 1.2 equiv., 8.73 mmol) and triethylamine (2.53
mL, 2.5 equiv., 18.2 mmol) in anhydrous DCM (15 mL) at 0 °C. After the addition, the
reaction mixture was warmed to rt and stirred for a further 2 hours. The reaction was
quenched with sat. NH4Clsq (15 mL) and diluted with DCM (20 mL). The organic layer
was washed with H,O (4 x 20 mL), dried over MgSQ,, filtered, and concentrated in vacuo
to give the crude. The beige solid was washed with hexane (3 x 5 mL) to afford the title

compound 2.9 (2.39 g, 94 %) as a white solid.

"H NMR (400 MHz, CDCl;s) 5 = 7.94-7.85 (m, 2H), 7.85-7.75 (m, 2H), 4.52 - 4.44 (m,
3H), 4.41 -4.33 (m, 3H), 3.73 (s, 3H); *C NMR (101 MHz, CDCl;) 5 =171.6, 167.0, 162.1,
134.9,129.1,124.1,55.9, 53.1, 51.9, 47.8, 47.7; HRMS (ESI*) m/z: [M+H]" Calcd. for
C19sH14NOg 352.0816; Found 352.0823. All spectroscopic data were in accordance with

the literature.

Methyl-cubane-1-carboxylate (2.10)

Q NPhth
o hantzsch ester
(IMdF(CF3)ppylo(dtbpy))PFg
DCM, rt MeO
MeO blue LED Light (0]
o}
2.9 2.10

1-(1,3-Dioxoisoindolin-2-yl) 4-methyl-cubane-1,4-dicarboxylate (2.9) (500 mg, 1.0
equiv., 1.42 mmol), hantzsch ester (540 mg, 1.5 equiv., 0.09 mmol) and
(Ir[dF(CF3)ppyl2(dtbpy))PFs (2.2 mg, 0.13 mol %) were combined in anhydrous DCM (15
mL). The mixture was irradiated with blue LED light at rt for 5 hours (Aldrich® micro
photochemical reactor blue LED (ALDKITO01) was used as the blue LED light source).
The reaction mixture was concentrated in vacuo and purification of the crude yellow
solid by silica gel column chromatography (2:98 EtOAc/hexane) gave the title
compound 2.10 (162 mg, 70 %) as a white solid.
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"H NMR (400 MHz, CDCl;) 5 4.30-4.20 (m, 3H), 4.06 - 3.94 (m, 4H), 3.70 (s, 3H); *C
NMR (101 MHz, CDCl;s) 6 173.0, 55.8, 51.6, 49.6, 48.0, 45.3; HRMS (ESI*) m/z: [M+H]"
Calcd. for. C1oH110, 163.0754; Found 163.0759. All spectroscopic data were in

accordance with the literature.’™’

Cubane-1-carboxylic acid (2.11)

o) o)
oMo LIOH-H,0 oH
THF, MeOH, H,0, rt
2.10 2.11

To a solution of methyl-cubane-1-carboxylate (2.10) (411 mg, 1.0 equiv., 2.53 mmol) in
3:3:1 ratio of THF:MeOH:H,0 (7.9 mL) was added lithium hydroxide monohydrate (266
mg, 2.5 equiv., 6.34 mmol) in one-portion at rt. The mixture was allowed to stir at rt
overnight. The mixture was acidified with 2 M HCl,,), and the aqueous layer was
extracted with EtOAc (3 x 15 mL). The combined organic layers were washed sat.
brineq (15 mL), dried with anhydrous MgSQ,, filtered, and concentrated in vacuo to
afford the crude. The solid was washed with hexane (3 x 5 mL) to afford the title

compound 2.11 (305 mg, 81 %) as a white solid.

'H NMR (400 MHz, CDCls) 8 11.69 (br s, 1H), 4.37 - 4.25 (m, 3H), 4.11 - 3.94 (m, 4H); *C
NMR (101 MHz, CDCl;s) 6 178.9, 55.6, 49.6, 48.0, 45.3; HRMS (CI') m/z: [M-H] Calcd. for
CyH;0,147.0451; Found 147.0441. All spectroscopic data were in accordance with the

literature.?8®

N-Methoxy-N-methylcubane-1-carboxamide (2.12)

o 1. oxalyl chloride (0]

OMe
OH DMF, DCM, rt N
2. N,O-dimethylhydroxylamine \
hydrochloride,

NEts, DCM, 0 °C — 1t

2.1 2.12

To a solution of cubane-1-carboxylic acid (2.11) (237 mg, 1.0 equiv., 1.60 mmol) in
anhydrous DCM (5 mL) was added oxalyl chloride (0.96 mL, 1.2 equiv., 2 M in DCM)

dropwise at rt. Anhydrous DMF (12 mL, 10 mol%) was then added and the reaction
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mixture was allowed to stir at rt for 1.5 hours. The mixture was concentrated in vacuo to

afford the acid chloride as a yellow solid.

The acid chloride was dissolved in anhydrous DCM (2 mL) and added dropwise to a
solution of N,O-dimethylhydroxylamine hydrochloride (250 mg, 1.6 equiv., 2.56 mmol)
and triethylamine (0.71 mL, 3.2 equiv., 2.07 mmol) in anhydrous DCM (2 mL) at 0 °C.
The mixture was warmed to rt and stirred for 3 hours. The mixture was quenched with
sat. NH4Clq (5 mL) and diluted with DCM (10 mL). The organic layer was washed with 1
M HClq (10 mL), sat. brineq (10 mL), dried with anhydrous MgSQO,, and concentrated
in vacuo to afford the crude. Purification by silica gel column chromatography (1:3

EtOAc/petroleum ether) gave the title compound 2.12 (167 mg, 55 %) as a white solid.

'H NMR (500 MHz, CDCLl;) 8 4.28 —4.20 (m, 3H), 4.00 - 3.91 (m, 4H), 3.68 (s, 3H), 3.15 (s,
3H); *C NMR (126 MHz, CDCl;) 5 173.9, 61.6, 57.5, 49.7, 47.4, 45.1, 32.8; HRMS (CI*)
m/z: [M+H]" Calcd. for C11H1402:N 192.1019; Found 192.1017. All spectroscopic data

were in accordance with the literature.°

1-(Cuban-1-yl)propan-1-one (2.13)

0 0
N/OMe EtMgBr
\ THF, -78°C > 1t
2.12 213

To a solution of N-methoxy-N-methylcubane-1-carboxamide (2.12) (54 mg, 1.0 equiv.,
0.28 mmol) in anhydrous THF (2.5 mL) at -78 °C was added ethylmagnesium bromide
(0.63 mL, 2.0 equiv., 0.9 M in THF) dropwise. The mixture was stirred at -78 °C for 30
minutes and then allowed to warm to rt. After 30 minutes, the mixture was quenched
with 1 M HCl,q (5 mL) at 0 °C. The aqueous was extracted with Et,O (3 x 10 mL) and the
combined organic layers were washed with sat. brineq (10 mL), dried with anhydrous
MgSQ,, filtered, and concentrated in vacuo to afford the crude orange oil. Purification by
silica gel column chromatography (01:99 EtOAc/petroleum ether) gave the title

compound 2.13 (32 mg, 71 %) as a colourless oil.
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'H NMR (500 MHz, CDCl;) 5 4.30-4.22 (m, 3H), 4.05-3.93 (m, 4H), 2.44 (q, /= 7.4 Hz,
2H), 1.06 (t, /= 7.4 Hz, 3H); *C NMR (126 MHz, CDCL;) 5 209.6, 63.2, 49.8, 48.1, 44.9,
31.0, 7.7; HRMS (APCLl*) m/z: [M+H]* Calcd. for C11H130161.0961; Found 161.0966.

1-Chloro-9-ethylpentacyclo[4.3.0.0%°.0%2.0*’lnonan-9-ol (2.14b)

...................

(@] 0 ’

Zn, T|CI4 E C

+ |

THF, reflux
OH :
OH ' 2.14b
tentative
213 (ZE)-2.14a i assignment
not detected Vemmmmmmsmmmasmmnas .

Titanium tetrachloride (1.1 mL, 5.8 equiv., 1 M in toluene) was added dropwise to a
solution of zinc (167 mg, 13.4 equiv., 2.6 mmol) in anhydrous THF (2.5 mL) at -5 °C. After
the addition, the mixture was heated at reflux for 2 hours. The reaction mixture was
cooled to 0 °C and a solution of 4-hydroxybenzophenone (2.5) (100 mg, 1.0 equiv., 0.50
mmol) and 1-(cuban-1-yl)propan-1-one (2.13) (30 mg, 1 equiv., 0.19 mmol) in anhydrous
THF (3 mL) was added dropwise. After the addition, the reaction mixture was heated to
reflux for 2 hours. The mixture was cooled to 0 °C and quenched with sat. brine(q (5 mL)
and filtered through a pad of celite. The aqueous layer was extracted with EtOAc (3x 15
mL) and the combined organic layers were washed with sat. brineq (10 mL), dried over
MgSOQ,, filtered and concentrated in vacuo to afford the crude. Purification by silica gel
column chromatography (5:95 EtOAc/hexane) gave a compound we have tentatively

assigned as 2.14b (13 mg, 36 %) as a colourless oil.

'"H NMR (500 MHz, CDCl;) 8 3.65-3.53 (m, 2H), 3.47 - 3.31 (m, 3H), 3.27 - 3.21 (m, 1H),
3.15-3.09 (m, 1H), 1.52-1.29 (m, 3H), 0.98 (t, J = 7.5 Hz, 3H); *C NMR (126 MHz,
CDCls) 5 93.2, 79.6, 51.5, 49.5, 46.1, 43.0, 41.1, 40.3, 39.7, 21.2, 8.8; LRMS (Cl*) m/z:
[M-H]* Calcd. for C11H12ClO 195.06; Found 195.06.
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5.2.2 Route 2: Organometallic approach

5.2.2.1 Synthesis towards (Z/E)-cubyl-tamoxifen (1.17)

General scheme:

o)
o OMe
OMe ) Q Q . Q ome
_0_ 5 o (i) ome (i) oH _W)_ N\
HO NS
o) 0
2.10 2.11 212

2.9

2.8

(ZEEy-1.17 (1SR, 2SR)-(+)-2.19
>95:1d.r.
|
OH o >N
(viii)
e

Br Br

2.33 2.34

(vii)

o
Br

2.23

0 (vi) Q
- -
|
N ~N
2.31 2.30

Conditions: (i) 1. oxalyl chloride (2 M in DCM), DMF, DCM, rt, 1.5 h; 2. N-hydroxyphthalimide,
NEts, DCM, rt, 2 h, 94 %; (ii) hantzsch ester, (If[dF(CF;s)ppyl.(dtbpy))PFs, DCM, blue LED lights, rt,
5 h, 70 %; (iii) LIOH, THF:MeOH:H,0 in 3:1:1 ratio, rt, overnight, 81 %; (iv) 1. oxalyl chloride (2 M
in DCM), DMF, DCM, rt, 1.5 h; 2. N,O-dimethylhydroxylamine hydrochloride, NEt;, DCM, rt, 3 h,
55 %; (v) 1. Mg, |, benzyl bromide, Et,0, 0°C; 2. 2.12, Et,0 0 °C — rt, 30 min, 74 %; (vi) 1. K'BuO,
THF, 0 °C, 20 min; 2. Etl, 0 °C, 30 min, 72 %; (vii) 1. 2.34, n-BulLi (1.6 M in hexanes), THF, -78 °C,
30 min; 2. 2.31, THF, -78 °C — 0 °C, 20 min, 98 %; (viii) 4-bromophenol (2.33), K.COs, 2-chloro-
N,N’-dimethylethylamine hydrochloride, acetone, 0 °C, 8 h, 48 %; (ix) see Table 36.

Experimental procedure and analytical data for 2.9-2.12 was previously described in

Section 5.2.1.2.
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1-(Cuban-1-yl)-2-phenylethan-1-one (2.30)

(0] 1. benzylbromide,
OMe g, I, Et,0 Q
N
\ 0°C—rt
2.212,0°C — rt
2.12 2.30

A mixture of magnesium turnings (140 mg, 3.81 equiv., 5.74 mmol) and iodine (41 mg,
0.11 equiv., 0.16 mmol) were stirred and heated to 40 °C for 5 minutes. The mixture was
cooled to 0 °C and anhydrous diethyl ether (1 mL) was added. To the stirred solution,
benzyl bromide (0.59 mL, 3.3 equiv., 5 mmol) was added dropwise over 20 minutes at 0
°C. The freshly prepared benzylmagnesium bromide (1 mL, 1.1 equiv., 1.6 M) was
subsequently added dropwise to a solution of N-methoxy-N-methylcubane-1-
carboxamide (2.12) (288 mg, 1.0 equiv., 1.51 mmol) in anhydrous Et,O (1 mL) at 0 °C.
The mixture was allowed to warm to rt and after 30 minutes was quenched with sat.
NH4Clg (5 mL). The aqueous was extracted with EtOAc (3 x 10 mL) and the combined
organic layers were washed with sat. brineq (10 mL), dried with anhydrous MgSQO,,
filtered and concentrated in vacuo to afford the crude. Purification by silica gel column
chromatography (04:96 EtOAc/hexane) gave the title compound 2.30 (249 mg, 74 %) as

a colourless oil.

'"H NMR (500 MHz, CDCl;) 5 7.34-7.27 (m, 2H), 7.26 - 7.21 (m, 3H), 4.21 - 4.14 (m, 3H),
3.97-3.92 (m, 1H), 3.92 - 3.88 (m, 3H), 3.73 (s, 2H); *C NMR (126 MHz, CDCLl;) & 206.0,
134.3,129.7,128.7,127.0, 63.8, 50.2, 47.9, 46.1, 45.0; HRMS (Cl*) m/z: [M+H]" Calcd.
for C16H150223.1117; Found 223.1117.

1-(Cuban-1-yl)-2-phenylbutan-1-one (2.31)

o] 1. KO'Bu, THF, 0 °C 0

2.Etl,0°C

2.30 2.31

1-(Cuban-1-yl)-2-phenylethan-1-one (2.30) (249 mg, 1.0 equiv., 1.12 mmol) in anhydrous
THF (1 mL) was added dropwise to a solution of potassium tert-butoxide (144 mg, 1.2

equiv., 1.28 mmol) in anhydrous THF (1 mL) at 0 °C. After 20 minutes ethyl iodide (90 pL,
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1.0 equiv., 1.12 mmol) was added dropwise and stirred for 30 minutes at 0 °C. The
reaction mixture was quenched with 1 M HCl,q (5 mL) and the aqueous layer was
extracted with EtOAc (3 x 10 mL). The combined organic layers were washed with sat.
brineq (10 mL), dried with anhydrous MgSQ,, filtered and concentrated in vacuo to
afford the crude. Purification by silica gel column chromatography (03:97

EtOAc/hexane) gave the title compound 2.31 (201 mg, 72 %) as a colourless oil.

H NMR (500 MHz, CDCls) 3 7.32 - 7.27 (m, 2H), 7.25 - 7.20 (m, 3H), 4.10 - 4.02 (m, 3H),
3.93-3.87 (m, 1H), 3.87-3.81 (m, 3H), 3.70 (t, J = 7.4 Hz, 1H), 2.12 - 2.00 (m, 1H), 1.79
~1.66 (m, 1H), 0.83 (t, J = 7.4 Hz, 3H); *C NMR (126 MHz, CDCLls) 5 208.2, 139.2, 128.7,
128.7,127.1, 64.1, 56.6, 50.3, 47.8, 44.9, 25.8, 12.3; HRMS (ESI*) m/z: [M+H]* Calcd. for
C1sH100 251.1430; Found 251.1440.

2-(4-Bromophenoxy)-N,N-dimethylethan-1-amine (2.34)

OH o/\/N\
1. K5COg3, acetone, 0 °C
2 \ Hel
o K SN
Br Br
3.t —+60°C,8h
2.33 2.34

Anhydrous K,CO; (1.76 g, 2.2 equiv., 12.7 mmol) was added to a solution of 4-
bromophenol (2.33) (1 g, 1 equiv., 5.8 mmol) in acetone (20 mL) at 0 °C. The reaction
mixture was warmed to room temperature and after 5 minutes 2-chloro-N,N’-
dimethylethylamine hydrochloride (2.20 g, 2.6 equiv., 15.2 mmol) was added. Following
the addition the mixture was heated to 60 °C for 8 hours. The mixture was concentrated
in vacuo to remove the acetone. 1 M HClq (10 mL) was added to the mixture and the
aqueous layer was washed with EtOAc (10 mL), and the organic layer was extracted
further with 1 M HCl5q) (3 x 5 mL). The combined aqueous layers were basified using 2.5
M NaOHq to pH 9 and extracted with EtOAc (3 x 25 mL). The combined organic layers
were washed with sat. brineuq (10 mL), dried over MgSQ,, filtered and concentrated in

vacuo to afford compound 2.34 (675 mg, 48 %) as a light-yellow oil.

H NMR (500 MHz, CDCls) & 7.44 - 7.31 (m, 2H), 6.90 - 6.70 (m, 2H), 4.02 (t, J = 5.7 Hz,
2H), 2.71 (t,J = 5.7 Hz, 2H), 2.33 (s, 6H); 13C NMR (126 MHz, CDCls) & 158.1, 132.3,
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116.5, 113.0, 66.4, 58.3, 46.0; HRMS (CI*) m/z: [M+H]* Calcd. for C1oH:sNO7°Br
244.0332; Found 244.0327.

(1SR, 2SR)-(x)-1-(Cuban-1-yl)-1-(4-(2-(dimethylamino)ethoxy)phenyl)-2-
phenylbutan-1-ol (2.19)

1. n-BuLi (1.6 M in hexanes)
N THF, - 78 °C

§ e

THF, -78 °C, = rt (1SR, 2SR)-(+)-2.19
>95:1d.r.

n-BuLi (0.27 mL, 1.5 equiv., 1.6 M in hexanes) was added dropwise to a solution of 2-(4-
bromophenoxy)-N,N-dimethylethan-1-amine (2.34) (107 mg, 1.5 equiv., 0.44 mmol) in
anhydrous THF (1 mL) at -78 °C. After 30 minutes a solution of 1-(cuban-1-yl)-2-
phenylbutan-1-one (2.31) (62 mg, 1.0 equiv., 0.25 mmol) in anhydrous THF (1 mL) was
added dropwise. The mixture was stirred at - 78 °C for 30 minutes and then warmed to 0
°C. After 20 minutes the mixture was quenched with H,O (5 mL). The aqueous layer was
extracted with EtOAc (3 x 10 mL) and the combined organic layers were washed with
sat. brine;q (10 mL), dried with anhydrous MgSQ,, filtered, and concentrated in vacuo to
afford the crude. Purification by silica gel column chromatography (1:4 EtOAc/hexane +
2% NEt;) gave the title compound as a >95:1 ratio of (1SR, 2SR)-(+)-2.19 : (1SR, 2RS)-(%)-
2.19 (101 mg, 98 %) as a colourless oil. Crystals were obtained by slow evaporation of
DCM over 1 week and X-ray crystal structure collected by Dr Benson Kariuki (Cardiff

University).

Major diastereomer* (1SR, 2SR)-(1)-
2.19:'H NMR (500 MHz, CDCl;) 5 7.43 -
7.38 (m, 2H), 7.38 -7.34 (m, 2H), 7.34 -

7.29 (m, 2H), 7.28 = 7.23 (m, 1H), 6.94 -
\ 6.90 (M, 2H), 4.09 (t, J = 5.9 Hz, 2H),

3.72-3.66 (m, 1H), 3.52 — 3.45 (m, 3H),
3.34-3.27 (m, 3H), 3.09 (dd, J = 11.9, 3.2 Hz, 1H), 2.75 (t, J = 5.8 Hz, 2H), 2.35 (s, 6H),
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1.81-1.67 (m, 1H), 1.34—-1.23 (m, 1H), 0.53 (t, J = 7.4 Hz, 3H); *C NMR (126 MHz,
CDCls) 5 157.4, 141.7, 141.7, 136.0, 129.4, 128.5, 126.8, 125.9, 114.1, 78.8, 66.0, 64.8,
58.6,54.5,47.7, 47.1, 46.1, 43.6, 22.1, 12.2; HRMS (ESI*) m/z: [M+H]* Calcd. for
C2sH3:NO,416.2584; Found 416.2589.

*The diastereomeric ratio was determined by '"H NMR integration of the -CH.CH.N(CH?)
in the product: Major diastereomer (1SR, 2SR)-(£)-2.19 =2.35 (s, 5.7H); minor
diastereomer (1SR, 2RS)-(+)-2.19 = 2.34 (s, 0.30H).12".1%3.172
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(Z/E)-Cubyl-tamoxifen (1.17)

Table 36: Screening of elimination conditions

|
I /\/N
O/\/N\ o h
- ® >
D
N L I
(1SR, 2SR)-(+)-2.19 2.38a 2117 (B)-1.17
>95:1d.r.
(0.06 mmol)
Entry Conditions Major Products detected
productin in ESI* mass spec®
crude’
1 diphenyl phosphoryl chloride (2.0 eq), 2.19+decom. 2.19[M+H]"; 2.38a
NaHMDS (3 eq), 1,4-dioxane (0.35 mL), 45 [M+H]"; 1.17 [M+H]"

°C,3h

2 n-BuLi (1.1 eq, 1.6 M in hexanes), -78 °C — rt,
THF (1 mL), then trifluoroacetic anhydride (2

2.19 + decom.

2.19[M+H]"; 2.38a
[M+H]"; 1.17 [M+H]*

eq),1h
3 PPhs;(2 eq), CBrs(2 eq), DCM (2 mL), rt, 30 decom. 2.19 [M+H]"; 2.38a
min [M+H]"; 1.17 [M+H]"
42 PPh;(2 eq), CBr4 (2 eq), pyridine (2.5 eq), 2.19 2.19 [M+H]"
DCM (2 mL), rt, 30 min
5 PBr; (2 eq), Et,O (0. 5mL),-20°C,1.5h decom. -
6 PBr; (2 eq), Et,O (0. 2 mL), THF (0.5 mL), rt,2  2.19+decom. 2.19[M+H]"; 2.38a
h [M+H]"; 1.17 [M+H]"
7 PBr; (2 eq), DCM (0.4 mL), rt 2.19 +decom. 2.19[M+H]"; 2.38a
[M+H]"; 1.17 [M+H]"
8 SOCL, (1.5 eq), DMF (0.1 eq), DCM (0.5mL), 0 decomp. -
°C, 30 min
9 DAST (1.1 eq), pyridine (2.5 eq), DCM (1 mL), 2.19 n.d
-78°C,1h
10 Conc. HCL(0.02 mL, 37 %), MeOH (0.2 mL), decomp. 2.18 [M+H]"; 1.17
68 °C, 30 mins [M+H]*

a After an aqueous workup the crude was treated with K'BuO (2 eq) in THF (0.5 mL) at rt for 1

hour, which resulted in decomposition. ° via '"H NMR analysis. ° (Z/E)-1.17 could not be isolated.
n.d = not determined; LG = leaving group; decom. = decomposition
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5.2.2.2 Synthesis of (Z/E)-tamoxifen (1.1)

General scheme:

0L
—_—
® |
i IO
2.22 07N

o
© (1SR, 2SR)-(+)-2.35a (Z/E)-Tamoxifen (1.1)
>95:1d.r. (5:1)

Br
2.34

Conditions: (i) 1. 2.34, n-BuLi (1.6 M in hexanes), THF, -78 °C, 30 min; 2. 2.22,-78°C —>rt, 1 h,
52 %; (iii) n-BuLi (1.6 M in hexanes), THF, -78 °C — rt, 15 min; 2. trifluoroacetic anhydride, 4 h, 60
%.

(1SR, 2SR)-(x)-1-(4-(2-(Dimethylamino)ethoxy)phenyl)-1,2-diphenylbutan-1-ol
(2.35a)

1. n-BuLi (1.6 M in hexanes)
N THF, - 78 °C

2.22

THF, -78 °C, = rt (1SR, 2SR)-(+)-2.35a
>95:1d.r.

n-BuLi (0.84 mL, 1.1 equiv., 1.6 M in hexanes) was added dropwise to a solution of 2-(4-
bromophenoxy)-N,N-dimethylethan-1-amine (2.34) (326 mg, 1.1 equiv., 1.34 mmol) in
anhydrous THF (2 mL) at -78 °C. After 30 minutes a solution of 1,2-diphenylbutan-1-one
(2.22) (272 mg, 1.0 equiv., 1.21 mmol) in anhydrous THF (1.5 mL) was added dropwise.
The mixture was stirred at - 78 °C for 30 minutes and then warmed to rt. After 1 hour the
mixture was quenched with H,O (5 mL). The aqueous layer was extracted with EtOAc (3
x 10 mL) and the combined organic layers were washed with sat. brineq (10 mL), dried
with anhydrous MgSQ,, filtered, and concentrated in vacuo to afford the crude.
Purification by silica gel column chromatography (20:80 EtOAc/hexane + 2% NEt;) gave

the title compound (1SR, 2SR)-(*+)-2.35a (245 mg, 52 %) as a white solid.

212



Major diastereomer* (1SR, 2SR)-(+)-2.35a:'"H NMR (500 MHz, CDCl;) 5 7.50 - 7.43 (m,
2H), 7.22-7.16 (m, 2H), 7.15-7.04 (m, 7H), 7.04 - 6.97 (m, 1H), 6.94 - 6.87 (m, 2H),
4.07 (t, ) =5.8 Hz, 2H), 3.55 (dd, J =10.8, 3.5 Hz, 1H), 2.73 (t, ] = 5.8 Hz, 2H), 2.43 (br s,
1H), 2.34 (s, 6H, 5.9H, major diastereoisomer), 2.29 (s, 0.1H, minor diastereocisomer),
1.89-1.75(m, 2H), 0.76 (t, ) = 7.3 Hz, 3H); *C NMR (126 MHz, CDCLl;) 5 157.7, 146.8,
140.0, 138.4,130.3,127.8, 127.7,127.6, 126.4, 126.2, 125.9, 114.2, 80.8, 66.1, 58.5,
56.5, 46.1, 23.5, 12.7; HRMS (ESI*) m/z: [M+H]" Calcd. for C2H3:NO,390.2433; Found

390.2439. All spectroscopic data were in accordance with the literature. 12153172

*The diastereomeric ratio was determined by '"H NMR integration of the -CH.CH.N(CH?),
in the product: Major diastereomer (1SR, 2SR)-(£)-2.35a = 2.34 (s, 5.9H); minor

diastereomer (1SR, 2RS)-(1)-2.35b=2.29 (s, 0.1H). 2. 1%3.172
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(Z/E)-Tamoxifen (1.1)

Table 37: Screening of elimination conditions

O/\/N\

1. base, solvent
temp

2. Electrophile

temp, time O | O |
o >N
(1SR, 2SR)-(+)-2.35a
>95:1d.r. (Z/E)-Tamoxifen
(0.13 mmol) 1.1)
Entry Base(eq) Electrophile Solvent Temp/ Time Yieldof1.1 (Z/E)
(eq) °C /h 1 %"° ratio®
1 NaHMDS? diphenyl 1,4- 40 16 15 3:1
(3) phosphoryl dioxane
chloride (1.5)
2 NaHMDS" tosyl 1,4- 40 16 0 -
(3) chloride (1.5) dioxane
3 NaH® (1.2) tosyl THF 40 5 0 -
chloride (1.2)
4 pyridine tosyl DCM rt 5 0 -
(1.2) chloride (1.2)
5° n-BuLi TFAAZ (2) THF -78tort 1 60 5:1
(1.1)
6 n-BulLif Ac,0" (2) THF -78tort 1 35 2:1
(1.1)
7 n-BulLif benzyl THF -78tort 4 4 1:1
(1.7) chloride (2)
8 pyridine mesyl pyridine rt 5 3 2:1
(20) chloride (1.2)
9 DMAP (1.1) Ac,0" (2) - 80 1.5 6 2:1
10 PPhs (2) CBr.(2) DCM rt 16 67 3:1

aOptimised reaction conditions. *Isolated yield. °Determined by '"H NMR. “Sodium
bis(trimethylsilyl) amide (2 M in THF). ¢Sodium hydride (60 % dispersion in mineral oil). 'n-Butyl
lithium (1.6 M in hexanes). éTrifluoroacetic anhydride. "Acetic anhydride.
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Full experimental details for the synthesis of (Z/E)-tamoxifen (1.1) using the conditions
described in Table 37, entry 5 (highest Z-selectivity in a good yield) are described

below:

|
O/\/N\
1. n-BuLi (1.6 M in hexanes) O
THF, -78 °C, — 1t
HOG

2. trifluoroacetic anhydride O O |
rt
H o/\/ N

(1SR, 2SR)-(x)-2.35a (Z/E)-Tamoxifen (1.1)
Adr (5:1)

n-BuLi (0.1 mL, 1.1 equiv., 1.6 M in hexanes) was added dropwise to a solution of (1SR,
2SR)-(£)-1-(4-(2-(dimethylamino)ethoxy)phenyl)-1,2-diphenylbutan-1-ol (2.35a, 50 mg,
1.0 equiv., 0.13 mmol) in anhydrous THF (1 mL) at - 78 °C. Following the addition the
reaction mixture was warmed to rt and after 15 minutes trifluoroacetic anhydride (36
pL, 2.0 equiv., 0.26 mmol) was added. The reaction mixture was stirred at rt for 4 hours
and quenched with H,O (2 mL). The aqueous layer was extracted with EtOAc (3 x5 mL)
and the combined organic layers were washed with sat. brine;q (10 mL), dried with
anhydrous MgSQ,, filtered, and concentrated in vacuo to afford the crude. Purification
by silica gel column chromatography (3:7 EtOAc/hexane + 2% NEt;) gave the title

compound as a 5:1 ratio of (2)-1.1: (E)-1.1 (30 mg, 60 %) as a colourless oil.

'"H NMR (300 MHz, CDCl;) 6 7.39-7.30 (m, 2.2H, Z/E-isomer), 7.30 - 7.21 (m, 3.5H, Z/E-
isomer), 7.21-7.07 (m, 6.5H, Z/E-isomer), 7.02 -6.96 (m, 0.6H, E-isomer), 6.93 -6.85
(m, 0.8H, E-isomer), 6.81-6.73 (m, 2H, Z-isomer), 6.60 - 6.52 (m, 2H, Z-isomer), 4.09 (t,
J=5.8Hz, 0.4H, E-isomer), 3.93 (t, /= 5.8 Hz, 2H, Z-isomer), 2.76 (t, /= 5.8 Hz, 0.4H, E-
isomer), 2.66 (t, /= 5.8 Hz, 2H, Z-isomer), 2.58 - 2.39 (m, 2H, Z/E-isomer), 2.36 (s, 1.2H,
E-isomer), 2.30 (s, 6H, Z-isomer), 0.98 - 0.89 (m, 3.6H, Z/E-isomer); HRMS (ESI*) m/z:
[M+H]" Calcd. for C,sH3oNO 372.2322; Found 372.2325. All spectroscopic data were in

accordance with the literature.?83 286,287
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5.2.2.3 Synthesis towards (Z/E)-cubyl-tamoxifen (1.18)

General scheme:
o)
o OMe o o
OMe ) (i) (i) Br
—» O 0 — OMe __
N’ Br
HO ol
o) o)
2.8 2.9 2.10 2.41
f’ (iv)l
5-steps
| OMe v) OMe
e
O o °
O/\/N\
(Z/E)-1.18 2.44 2.43

Conditions: (i) 1. oxalyl chloride (2 M in DCM), DMF, DCM, rt, 1.5 h; 2. N-hydroxyphthalimide,
NEts, DCM, rt, 2 h, 94 %; (ii) hantzsch ester, (If[dF(CF;s)ppyl.(dtbpy))PFs, DCM, blue LED lights, rt,
5 h, 70 %; (iii) 1. 2.10, THF, -78 °C, 5 min; 2. dibromomethane, -78 °C, 5 min; 3. n-BuLi (1.6 M in
hexanes), 2,2,6,6-tetramethylpiperidine, THF, -78 °C, 20 min, 99 %; (iv) 1. LIHMDS (1 M in THF),
THF, -78 °C, 30 min; 2. n-BuLi (1.6 M in hexanes), -78 °C — 0 °C, 30 min, 94 %; (v) LDA, THF -78
°C, 5 min; 2. Etl, - 78 °C, 30 min, 0 %.

Experimental procedure and analytical data for 2.9-2.10 was previously described in

Section 5.2.1.2.

2,2-Dibromo-1-(cuban-1-yl)ethan-1-one (2.41)

o} . o}
1. dibromomethane, THF, -78 °C Br
OMe -
2. 2,2,6,6-tetramethylpiperidine, Br
n-BulLi (1.6 M in hexanes)
THF, -78 °C
2.10 2.41

To a solution of 2,2,6,6-tetramethylpiperidine (0.26 mL, 2.0 equiv., 1.54 mmol) in
anhydrous THF (2.6 mL), n-BuLi (0.87 mL, 1.8 equiv., 1.6 M) was added dropwise at -78
°C. Separately, 2.10 (124 mg, 1.0 equiv., 0.76 mmol) was dissolved in anhydrous THF
(2.6 mL), when reaching -78 °C dibromomethane (0.1 mL, 1.9 equiv., 1.44 mmol) was
added dropwise. After 5 minutes this reaction mixture was added to the freshly
prepared lithium tetramethylpiperidide solution at -78 °C. The reaction mixture was
stirred at -78 °C for 20 minutes and poured into a solution of 1 M HClq (15 mL) at 0 °C.

The aqueous layer was extracted with EtOAc (3 x 15 mL) and the combined organic
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layers were washed with sat. brine(q (10 mL), dried with anhydrous MgSQO,, filtered, and
concentrated in vacuo to afford the title compound 2.41 (234 mg, 99 %) as an orange

oil.

"H NMR (300 MHz, CDCLls) 8 5.90 (s, 1H), 4.52 - 4.41 (m, 3H), 4.14 - 4.05 (m, 3H), 4.05 -
3.99 (m, 1H). HRMS (EI*) m/z: [M]** Calcd. for C1oHs”°Br,0 301.8936; Found 301.8937. All

spectroscopic data were in accordance with the literature.’*

Methyl 2-(cuban-1-yl)acetate (2.43)
o] 1. LIHMDS (1 M in THF)
Br THF, - 78 °C, 30 min OMe
Br 2. n-Buli (1.6 M in hexanes) @\ﬁ
-78°C » 0°C
3. AcCl / MeOH (1:5)
2.41 2.43

Lithium bis(trimethylsilyl)amide (0.85 mL, 1.1 equiv., 1.0 M in THF) was added dropwise
to a solution of 2,2-dibromo-1-(cuban-1-yl)ethan-1-one (2.41) (234 mg, 1.0 equiv., 0.77
mmol) in anhydrous THF (3 mL) at -78 °C. After 30 minutes n-BulLi (1.0 mL, 2.1 equiv., 1.6
M in hexanes) was added dropwise and warmed to -50 °C for 20 minutes. The reaction
mixture was then warmed to 0 °C and stirred at this temperature for 20 minutes before
being quenched with acidic methanol (6 mL) at 0 °C (acidic methanol was prepared by
slow addition of acetyl chloride to ice-cooled dry methanol (1:5 ratio/vol). The aqueous
layer was extracted with Et,O (3 x 10 mL) and the combined organic layers were washed
with sat. brineq (10 mL), dried with anhydrous MgSQ,, filtered, and concentrated in
vacuo to afford the crude as a brown oil. Purification by silica gel column
chromatography (3:7 DCM/hexane) gave the title compound 2.43 (128 mg, 94 %) as a

colourless oil.

'H NMR (400 MHz, CDCLl;s) 8 4.05-3.99 (m, 1H), 3.95-3.87 (m, 3H), 3.87 - 3.80 (m, 3H),
3.66 (s, 3H), 2.64 (s, 2H); "*C NMR (101 MHz, CDCl;) 5 172.1, 54.5, 51.5, 49.1, 48.5,
44.5, 38.3; HRMS (EI*) m/z: [M]** Calcd. for C11H1,0,176.0832; Found 176.0828.
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5.2.3 Route 3: Cross-coupling approach

5.2.3.1 Synthesis of methyl (2)-4-(1-(4-methoxyphenyl)-2-phenylbut-1-en-1-
yl)cubane-1-carboxylate (2.65)

General scheme:

1) Br Br ‘ o
©)Jv (i) | (ii) (iii) OMe
— — | _—
Br O fe) o
OMe N
26 2.61 (E/2)2.60 0
2.9

OMe
NS

MeO 2‘7

(2-2.65

Conditions: (i) PPhs, CBr,, toluene, 110 °C, 24 h, 61 %,; (ii) 4-methoxyphenyl boronic acid,
bis(dibenzylideneacetone) palladium, tri(2-furyl)- phosphine, cesium carbonate, THF:H,0 (3:1),
70°C, 6 h, 36 %; iii) 1. Mg, |,, LiCl, THF, rt > 60 °C, 4 h; 2. 2.9, NiCl,-glyme, dimethyl 2,2’-
bipyridine-4,4’-dicarboxylate, DMF, rt, 2 h, 2 %.

(1,1-Dibromobut-1-en-2-yl)benzene (2.61)

o) Br. Br
CBr4, PPh3 |
R EEE——
toluene, 110 °C
2.6 2.61

Triphenylphosphine (1.57 g, 4.0 equiv., 6 mmol) and tetrabromomethane (1.0 g, 2.0
equiv., 3 mmol) were stirred in anhydrous toluene (11.5 mL) at 110 °C for 15 minutes.
The reaction mixture was cooled to rt and propiophenone (2.6, 0.2 mL, 1.0 equiv., 1.5
mmol) in anhydrous toluene (2 mL) was added dropwise. After the addition the reaction
mixture was heated at 110 °C for 24 hours. After cooling the mixture was added to
hexane (20 mL), filtered through a pad of celite, and concentrated in vacuo to afford the
crude. Purification by silica gel column chromatography (100 % hexane) gave the title

compound 2.61 (260 mg, 61 %) as a colourless oil.
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'"H NMR (500 MHz, CDCl;) 5 7.42-7.35 (m, 2H), 7.35-7.30 (m, 1H), 7.21 -7.13 (m, 2H),
2.61(q,J=7.5Hz, 2H), 0.99 (t, J= 7.5 Hz, 3H); *C NMR (126 MHz, CDCLl;) 5 149.0, 141.0,
128.5,128.0, 127.8,87.7, 32.9, 11.5; HRMS (EI*) m/z: [M]"* Calcd. for C1oH10"°Br>
287.9144; Found 287.9144. All spectroscopic data were in accordance with the

literature.?%8

(Z/E)-1-(1-Bromo-2-phenylbut-1-en-1-yl)-4-methoxybenzene (2.60)

Table 38: Screening of Suzuki-Miyaura cross-coupling conditions

Pd,dbag (2.5 mol %) O
tris(2-furyl) phophine (15 mol %)
Cs,CO; (x eq) l
| >  Br O
Bro B MeO@B(OH)Z OMe
2.61 2.62 (x eq) (E)-2.60
solvent, 65 °C, time desired geometry
Entry 2.61 2.62 Base Solvent Time Ratioof (Z/E)-2.60
(mmol) (eq) (eq) (ratio/concentration) /h Z/E- yield®/ %
2.47°
1 0.35 1.05 2 THF: H,0O (7:3/0.15 M) 16 2:1 28
2 0.35 1.05 2 Et,O:THF:H0 (2:1:1/0.1 16 2:1 32
M)
3 0.35 1.05 2 Et,O:THF:H.0 (2:1:1/ 5 3:2 26
0.01 M)

4 0.35 1.05 2 THF:H,0 (3:1/0.1 M) 5 3:2 27
5 0.35 1.3 2 THF:H,0 (3:1/0.1 M) 16 2:1 28
6 0.35 1.3° 2 THF:H,0 (3:1/0.1 M) 16° 2:1 23
7 0.35 1.05 1.1 THF:H,0 (3:1/0.1 M) 5 3:2 27
8¢ 3.3 1.05 1.1 THF:H-0 (3:1/0.1 M) 6 3:2 36

2 after silica-gel chromatography. ° dropwise addition over 40 minutes. ° reaction at 45 °C. ¢
conditions chosen when repeating the cross-coupling.
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Full experimental details for the synthesis of (Z/E)-2.60 using the conditions described

in Table 38, Entry 8 are described below:

Pd,dbaz (2.5 mol %) O
tris(2-furyl) phophine (15 mol %)
Cs,CO;3 (1.1 equiv) |
| > Br O
Br “Br MeOOB(OH)Z OMe

261 2.62 (1.05 equiv) (E)-2.60
THF:H,0 (3:1, 0.1 M) (ZE3:2)
65°C,6h

A Schlenk tube was charged with (1,1-dibromobut-1-en-2-yl)benzene (2.61) (958 mg,
1.0 equiv., 3.3 mmol), 4-methoxyphenyl boronic acid (2.62, 527 mg, 1.05 equiv., 3.5
mmol), bis(dibenzylideneacetone) palladium (95 mg, 5 mol %), tri(2-furyl)- phosphine
(115 mg, 15 mol %). Degassed THF (15 mL) was added, followed by a degassed solution
of cesium carbonate (1.2 g, 1.1 equiv., 3.6 mmol) in H,O (5 mL). The mixture was heated
at 70 °C for 6 hours. The reaction mixture was cooled to rt and diluted with H,O (5 mL)
and the aqueous layer was extracted with EtOAc (3 x 15 mL). The combined organic
layers were washed with sat. brine;q (10 mL), dried over MgSQy,, filtered and
concentrated in vacuo to afford the crude. Purification by silica gel column
chromatography (3:7 toluene/hexane) gave the title compound as a 3:2 ratio of (£2)-2.60 :
(E)-2.60 (377 mg, 36 %) as a yellow solid.

'H NMR (300 MHz, CDCl;) 6 7.46 - 7.27 (m, 7H, Z/E-isomer), 7.20 - 7.00 (m, 5H, Z/E-
isomer), 6.96 - 6.90 (m, 2H, Z-isomer), 6.69 - 6.59 (m, 1.4H, E-isomer), 3.85 (s, 3H, Z-
isomer), 3.72 (s, 2H, E-isomer), 2.81 (q,J=7.5 Hz, 1.4H, E-isomer), 2.38 (q, /= 7.4 Hz,
2H, Z-isomer), 1.06 (t, /= 7.5 Hz, 2.3H, E-isomer), 0.89 (t, /= 7.4 Hz, 3H, Z-isomer); 13C
NMR (75 MHz, CDCls) 6 159.4, 158.7, 144.6, 143.8, 142.7, 140.8, 133.6, 133.4, 131.6,
130.4, 129.3,128.4,128.3, 128.1, 127.2,126.7, 120.9, 119.0, 113.8, 113.1, 55.4, 55.2,
33.4,29.6, 13.2, 11.8; HRMS (CI*) m/z: [M]** Calcd. for C47H170”°Br316.0457; Found
316.0455.

*The Z/E ratio was determined by 'H NMR integration of the ArH ortho to the OMe group:

Major isomer (Z)-2.60 = 6.96 — 6.90 (m, 2H); minor isomer (E)-2.60 = 6.69 - 6.59 (m,
1-4H)‘121,153,172
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Methyl (2)-4-(1-(4-methoxyphenyl)-2-phenylbut-1-en-1-yl)cubane-1-carboxylate

(2.65)
OMe
O  Nphth 1-Mg, Iy, LiCl
o THF, 68 °C
| L 2. ZnCl,, THF, reflux
Br 3.2.9 (1 eq), NiCly-glyme (1 eq) \
MeO dimethyl 2’,2-bipyridine- H‘.’
OMe 0 4,4’-dicarboxylate (2 eq) MeO
DMF (0.15 M), rt
(0]
(E)-2.60 2.9 (2)-2.65

(ZE3:2)

Following an adapted procedure reported by Senge et al."®® To a solution of magnesium
turnings (55 mg, 1.8 equiv., 2.4 mmol) and LiCl (85 mg, 1.5 equiv., 2 mmol) in anhydrous
THF (1.5 mL), was added 1 pellet of iodine. To this mixture (Z/E)-2.60 (3:2) (418 mg, 1.0
equiv., 1.32 mmol) in anhydrous THF (0.5 mL) was added dropwise. After the addition
was complete, the mixture was heated to 68 °C for 4 hours. The newly formed Grignard
was cooled to rt and added dropwise to a solution of ZnCl; (1.1 g, 1.0 equiv., 8 mmol) in

anhydrous THF (1.5 mL) and was stirred for 15 minutes at rt.

All of the organozinc mixture (3.5 mL, 3 equiv., 2.4 mmol) was added to a solution of 2.9
(155 mg, 1.0 equiv., 0.44 mmol), NiCl:-glyme (95 mg, 1.0 equiv., 0.44 mmol), dimethyl
2,2’-bipyridine-4,4’-dicarboxylate (122 mg, 2.0 equiv., 0.88 mmol) in anhydrous DMF (3
mL) in one quick addition. The purple mixture was stirred at rt for 2 hours and quenched
with 1 M HClq (10 mL). To the mixture was added EtOAc (30 mL) and the organic layer
was washed with H,O (3 x 15 mL), sat. brinegg (3 X 15 mL), dried with anhydrous MgSQ,,
filtered, and concentrated in vacuo to afford the crude. Purification by silica gel column
chromatography (100 % hexane — 1:5 EtOAc/hexane) gave the title compound (Z)-2.65
(83 mg, 2 %) as a yellow solid.

'H NMR (300 MHz, CDCls) 8 7.24-7.09 (m, 5H), 7.05-6.98 (m, 2H), 6.66 — 6.60 (m, 2H),
4.37-4.26 (m, 6H), 3.73 (s, 3H), 3.71 (s, 3H), 2.46 (q, /= 7.5 Hz, 2H), 0.96 (t, /= 7.5 Hz,
3H); HRMS (ESI*) m/z: [M+H]" Calcd. for C»;H2,03399.1955; Found 399.1953.

*Tentatively assign the stereochemistry as (£)-2.65 based on the chemical shift of the
ArH ortho to the OMe group & 6.66 —6.60 (m, 2H) in the '"H NMR being consistent with

the Z-stereochemistry.'2". 153172
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5.2.4 Route 4: Horner-Wadsworth-Emmons

5.2.4.1 Synthesis towards (Z/E)-cubyl-tamoxifen (1.18)

General scheme:
0
0 OMe
OMe . " Q Q
0 9 o i Moyme i Yoy
N
HO ol
o) o)
2.10 2.1
2.8 2.9

l (iv)

(Z/E) 268 2.13 212

ft

|
A
O/\/N\

(ZB)1.18

Conditions: (i) 1. oxalyl chloride (2 M in DCM), DMF, DCM, rt, 1.5 h; 2. N-hydroxyphthalimide,
NEts, DCM, rt, 2 h, 94 %; (ii) hantzsch ester, (If[dF(CF;s)ppyl.(dtbpy))PFs, DCM, blue LED lights, rt,
5 h, 70 %; (iii) LIOH, THF:MeOH:H,0 in 3:1:1 ratio, rt, overnight, 81 %; (iv) 1. oxalyl chloride (2 M
in DCM), DMF, DCM, rt, 1.5 h; 2. N,O-dimethylhydroxylamine hydrochloride, NEt;, DCM, rt, 3 h,
55 %; (v) EtMgBr (0.9 M in THF), THF, -78 °C — rt, 30 min, 71 %; (vi) diethyl benzylphosphonate,
K'BuO, THF, 0 °C, 30 min; 2. 2.13, THF, 0 °C, 15 min, 52 %; (vii) 2.34, Pd(OAc),, PPh3, Na,COs,
DME, reflux, 5 h, 0 %.

Experimental procedure and analytical data for 2.9-2.13 was previously described in
Section 5.2.1.2. The experimental procedure and analytical data for 2.34 was

previously described in Section 5.2.2.1.
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(Z/E)-1-(1-Phenylbut-1-en-2-yl)cubane (2.68)

1. KBuO
< THF, 0 °C
0 - >
\/O\p' 2. 0
° @fu

2.67 2.13 (Z/E)-2.68
THF, 0 °C (1:10)

Diethyl benzylphosphonate (2.67, 0.16 mL, 2.1 equiv., 0.77 mmol) was added dropwise
to a solution of potassium tert-butoxide (84 mg, 2.0 equiv., 0.75 mmol) in anhydrous
THF (1 mL) at 0 °C. After 30 minutes, a solution of 1-(cuban-1-yl)propan-1-one (2.13, 60
mg, 1.0 equiv., 0.37 mmol) in anhydrous THF (1 mL) was added dropwise. The blue
mixture was stirred at 0 °C for 15 minutes and then quenched with sat. NH,Clq (5 mL).
The aqueous layer was extracted with EtOAc (3 x 10 mL) and the combined organic
layers were washed with sat. brineq (10 mL), dried with anhydrous MgSQ,, filtered and
concentrated in vacuo to afford the crude (Z/E 1:4). Purification by silica gel column
chromatography (100 % hexane) gave the title compound as a 1:10 ratio of (£)-2.68 : (E)-
2.68 (45 mg, 52 %) as a colourless oil.

"H NMR (500 MHz, CDCl;) 6 7.35-7.30 (m, 2H, Z/E-isomer), 7.30 - 7.26 (m, 2H, Z/E-
isomer), 7.21-7.17 (m, 1H, Z/E-isomer), 7.11-7.07 (m, 0.2H, Z-isomer), 6.35 (s, 0.1H,
Z-isomer), 6.13 (s, 1H, E-isomer), 4.15-4.10 (m, 3H, E-isomer), 4.10-4.06 (m, 1H, E-
isomer), 3.99 - 3.94 (m, 3H, E-isomer), 3.94 (s, 0.1H, Z-isomer), 3.91 -3.87 (m, 0.3H, Z-
isomer), 3.87-3.83 (m, 0.3H, Z-isomer), 2.40 (qd, J=7.6, 0.8 Hz, 2H, E-isomer), 2.25
(gd,/=7.5,1.4Hz, 0.2H, Z-isomer), 1.10 (t, /= 7.6 Hz, 3H, E-isomer), 1.09 (t, /= 7.5 Hz,
0.3H, Z-isomer); NOESY (CDCL;): Correlation between the peak at 6 6.13 (s, 1TH, C=CH)
and peak at  4.15-4.10 (m, 3H, three C-H bonds in cubane) confirmed (E)-2.68 as the
major geometric-isomer; *C NMR (126 MHz, CDCL;) d 144.7 (Z-isomer), 144.3 (E-
isomer), 139.3 (Z-isomer), 138.6 (E-isomer), 128.8 (E-isomer), 128.6 (Z-isomer), 128.2
(E-isomer), 127.6 (Z-isomer), 126.1 (E-isomer + Z-isomer), 124.0 (Z-isomer), 122.6 (E-
isomer), 64.0 (E-isomer), 61.0 (Z-isomer), 51.3 (Z-isomer), 50.5 (E-isomer), 48.2 (E-
isomer), 46.5 (Z-isomer), 44.1 (Z-isomer), 43.9 (E-isomer), 22.8 (Z-isomer), 21.9 (E-
isomer), 14.3 (Z-isomer), 13.7 (E-isomer); HRMS (CI*) m/z: [M]™* Calcd. for CigH1s
234.1403; Found 234.1402.
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5.2.4.2 Synthesis towards (Z/E)-tamoxifen (1.1)

General scheme:
_________________ 0 o
o) Ia e
: . \ITI Br
S ?‘.7.? _______ : 2.6 2.34
(i) """"""""""
'“) (||) |
2 34 O |
o/\/N\
OMe
(Z/E)-2.37 (ZE)-2.72 (Z/E)-Tamoxifen (1.1)
(46:1)
: |||) (“)
OM ‘ : /\/N\
e (0]
(ZE)-2.80 2.7 (2)-2.78

(1:6)

Conditions: (i) diethyl benzylphosphonate, K'BuO, THF, 0 °C, 30 min; 2. 2.6, THF, rt, 2 h, 94 %; (ii)
2.34, Pd(OAc),, PPhs, Na,COs, DME, reflux, 5 h, 0 % for (Z/E)-1.1 and (Z/E)-2.78; (iii) 2.79,
Pd(OAc),, K,COs, n-Et4,NBr, KBr, DMF, 80 °C, 5 h, 30 % for (Z/E)-2.80 (1:6 ratio) and 0 % for (Z/E)-
2.37.

(Z/E)-But-1-ene-1,2-diyldibenzene (2.72)

1. KBuO
< THF, 0 °C
e} —_—
\/O\ Pl\/@ 2 Q |
O/ ©)‘\/ |D

2.67 26 (ZE)-2.72
THF, 0°C — rt (46:1)
Diethyl benzylphosphonate (2.67, 0.33 mL, 2.1 equiv., 1.58 mmol) was added dropwise
to a solution of potassium tert-butoxide (168 mg, 2.0 equiv., 1.5 mmol) in anhydrous
THF (2 mL) at 0 °C. After 30 minutes, propiophenone (2.6, 0.1 mL, 1.0 equiv., 0.75 mmol)
was added dropwise. The mixture was stirred at rt for 2 hours and then quenched with
sat. NH4Clg (10 mL) at 0 °C. The aqueous layer was extracted with EtOAc (3 x 10 mL)

and the combined organic layers were washed with sat. brineq (10 mL). The organic
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layer was dried with anhydrous MgSQ,, filtered, and concentrated in vacuo to afford the
crude (Z/E 10:1). Purification by silica gel column chromatography (100 % hexane) gave
the title compound as a 46:1 ratio of (£)-2.72 : (E)-2.72 (147 mg, 94 %) as a colourless

oil.

'H NMR (300 MHz, CDCls) 6 7.37-7.24 (m, 3H), 7.22-7.16 (m, 2H), 7.15-7.06 (m, 3H),
6.99-6.92 (m, 2H), 6.46 (s, 1H), 2.55(qd, J=7.4,1.4 Hz, 2H), 1.11 (t, /= 7.4 Hz, 3H);
HRMS (CI*) m/z: [M]™* Calcd. for C16H16208.1247; Found 208.1245. All spectroscopic

data were in accordance with the literature.?®®

*The Z/E ratio was determined by 'H NMR integration of the CH,CHj;protons: Major
isomer (£2)-2.72=056 2.55(qd, /=7.4, 1.4 Hz, 2H); minor isomer (E)-2.72=562.79(q, /=8.0
Hz, 0.04H).

(Z/E)-(1-(4-methoxyphenyl)ethene-1,2-diyl)dibenzene (2.80)
OMe
4-iodoanisole, Pd(OAc), ‘ O
“ O n-Et,;NBr, K,COg, KBr
O DMF,80°C |

2.77 (Z'E)-2.80
(1:6)

Trans-stilbene (2.77, 50 mg, 0.28 mmol, 1 eq), 4-iodoanisole (78 mg, 0.33 mmol, 1.2
eq), Pd(OAc): (2 mg, 3 mol %), potassium carbonate (58 mg, 0.42 mmol, 1.5 eq), n-
tetraethylammonium bromide (117 mg, 0.55 mmol, 2 eq) and KBr (40 mg, 0.33 mmol,
1.2 eq) in degassed DMF (2 mL) was heated at 80 °C for 5 hours. The reaction mixture
was cooled to rt and quenched with 1 M HClsq (1 mL) and diluted with EtOAc (15 mL).
The organic layer was washed with H,O (3 x 5 mL), sat. brineq (10 mL), dried with
anhydrous MgSQ,, filtered, and concentrated in vacuo to afford the crude (Z/E 1:6).
Purification by silica gel column chromatography (1:99 EtOAc/hexane) gave the title
compound as a 1:6 ratio of (£)-2.80 : (E)-2.80 (24 mg, 30 %) as a colourless oil.

'"H NMR (300 MHz, CDCl;) 6 7.34-7.29 (m, 3.8H, E/Z-isomer), 7.28 - 7.23 (m, 2.5H, E/Z-
isomer), 7.23-7.17 (m, 2H, E/Z-isomer), 7.16 - 7.04 (m, 4.2H, E/Z-isomer), 7.03 - 6.98
(m, 2H, E/Z-isomer), 6.90 (s, 0.2H, Z-isomer ), 6.89 (s, 1H, E-isomer), 6.88 -6.81 (m,
2.5H, E/Z-isomer),3.83 (s, 0.5H, Z-isomer), 3.81 (s, 3H, E-isomer). HRMS (CI*) m/z: [M]**
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Calcd. for C21H150 286.1352; Found 286.1253. All spectroscopic data were in

accordance with the literature.?®®

*The Z/E ratio was determined by 'H NMR integration of the OCH; protons: Major isomer

(E)-2.80 = 0 3.81 (s, 3H); minor isomer (£)-2.80 = 6 3.83 (s, 0.5H)

5.2.4.3 Synthesis towards (Z/E)-cubyl-tamoxifen (1.17)

General scheme:
(0]
Q OMe
OMe . ] o
(i) (if) (iiif)
N
HO o
(@] (6]
2.10 2.11
2.8 2.9
l (iv)
O (0] (0]
| (vi) /\/\ — (v) \ OMe
- -
g, 8T
O/\/N\ O/\/ ~
(Z/E)-1.17 2.69 2.12
(1:3)
"""""""""""""""""""""""""""""""" Br
< 2.34
<o (vii) o
: \/O\p \/O\,!’/
g S
2.67 2.70

Conditions: (i) 1. oxalyl chloride (2 M in DCM), DMF, DCM, rt, 1.5 h; 2. N-hydroxyphthalimide,
NEts, DCM, rt, 2 h, 94 %; (ii) hantzsch ester, (If[dF(CF;s)ppyl.(dtbpy))PFs, DCM, blue LED lights, rt,
5 h, 70 %; (iii) LIOH, THF:MeOH:H,0 in 3:1:1 ratio, rt, overnight, 81 %; (iv) 1. oxalyl chloride (2 M
in DCM), DMF, DCM, rt, 1.5 h; 2. N,O-dimethylhydroxylamine hydrochloride, NEt;, DCM, rt, 3 h,
55 %; (v) 1. 2.34, n-BulLi (1.6 M in hexanes), THF, -78 °C, 15 min; 2. 2.12, THF, -78 °C, 2 h, 77 %;
(vi) 2.70, n-BuLi (1.6 M in hexanes), THF, -78 °C, 15 min; 2. 2.69, THF, - 78 °C — 50 °C, 21 h, 40 %;
(vii) n-BulLi (1.6 M in hexanes), THF, -78 °C, 10 min; 2. Etl, - 78 °C — rt, 30 min, 84 %.

Experimental procedure and analytical data for 2.9-2.12 was previously described in
Section 5.2.1.2. The experimental procedure and analytical data for 2.34 was

previously described in Section 5.2.2.1.
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(Cuban-1-yl)(4-(2-(dimethylamino)ethoxy)phenyl)methanone (2.69)

1. n-BuLi (1.6 M in hexanes)

No THF, - 78 °C ﬁ& :j N—
i 2. and

2.12
2.34 THF, -78 °C, 2 h

n-BuLi (0.48 mL, 1.5 equiv., 1.6 M in hexanes) was added dropwise to a solution of 2-(4-
bromophenoxy)-N,N-dimethylethan-1-amine (2.34) (185 mg, 1.5 equiv., 0.76 mmol) in
anhydrous THF (2 mL) at -78 °C. After 15 minutes, N-methoxy-N-methylcubane-1-
carboxamide (2.12) (97 mg, 1.0 equiv., 0.50 mmol) in anhydrous THF (0.8 mL) was
added dropwise to the yellow solution. The mixture was stirred at -78 °C for 2 hours,
then quenched with H,O (5 mL). 1 M NaOHq (10 mL) was added to the mixture and the
aqueous layer was extracted with EtOAc (3 x 10 mL). The combined organic layers were
washed with sat. brine(q (10 mL), dried with anhydrous MgSQ,, filtered, and
concentrated in vacuo to afford the crude. Purification by silica gel column
chromatography (3:7 EtOAc/hexane + 2% NEt; > 1:1 EtOAc/hexane + 2% NEt;) gave the
title compound 2.69 (114 mg, 77 %) as a pink solid.

'H NMR (400 MHz, CDCl;) 5 7.83-7.74 (m, 2H), 6.99 - 6.91 (m, 2H), 4.48 - 4.38 (m, 3H),
4.16-4.06 (m, 6H), 2.76 (t, /= 5.7 Hz, 2H), 2.34 (s, 6H); *C NMR (101 MHz, CDCl;) 6
197.3,162.6, 130.3, 128.3, 114.5, 66.2, 63.1, 58.2, 51.0, 47.1, 46.0, 45.3; HRMS (ESI*)
m/z: [M+H]" Calcd. for C1sH22NO,296.1645; Found 296.1648.

Diethyl (1-phenylpropyl)phosphonate (2.70)

<V© 1. n-BuLi (1.6 M in THF) <
o) THF, - 78 °C o
O.y ’ O.

-78°C —rt (0]

2.67 2.70

n-Buli (1.64 mL, 1.2 equiv., 1.6 M in hexanes) was added dropwise to a solution of
diethyl benzylphosphonate (2.67, 0.46 mL, 1.0 equiv., 2.20 mmol) in anhydrous THF (10
mL) at -78 °C. After 10 minutes iodoethane (0.21 mL, 1.2 equiv., 2.63 mmol) was added

dropwise to the yellow solution. The mixture was stirred at -78 °C for 5 minutes, then
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warmed to rt. After 30 minutes the reaction was quenched with H.O (10 mL) and diluted
with EtOAc (20 mL). The organic layer was washed with H,O (2 x 10 mL), sat. brineq (10
mL), dried with anhydrous MgSQ., filtered and concentrated in vacuo to afford the title

compound 2.70 (488 mg, 84 %) as a light orange oil.

'H NMR (400 MHz, CDCl;) 5 7.34-7.28 (m, 4H), 7.28 - 7.21 (m, 1H), 4.14 - 3.97 (m, 2H),
3.95-3.80 (m, 1H), 3.78 -3.62 (m, 1H), 2.88 (ddd, /=22.2,11.2, 4.1 Hz, 1H), 2.24 -2.06
(m, 1H), 2.03-1.88 (m, 1H), 1.27 (td, /= 7.1, 0.5 Hz, 3H), 1.09 (td, /= 7.1, 0.6 Hz, 3H),
0.84 (td, J=7.4,1.0 Hz, 3H);*C NMR (101 MHz, CDCl;) 56 136.2 (d, /= 6.6 Hz), 129.4 (d, J
=6.9 Hz), 128.5(d, J=2.5Hz), 127.1 (d,/=3.2Hz),62.5(d,/=7.0 Hz),61.8 (d, /= 7.1
Hz), 46.6 (d, J=136.8 Hz), 23.3 (d, /= 3.4 Hz), 16.6 (d, /=6.0 Hz), 16.4 (d, /= 5.9 Hz),
12.6 (d, /= 16.2 Hz); 'P NMR (162 MHz, CDCl;) d 29.0; HRMS (ESI*) m/z: [M+H]* Calcd.
for C13H2,P03257.1301; Found 257.1306. All spectroscopic data were in accordance

with the literature.?®’

(Z2)-Cubyl-tamoxifen (1.17) and (E)-cubyl-tamoxifen (1.17)

1. n-BuLi (1.6 M in hexanes)
THF, - 78 °C

~°F e SR " N&

2.70 2 69 2)-1.17 (E)-1.17
. (3% |solated yield) (17 % isolated yield)

isolated yields post semi-prep C18 seperation

THF, -78 °C — 50 °C
crude:

1:3 ratio of (ZE)}-1.17

0% vildhwi 113 rata of (21113
n-Buli (0.47 mL, 3.0 equiv., 1.6 M in hexanes) was added dropwise to a solution of
diethyl (1-phenylpropyl)phosphonate (2.70) (198 mg, 3.1 equiv., 0.51 mmol) in
anhydrous THF (5 mL) at -78 °C. After 15 minutes, phenyl(4-phenylcuban-1-
yl)methanone (2.69) (70 mg, 1.0 equiv., 0.24 mmol) in anhydrous THF (1 mL) was added
dropwise to the beige solution. The mixture was stirred at -78 °C for 2 minutes, then
heat at 50 °C for 21 hours. The reaction mixture was quenched with sat. NH,Cl(aq) (5 mL)
and the aqueous layer was extracted with EtOAc (3 x 10 mL). The combined organic

layers were washed with sat. brine (10 mL), dried with anhydrous MgSQ,, filtered and

concentrated in vacuo to afford the crude (Z/E = 1:3). Purification by silica gel column
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chromatography (80:20 EtOAc/hexane > 20:80 EtOAc/hexane + 2% NEts) gave the title
compound (Z/E)-1.17 (38 mg, 40 %, Z/E 1:3) as a colourless oil.

Purification of (Z/E)-1.17 (38 mg, Z/E 1:3) by reverse phase (C18) chromatography:
Instrument:

Agilent 1260 infinity system with DAD detector and temperature controlled
autosampler/column compartment.

HPLC Conditions A: Isocratic gradient and eluent (3:1 MeCN/H,O with 0.1 % TFA); flow
rate (2 mL/min); column (Agilent Eclipse XBD-C18 5 um 9.4 x 250 mm); wavelength (254
nm).

Sample preparation: Dissolve entire sample in MeCN (1 mL), sonicate to dissolve.
Then for each reverse phase run place 100 plL of the dissolved sample into a HPLC vial,
add 50 pL of H,O containing 0.1 % TFA followed by sonication.

Retention time: (£)-1.17 =10.3-11.4 min; (2)-1.17 = 11.8 - 13.3 min. Note: Separation

is not ideal and there is slight overlap between the two geometric isomer.

mAU ]
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] >
1500 4‘%
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500

2 4 6 8 10 12 min|

Figure 38: HPLC trace of semi-preparative separation of (Z/E)-1.17.

Following the semi-preparation runs (all done in day to minimise the time each product

was in aqueous solution), the fractions for (E)-1.17 and (£)-1.17 were combined
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separately and concentration in vacuo to remove the bulk of MeCN and H,0. To each
geometric isomer diethylether (10 mL) was added and the organic layer was washed
with 1 M NaOHq (3 x5 mL), sat. brine;q (10 mL), dried with anhydrous MgSQ,, filtered
and concentrated in vacuo to afford the crude. Each crude was separately passed
through a short-silica gel plug (5 cm heigh, 2 cm diameter) (30:70 EtOAc/hexane + 2%
NEt;) which gave the title compounds (E)-1.17 (16 mg, 17 %, white solid) and (2)-1.17 (3

mg, 3 %, white solid).

O (E)-1.17: "H NMR (400 MHz, CDCls) 5 7.35 - 7.26 (m, 3H), 7.23 -
) 7.19 (m, 2H), 7.10 — 7.04 (m, 2H), 6.96 — 6.90 (m, 2H), 4.10 (t, J =
B

s O | 5.8Hz, 2H), 3.79-3.72 (m, 1H), 3.61 — 3.54 (m, 3H), 3.45 — 3.39

5 O/\/N\

(m, 3H), 2.77 (t, /= 5.8 Hz, 2H), 2.37 (s, 6H), 2.23 (q, /= 7.5 Hz,
el 2H), 0.73 (t, /= 7.5 Hz, 3H); "*C NMR (101 MHz, CDCl;) 5 157.3,
143.1,139.3, 138.0, 133.3, 129.5, 128.7, 127.6, 126.5, 114.1, 66.0, 61.4, 58.6, 51.6,
47.1, 46.1,43.6, 28.7, 13.5.; NOESY (CDCL;): Correlation between the peak at 6 3.45 -
3.39 (m, 3H, B-hydrogens of cubane) and 7.23 - 7.19 (m, 2H, ortho-hydrogens of
unsubstituted phenylring) confirmed the E-stereochemistry; HRMS (ESI*) m/z: [M+H]*

Calcd. for C2sH3.NO 398.2478; Found 398.2482.

O (2)-1.17: "H NMR (300 MHz, CDCl;) 8 7.10 - 6.96 (m, 3H), 6.93 -
(B | 6.88 (m, 2H), 6.71 -6.64 (m, 2H), 6.64 - 6.58 (m, 2H), 4.08 -
;“ O ON,L\ 3.89 (m, 9H), 2.67 (t, J = 5.8 Hz, 2H), 2.45 (q, J = 7.4 Hz, 2H),
@-s11 2.31 (s, 6H), 0.91 (t, /= 7.4 Hz, 3H); *C NMR (101 MHz, CDCL)
5 156.4, 141.0, 138.7,134.0, 130.5, 129.7,127.5, 125.4, 113.4, 65.6, 61.1, 58.3, 52.8,
47.1, 45.9, 44.0, 27.5, 13.5. Note: One quaternary carbon is missing around 143 ppm;
NOESY (CDCL): Correlation between the peak atd 2.45(q,J=7.4 Hz, 2H, C=CCH.CH5)

and 6 4.06 - 4.01 (m, 3H, B-hydrogens of cubane) confirmed the Z-stereochemistry.
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5.2.5 Log P

5.2.5.1 HPLC Methods

Instrument:

Agilent 1260 infinity system with DAD detector and temperature controlled
autosampler/column compartment

HPLC Conditions B:

Solvent A: 50 mM aqueous triethylammonium bicarbonate buffer at pH 7.4

Solvent B: MeCN

Flow rate (1 mL/min); column (Agilent pursuit-C18 5 um 200 A, 3x100 mm); wavelength
(254 nm).

Gradient:

0 -1 min: 10 % solvent B (isocratic); 1 —11 min: 10 % solvent B to 100 % solvent B (linear
increase); 11 =13 min: 100 % solvent B (isocratic); 13- 14 min: 100 % solvent Bto 10 %

solvent B (linear decrease); 14 — 15 min: 10 % solvent B (isocratic).
5.2.5.2 Log P calibration plot
Valko C-18 test mix purchased from Bio-Mimetic Chromatography (Bio-Mimetic

Chromatography Ltd., Stevenage, UK).

Table 39: Raw data for calibration plot using Valko C-18 test mix using HPLC conditions B.
Literature CHI values obtained from Valko.'®

Retention time at pH 7.4/ min

Valko test mix c18 t1 t. 2 t.3 t.4 Average CHIlvaluesatpH?7.4
Theophylline 0.95 0.96 0.959 0.961 0.95775 18.40
Phenyltetrazole 1.06 1.034 1.046 1.034 1.04425 23.60
Benzimidazole 2.79 2.778 2.792 2.778 2.78525 34.30
Colchicine 2.96 2934 2917 2934 2.93525 42.00
Phenyltheophylline 4.89 4.885 4.894 4.885 4.88825 51.20
Acetophenone 5.22 5.216 5.218 5.216 5.217 65.10
indole 6.22 6.226 6.223 6.226 6.22475 71.50
propiophenone 6.47 6.465 6.464 6.464 6.4645 77.40
butyrophenone 7.37 7.367 7.368 7.367 7.367 87.50
valerophenone 8.15 8.151 8.154 8.151 8.15175 96.20
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Table 40: Log P raw data.

Retention time at pH 7.4 / min

CHI log

Compound t1 t. 2 Average CHI p

(2)-Tamoxifen (1.1) 10.60 10.62 10.61 119 5.0

(E)-Cubyl-tamoxifen (1.17) 12.40 12.40 12.40 138 6.0

1:3 mixture of (Z/E)-Cubyl-tamoxifen (1.17, 12.21 12.22 12.21 136 5.9
peak 1)

1:3 ratio of (Z/E)-Cubyl-tamoxifen (1.17, 12.39 12.36 12.39 138 6.0
peak 2)

5.3 Chapter 3 experimental

5.3.1 Synthesis of Baeyer-Villiger oxidation substrates

5.3.1.1 Synthesis of 3.91a-f
Methyl-4-phenylcubane-1-carboxylate (2.55)

QA NPhth
0 @zml*uu

NiCly-glyme
MeO dimethyl 2’,2-bipyridine-4,4"-dicarboxylate ~ MeO
o DMF, rt

2.9 2.55

Following the procedure of Bernhard and co-workers.'®® To a solution of magnesium
turnings (235 mg, 1.25 equiv., 10 mmol) and LiCl (425 mg, 1.25 equiv., 10 mmol) in
anhydrous THF (2 mL), was added 1 pellet of iodine. To this mixture bromobenzene (0.84
mL, 1.0 equiv., 8 mmol) in anhydrous THF (6 mL) was added dropwise. After the addition
was complete, the black mixture was left to stir at rt for 30 minutes. The newly formed
Grignard was then added dropwise to a solution of ZnCl; (1.1 g, 1.0 equiv., 8 mmol) in

anhydrous THF (8 mL) and was stirred for 15 minutes at rt.

The organozinc mixture (13.5 mL, 3.5 equiv., 6.76 mmol) was added to a solution of 2.9
(678 mg, 1.0 equiv., 1.93 mmol), NiCl,-glyme (425 mg, 1.0 equiv., 1.93 mmol), dimethyl
2,2’-bipyridine-4,4’-dicarboxylate (1.05 g, 2.0 equiv., 3.86 mmol) in anhydrous DMF
(13.8 mL) in one quick addition. The purple mixture was stirred at rt for 2 hours and
quenched with 1 M HCl5q (10 mL). To the mixture was added EtOAc (30 mL) and the

organic layer was washed with H,O (3 x 15 mL), sat. brineguq (3 x 15 mL), dried with
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anhydrous MgSQ,, filtered, and concentrated in vacuo to afford the crude. Purification
by silica gel column chromatography (02:98 EtOAc/hexane) gave the title compound
2.55 (244 mg, 53 %) as a yellow solid.

'H NMR (500 MHz, CDCls) 8 7.40-7.32 (m, 2H), 7.25-7.17 (m, 3H), 4.28 —4.21 (m, 3H),
4.20-4.12 (m, 3H), 3.74 (s, 3H); HRMS (APCI*) m/z: [M+H]" Calcd. for CicH150-
239.1067; Found 239.1067. All spectroscopic data were in accordance with the

literature.6?

4-Phenylcubane-1-carboxylic acid (3.92)
o} 0

OMe OH
LiOH-H,0

THF, MeOH, H,0, rt

2.55 3.92

To a solution of methyl-4-phenylcubane-1-carboxylate (2.55, 244 mg, 1.0 equiv., 1.0
mmol) in 3:3:1 ratio of THF:MeOH:H,0 (11.3 mL), was added lithium hydroxide
monohydrate (230 mg, 9.6 mmol) in one-portion at 0 °C . The mixture was warmed to rt
and stirred overnight. The mixture was acidified with 2 M HCl,q), and the aqueous layer
was extracted with EtOAc (3 x 15 mL). The combined organic layers were washed sat.
brineq (15 mL), dried with anhydrous MgSQ,, filtered, and concentrated in vacuo to
afford the crude. The crude solid was washed with hexane (3 x 5 mL) to afford the title

compound 3.92 (218 mg, 95 %) as a white solid.

"H NMR (500 MHz, CDCl;) 5 11.89 (br s, 1H), 7.42-7.34 (m, 2H), 7.25-7.19 (m, 3H),
4.36-4.27 (m, 3H), 4.24 - 4.16 (m, 3H); *C NMR (126 MHz, CDCl;) 5 178.8, 142.0,
128.6, 126.4, 124.9, 60.4, 56.3, 48.9, 46.2. All spectroscopic data were in accordance

with the literature.?”®
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N-Methoxy-N-methyl-4-phenylcubane-1-carboxamide (3.93)

O O
OMe
OH 1. Oxalyl chloride N
DMF, DCM, rt \

2. N,O-Dimethylhydroxylamine
hydrochloride,
NEts, DCM, 0 °C — 1t

3.92 3.93

To a solution of 4-phenylcubane-1-carboxylic acid (3.92) (218 mg, 1.0 equiv., 0.97 mmol)
in anhydrous DCM (5 mL) was added oxalyl chloride (0.58 mL, 1.2 equiv., 2 M in DCM) at
rt. Anhydrous DMF (7.5 mL, 10 mol%) was then added and the reaction mixture was
allowed to stir at rt for 1.5 hours. The mixture was concentrated in vacuo to afford the

acid chloride as a yellow solid.

The acid chloride was dissolved in anhydrous DCM (2 mL) and added dropwise to a
solution of N,O-dimethylhydroxylamine hydrochloride (130 mg, 1.4 equiv., 1.33 mmol)
and triethylamine (0.34 mL, 2.5 equiv., 2.43 mmol) in anhydrous DCM (2 mL) at 0 °C.
The mixture was warmed to rt and stirred for 3 hours. The mixture was quenched with
sat. NH4Clq (5 mL) and diluted with DCM (10 mL). The organic layer was washed with 1
M HClq (10 mL), sat. brineq (10 mL), dried with anhydrous MgSQO,, and concentrated
in vacuo to afford the crude. Purification by silica gel column chromatography (1:3

EtOAc/hexane) gave the title compound 3.93 (210 mg, 81 %) as a white solid.

H NMR (500 MHz, CDCls) 5 7.40 - 7.32 (m, 2H), 7.25 - 7.17 (m, 3H), 4.30 — 4.23 (m, 3H),
4.18 -4.10 (m, 3H), 3.75 (s, 3H), 3.22 (s, 3H); *C NMR (126 MHz, CDCls) 5 173.8, 142.5,
128.5,126.1, 124.9, 61.8, 59.8, 58.4, 48.8, 46.3, 32.8; HRMS (CI*) m/z: [M+H]* Calcd. for
C17H1502N 268.1332; Found 268.1333.
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Phenyl(4-phenylcuban-1-yl)methanone (3.91a)
0 o}

,OMe
N
\ PhMgBr ﬁ
THF, -78 °C — rt

3.93 3.91a

To a solution of N-methoxy-N-methyl-4-phenylcubane-1-carboxamide (3.93) (264 mg,
1.0 equiv., 0.99 mmol) in anhydrous THF (5 mL) at -78 °C was added phenylmagnesium
bromide (1.48 mL, 1.5 equiv., 1M in THF) dropwise. The mixture was stirred at -78 °C for
30 minutes and then allowed to warm to rt. After 30 minutes, the mixture was quenched
with 1 M HClq (5 mL) at 0 °C. The aqueous was extracted with EtOAc (3 x 10 mL) and
the combined organic layers were washed with sat. brineuq (10 mL), dried with
anhydrous MgSQ,, filtered, and concentrated in vacuo to afford the crude. Purification
by silica gel column chromatography (03:97 EtOAc/hexane) gave the title compound
3.91a (206 mg, 74 %) as a white solid.

'H NMR (400 MHz, CDCl;) 5 7.93 -7.85 (m, 2H), 7.63-7.55 (m, 1H), 7.54 - 7.47 (m, 2H),
7.45-7.36 (m, 2H), 7.31-7.20 (m, 3H), 4.52 - 4.42 (m, 3H), 4.38 - 4.26 (m, 3H); *C
NMR (101 MHz, CDCls) 6 198.4, 142.2,135.0, 133.2, 128.9, 128.7, 128.1, 126.4, 125.0,
64.1, 59.5, 49.0, 47.7; HRMS (CI*) m/z: [M+H]* Calcd. for C»1H+;0 285.1274; Found
285.1274.

1-(4-Phenylcuban-1-yl)ethan-1-one (3.91b)

o (e}
OMe

N
\ MeMgBr

THF, -78 °C — 1t

3.93 3.91b

To a solution of N-methoxy-N-methyl-4-phenylcubane-1-carboxamide (3.93) (75 mg, 1.0
equiv., 0.28 mmol) in anhydrous THF (3 mL) at -78 °C, was added methylmagnesium
bromide (0.4 mL, 2.0 equiv., 1.4 M in toluene/THF) dropwise. The mixture was stirred at -
78 °C for 30 minutes before being warmed to rt. After stirring for 30 minutes at rt, the

mixture was quenched with 1 M HClq (5 mL) at 0 °C. The aqueous was extracted with
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EtOAc (3 x 10 mL) and the combined organic layers were washed with sat. brinepq (10
mL), dried with anhydrous MgSQ., filtered, and concentrated in vacuo to afford the
crude. Purification by silica gel column chromatography (05:95 EtOAc/petroleum ether)

gave the title compound 3.91b (60 mg, 96 %) as a white solid.

H NMR (500 MHz, CDCls) 3 7.41 - 7.33 (m, 2H), 7.26 - 7.18 (m, 3H), 4.31 - 4.24 (m, 3H),
4.18 -4.11 (m, 3H), 2.19 (s, 3H); *C NMR (126 MHz, CDCls) 5 206.7, 142.1, 128.6,
126.3,124.9, 64.5, 60.7, 48.4, 46.3, 24.9; HRMS (ESI*) m/z: [M+H]* Calcd. for C1sH1sO
223.1117; Found 223.1126.

1-(4-Phenylcuban-1-yl)propan-1-one (3.91c)

(0] o}
OMe

N
\ EtMgBr

THF, -78 °C — rt

3.93 3.91c

To a solution of N-methoxy-N-methyl-4-phenylcubane-1-carboxamide (3.93) (81 mg, 1.0
equiv., 0.3 mmol) in anhydrous THF (3 mL) at -78 °C was added ethylmagnesium
bromide (0.67 mL, 2.0 equiv., 0.9 M in THF) dropwise. The mixture was stirred at - 78 °C
for 30 minutes and then allowed to warm to rt. After 90 minutes, the mixture was
quenched with 1 M HCl5q (5 mL) at 0 °C. The aqueous was extracted with EtOAc (3 x 10
mL) and the combined organic layers were washed with sat. brineq (10 mL), dried with
anhydrous MgSQ,, filtered, and concentrated in vacuo to afford the crude orange oil.
Purification by silica gel column chromatography (05:95 EtOAc/petroleum ether) gave

the title compound 3.91¢ (53 mg, 74 %) as a white solid.

'H NMR (500 MHz, CDCl;) 5 7.41-7.34 (m, 2H), 7.26 - 7.19 (m, 3H), 4.31 - 4.23 (m, 3H),
4.18-4.11 (m, 3H), 2.53(q, ) = 7.4 Hz, 2H), 1.13 (t, ] = 7.4 Hz, 3H); *C NMR (126 MHz,
CDCls) 6 209.5, 142.1, 128.6, 126.3, 124.8, 63.9, 60.5, 48.5, 46.4, 31.1, 7.7; HRMS (EI)
m/z: [M]™* Calcd. for C17H160 236.1196; Found 236.1194.
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(4-Phenylcuban-1-yl)methanol (3.98)
o]
OH

OH
BHy-DMS
THF, 0 °C - RT

3.92 3.98

Borane dimethyl sulfide (0.77 mL, 1.6 equiv., 1M in 2-methyltetrahydrofuran) was added
dropwise to a solution of 4-phenylcubane-1-carboxylic acid (3.92) (107 mg, 1.0 equiv.,
0.48 mmol) in anhydrous THF (5 mL) at 0 °C. The mixture was stirred at 0 °C for 20
minutes and then allowed to warm to rt. After 5 hours the mixture was quenched with
H,O (5 mL) at 0 °C. The mixture was diluted with EtOAc (10 mL) and the organic layer
was washed with sat. NaHCO3,q) (3 X 10 mL), sat. brine@q (10 mL), dried with anhydrous
MgSQ,, filtered, and concentrated in vacuo to afford the title compound 3.98 (97 mg,

96%) as a white solid.

H NMR (400 MHz, CDCls) 8 7.43 - 7.33 (m, 2H), 7.30 - 7.18 (m, 3H), 4.15 - 4.04 (m, 3H),
3.95-3.89 (m, 3H), 3.87 (s, 2H), 1.60 (br s, 1H); *C NMR (101 MHz, CDCLly) & 143.1,
128.5, 125.9, 124.8, 64.0, 60.9, 59.5, 48.1, 43.4; HRMS (CI*) m/z: [M-H,0] Calcd. for
CisH12192.0933; Found 192.0941.

4-Phenylcubane-1-carbaldehyde (3.91d)

(0]
OH
1. oxalyl chloride H
DMSO, DCM, -78 °C
2. NEtg, - 78 °C — rt
3.98 3.91d

DMSO (87 uL, 2.7 equiv., 1.24 mmol) was added to a solution of oxalyl chloride (0.28
mL, 1.2 equiv., 2 M in DCM) in anhydrous DCM (3.5 mL) at -78 °C. After 20 minutes a
solution of (4-phenylcuban-1-yl)methanol (3.98) (97 mg, 1.0 equiv., 0.46 mmol) in
anhydrous DCM (1.5 mL) was added dropwise, and the mixture stirred at -78 °C for a
further 1.5 hours. Triethylamine (0.34 mL, 5.4 equiv., 2.47 mmol) was then added and
the mixture was allowed to warm to rt over 15 minutes. The mixture was quenched with
H,O (5 mL) and the aqueous layer was extracted with DCM (3 x 10 mL). The combined

organic layer was washed sat. brineuq (10 mL), dried with anhydrous MgSQ,, filtered,
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and concentrated in vacuo to afford the crude. Purification by silica gel column
chromatography (05:95 EtOAc/hexane) gave the title compound 3.91d (68 mg, 71 %) as

a light-yellow oil.

'H NMR (400 MHz, CDCl;) 5 9.82 (s, 1H), 7.43-7.33 (m, 2H), 7.26 - 7.18 (m, 3H), 4.44 -
4.34 (m, 3H), 4.23-4.13 (m, 3H); *C NMR (101 MHz, CDCLl;) 5 198.4, 141.9, 128.6,
126.4,124.9, 63.5, 60.7, 48.9, 45.0; HRMS (EI*) m/z: [M]** Calcd. for C1sH.0 208.0883;
Found 208.0882.

2-Methyl-1-(4-phenylcuban-1-yl)propan-1-one (3.91e)
0 o]
,OMe

N
\ PrMgCl

THF, 0°C - rt

3.93 3.91e
To a solution of N-methoxy-N-methyl-4-phenylcubane-1-carboxamide (3.93) (250 mg,
1.0 equiv., 0.94 mmol) in anhydrous THF (5 mL) at 0 °C was added isopropylmagnesium
chloride (1.4 mL, 3.0 equiv., 2 M in THF) dropwise. The mixture was stirred at 0 °C for 5
minutes and then allowed to warm to rt. After 2.5 hours, the mixture was quenched with
1 M HClq (5 mL) at 0 °C. The aqueous was extracted with EtOAc (3 x 10 mL) and the
combined organic layers were washed with sat. brineq (10 mL), dried with anhydrous
MgSQ,, filtered, and concentrated in vacuo to afford the crude. Purification by silica gel
column chromatography (03:97 EtOAc/petroleum ether) gave the title compound 3.91e
(179 mg, 77 %) as a white solid.

'H NMR (400 MHz, CDCl;s) 6 7.41-7.32 (m, 2H), 7.25-7.19 (m, 3H), 4.31 -4.25 (m, 3H),
4.19-4.11 (m, 3H), 2.85 (hept, J=6.9 Hz, 1H), 1.15 (d, /= 6.9 Hz, 6H); *C NMR (101
MHz, CDCl;) 6 212.4,142.2,128.6, 126.3, 124.9, 63.9, 60.2, 48.5, 46.8, 37.7, 18.1;
HRMS (ESI*) m/z: [M+H]* Calcd. for C1gsH150 251.1431; Found 251.1443.
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2,2-Dimethyl-1-(4-phenylcuban-1-yl)propan-1-one (3.91f)
o} o}

1. lithium diisopropylamide
THF, -78 °C

2. Mel
THF -78 °C = 0 °C

3.91e 3.91f
To a solution of diisopropylamine (105 mL, 1.5 equiv., 0.75 mmol) in anhydrous THF (5

mL) was added n-BulLi (0.44 mL, 1.4 equiv., 1.6 M in hexanes) dropwise at -78 °C. After
10 minutes, a solution of 2-methyl-1-(4-phenylcuban-1-yl)propan-1-one (3.91e) (126
mg, 1 equiv., 0.5 mmol) in anhydrous THF (1 mL) was added dropwise to the freshly
prepared lithium diisopropylamide solution. The mixture was stirred at -78 °C for a
further 30 minutes, then methyliodide (47 mL, 1.5 equiv., 0.75 mmol) was added
dropwise. The reaction was allowed to stir for 10 minutes before being allowed to warm
to 0 °C. After 30 minutes at 0 °C the mixture was quenched with H,O (5 mL) and diluted
with EtOAc (15 mL). The organic layer was washed with 1 M NaOH,q (1 x 15 mL), sat.
brineq (10 mL), dried with anhydrous MgSQ,, filtered, and concentrated in vacuo to
afford the crude. Purification by silica gel column chromatography (02:98

EtOAc/petroleum ether) gave the title compound 3.91f (114 mg, 86 %) as a white solid.

H NMR (400 MHz, CDCls) 5 7.42 - 7.32 (m, 2H), 7.25 - 7.19 (m, 3H), 4.39 - 4.30 (m, 3H),
4.21-4.12 (m, 3H), 1.23 (s, 9H); *C NMR (101 MHz, CDCls) 5 213.1, 142.2, 128.6,
126.2, 124.9, 64.4, 59.5, 48.4, 47.7, 44.5, 26.5; HRMS (ESI*) m/z: [M+H] Calcd. for
C1oH210265.1587; Found 265.1591.

5.3.1.2 Synthesis of 3.91g
Methyl-4-iodocubane-1-carboxylate (3.99)
o}
0

oM
© DIH OMe
DCE, blue LED, 84 °C
HO

2.8 3.99

Following an adapted procedure of Kulbitski and co-workers.?”* A solution of the
commercially available 4-(methoxycarbonyl)cubane-1-carboxylic acid (2.8) (1.0 g, 1.0
equiv., 4.85 mmol) and 1,3-diiodo-5,5-dimethylhydantoin (DIH) (2.2 g, 1.2, equiv., 5.82

mmol) in anhydrous DCE (30 mL) was heated at 84 °C under blue light irradiation for 5

239



hours (Aldrich® micro photochemical reactor blue LED (ALDKIT001)). The mixture was
cooled to rt and quenched with 1 M sodium thiosulfateq (15 mL) and diluted with DCM
(15 mL). The organic layer was washed with 1 M sodium thiosulfateq (2 x 15 mL), dried
with anhydrous MgSQ,, filtered, and concentrated in vacuo to afford the crude.
Purification by silica gel column chromatography (03:97 EtOAc/petroleum ether) gave

the title compound 3.99 (1.2 g, 85 %) as a white solid.

H NMR (400 MHz, CDCls) & 4.42 — 4.34 (m, 3H), 4.33 - 4.22 (m, 3H), 3.70 (s, 3H). *C
NMR (101 MHz, CDCly) 5 172.0, 56.2, 55.0, 51.8, 50.4, 36.3; HRMS (EI*) m/z: [M-H]*
Calcd. for C1oHs0,'%"1 286.9564; Found 286.9561. All spectroscopic data were in

accordance with the literature.?”*

4-lodocubane-1-carboxylic acid (3.103)

0 0
OMe LIOH-H,0 OH
THF, MeOH, H,0, rt
| [
3.99 3.103

To a solution of methyl-4-iodocubane-1-carboxylate (3.99) (1.2 g, 1.0 equiv., 4.17 mmol)
in 3:3:1 ratio of THF:MeOH:H,0 (10 mL) was added lithium hydroxide monohydrate (437
mg, 2.5 equiv., 10.4 mmol) in one-portion at rt. The mixture was allowed to stir at rt
overnight. The mixture was diluted with 1 M NaOHq (2 mL) and the aqueous layer was
washed with EtOAc (2 x 10 mL). The aqueous layer was acidified with 2 M HCl,q), and
the aqueous layer was extracted with EtOAc (3 x 15 mL). The combined organic layers
were washed sat. brineq (15 mL), dried with anhydrous MgSQ,, filtered, and

concentrated in vacuo to afford the title compound 3.103 (1.1 g, 92 %) as a cream solid.

H NMR (300 MHz, DMSO-dq): & 12.52 (br, 1H), 4.34-4.25 (m, 6H); HRMS (ESI) m/z: [M-
H] Calcd. for CsHe'#’10, 272.9418; Found 272.9407. All spectroscopic data were in

accordance with the literature.?”*
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4-lodo-N,N-diisopropylcubane-1-carboxamide (3.104)

] . o}
1. Oxalyl chloride
OH DMF, DCM, rt N
2. Diisopropylamine )\
| DCM,0°C = rt |
3.103 3.104

To a solution of 4-iodocubane-1-carboxylic acid (3.103) (765 mg, 1.0 equiv., 2.79 mmol)
in anhydrous DCM (15mL) was added oxalyl chloride (2.37 mL, 1.7 equiv., 2 M in DCM)
at rt. Anhydrous DMF (22 mL, 10 mol%) was then added and the reaction mixture was
allowed to stir at rt for 1.5 hours. The mixture was concentrated in vacuo to afford the

acid chloride as a yellow solid.

The acid chloride was dissolved in anhydrous DCM (7.5 mL) and added dropwise to a
solution of diisopropylamine (0.98 mL, 2.5 equiv., 6.98 mmol) in anhydrous DCM (7.5
mL) at 0 °C. The mixture was warmed to rt and stirred for 3.5 hours. The mixture was
quenched with sat. NH4Clsq (5 mL) and diluted with DCM (15 mL). The organic layer was
washed with 1 M HClq (10 mL), sat. brine@q (10 mL), dried with anhydrous MgSQO,,
filtered and concentrated in vacuo to afford the crude. Purification by silica gel column
chromatography (1:5 EtOAc/petroleum ether) gave the title compound 3.104 (868 mg,

87 %) as a white solid.

"H NMR (400 MHz, CDCly) 5 4.35 — 4.28 (m, 3H), 4.28 — 4.21 (m, 3H), 3.35 (hept, J = 6.7
Hz, 1H), 3.29 (hept, J = 6.8 Hz, 1H), 1.39 (d, J = 6.8 Hz, 6H), 1.18 (d, J = 6.7 Hz, 6H); 13C
NMR (101 MHz, CDCls) 6 169.9, 59.9, 54.3, 50.3, 48.5, 46.1, 36.2, 21.1, 20.6; HRMS (EI")
m/z: [M-H]* Calcd. for C1sH1sON'?’| 356.0506; Found 356.0493. All spectroscopic data

were in accordance with the literature.?%?
4-Iodo-N,N-diisopropylcubane-1 -carboxamide (3.105)

1. tBuLi Q >\
Et,0, -78 °C N
)\ 2. Si(Me)Cl, -78 °C )\

(Me)3Si

3.104 3.105

Following an adapted procedure of Lukin and Eaton.?”® To a solution of 4-iodo-N,N-

diisopropylcubane-1-carboxamide (3.104) (868 mg, 1.0 equiv., 2.43 mmol) in anhydrous
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diethyl ether (20 mL) was added tert-butyl lithium (2.74 mL, 2.15 equiv., 1.9 Min
pentanes) dropwise over 5 minutes at -78 °C. After 20 minutes, chlorotrimethylsilane
(1.17 mL, 3.8 equiv., 9.22 mmol) was added dropwise and the mixture was stirred for a
further 1.5 hours at - 78 °C. The mixture was quenched with methanol (1 mL) and then
allowed to warm to 0 °C. After, H,O (5 mL) was added dropwise to the mixture and
allowed to warm to rt. The aqueous layer was extracted with Et,O (3 x 15 mL) and the
combined organic layers were washed with sat. brineq (10 mL), dried with anhydrous
MgSOQ,, filtered and concentrated in vacuo to afford the crude. Purification by silica gel
column chromatography (7:93 EtOAc/petroleum ether) gave the title compound 3.105
(660 mg, 94 %) as a white solid.

H NMR (400 MHz, CDCls) 5 4.23 - 4.13 (m, 3H), 3.84 - 3.75 (m, 3H), 3.52 (hept, J = 6.6
Hz, 1H), 3.28 (hept, J = 6.8 Hz, 1H), 1.41 (d, J = 6.8 Hz, 6H), 1.17 (d, J = 6.6 Hz, 6H), -0.06
(s, 9H); *C NMR (101 MHz, CDCls) 3 171.2, 59.6, 49.7, 48.3, 47.4, 45.9, 43.1, 21.1, 20.7,
-4.7; HRMS (ESI*) m/z: [M+H]" Calcd. for C1sHaNOSi 304.2091; Found 304.2089. All

spectroscopic data were in accordance with the literature.?®

N-lIsopropyl-N-(4-(trimethylsilyl)cuban-1-yl)methyl)propan-2-amine (3.106)

. .

N LiAIH, N
/k THF, 0 °C — 66 °C )ﬂ)\

(Me)3Si (Me)5Si

3.105 3.106

Following an adapted procedure of Lukin and Eaton.?”® To a solution of lithium
aluminum hydride (124 mg, 1.5 equiv., 3.26 mmol) in anhydrous THF (15 mL) was added
4-iodo-N,N-diisopropylcubane-1-carboxamide (3.105) (660 mg, 1.0 equiv., 2.17 mmol)
in anhydrous THF (2 mL) dropwise at 0 °C. After the addition the mixture was heated to
66 °C for 1 hour and then cooled to 0 °C. The mixture was quenched with H,O (1 mL), 1
M NaOHq (1 mL) and H,O (2 mL) dropwise. The aqueous layer was extracted with Et,O
(83x 15 mL) and the combined organic layers were washed with sat. brineq (10 mL),
dried with anhydrous MgSQ,, filtered and concentrated in vacuo to afford the title

compound 3.106 (609 mg, 97 %) as a light-yellow oil.
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H NMR (400 MHz, CDCls) 5 3.83 - 3.76 (m, 3H), 3.75 - 3.66 (m, 3H), 2.93 (hept, J = 6.6
Hz, 2H), 2.63 (s, 2H), 0.97 (d, J = 6.6 Hz, 12H), -0.06 (s, 9H); *C NMR (101 MHz, CDCLs) 3
59.4, 48.8, 48.7, 47.9, 46.8, 43.2, 21.0, -4.7; HRMS (ESI*) m/z: [M+H]* Calcd. for
C1sHa2NSi 290.2299; Found 290.2302.

4-(Trimethylsilyl)cubane-1-carboxylic acid (3.107)
0

N KMnO, OH
)\ acetone, H,0, 56 °C

(Me);Si (Me)3Si

3.106 3.107

Following an adapted procedure of Lukin and Eaton.?”® To a solution of N-isopropyl-N-
(4-(trimethylsilyl)cuban-1-yl)methyl)propan-2-amine (3.106) (609 mg, 1.0 equiv., 2.1
mmol) in acetone (18 mL) at 56 °C was added 32 mL of a solution of KMnO4 (1.5 g, 4.5
equiv., 9.26 mmol) dissolved in acetone (42 mL) and H,O (8.4 mL), resulting in a deep
purple colour. After 5 minutes, the mixture was cooled to rt and quenched with the
addition of solid sodium bisulfite till a grey solid precipitate formed. The mixture was
filtered through a pad of celite and the solid was washed with acetone (50 mL). The
filtrate was concentrated in vacuo and the residue was diluted with 1 M NaOHq (5 mL)
and the aqueous layer was washed with EtOAc (2 x 10 mL). The aqueous layer was
acidified with 2 M HCl,q), and the aqueous layer was extracted with EtOAc (3 x 15 mL).
The combined organic layers were washed sat. brineyq (15 mL), dried with anhydrous
MgSQ,, filtered, and concentrated in vacuo to afford the title compound 3.107 (406 mg,

88 %) as a white solid.

"H NMR (500 MHz, CDCl;) 3 4.34-4.23 (m, 3H), 3.92-3.79 (m, 3H), -0.04 (s, 9H); *C
NMR (126 MHz, CDCl;) 6 178.3, 55.8, 49.9, 49.1, 44.2, -4.7; HRMS (ESI*) m/z: [M+H]*
Calcd. for C12H17,0,Si 221.0992; Found 221.0992.
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N-Methoxy-N-methyl-4-(trimethylsilyl)cubane-1-carboxamide (3.108)
0

o}
1. oxalyl chloride ,OMe
OH DMF, DCM, rt N\
2. N,O-dimethylhydroxylamine
(Me)sSi hydrochloride,

NEts, DCM, 0 °C — rt (Me)sSi

3.107 3.108

To a solution of 4-(trimethylsilyl)cubane-1-carboxylic acid (3.107) (236 mg, 1.0 equiv.,
1.07 mmol) in anhydrous DCM (5 mL) was added oxalyl chloride (0.91 mL, 1.7 equiv., 2
M in DCM) at rt. Anhydrous DMF (8 mL, 10 mol%) was then added and the reaction
mixture was allowed to stir at rt for 1.5 hours. The mixture was concentrated in vacuo to

afford the acid chloride as a yellow solid.

The acid chloride was dissolved in anhydrous DCM (2.5 mL) and added dropwise to a
solution of N,O-dimethylhydroxylamine hydrochloride (167 mg, 1.6 equiv., 1.71 mmol)
and triethylamine (0.47 mL, 3.2 equiv., 3.39 mmol) in anhydrous DCM (2.5 mL) at 0 °C.
The mixture was warmed to rt and stirred for 1 hour. The mixture was quenched with sat.
NH4Clag (5 mL) and diluted with DCM (10 mL). The organic layer was washed with 1 M
HClg (10 mL), sat. brineuq (10 mL), dried with anhydrous MgSQO,, and concentrated in
vacuo to afford the crude. Purification by silica gel column chromatography (1:4
EtOAc/petroleum ether) gave the title compound 3.108 (167 mg, 60 %) as a light-yellow

solid.

'H NMR (500 MHz, CDCLl;) 5 4.31-4.23 (m, 3H), 3.88-3.79 (m, 3H), 3.69 (s, 3H), 3.17 (s,
3H), -0.05 (s, 9H); *C NMR (126 MHz, CDCl;) 5 173.8, 61.7,57.9, 50.0, 48.2, 44.0, 32.8, -
4.7; HRMS (ESI*) m/z: [M+H]" Calcd. for C14H2,NO,Si 264.1414; Found 264.1410.

2-Methyl-1-(4-(trimethylsilyl)cuban-1-yl)propan-1-one (3.91g)

2 ,OMe ?
N\ PrMgClI
THF, 0°C — rt
(Me)3Si (Me)sSi
3.108 3.91g

To a solution of N-methoxy-N-methyl-4-(trimethylsilyl)cubane-1-carboxamide (3.108)
(141 mg, 1.0 equiv., 0.54 mmol) in anhydrous THF (3 mL) at 0 °C was added

isopropylmagnesium chloride (0.80 mL, 3.0 equiv., 2 M in THF) dropwise. The mixture
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was stirred at 0 °C for 5 minutes and allowed to warm to rt. After 3.5 hours, the mixture
was quenched with 1 M HClq (5 mL) at 0 °C. The aqueous was extracted with EtOAc (3
x 10 mL) and the combined organic layers were washed with sat. brine(q (10 mL), dried
with anhydrous MgSQ,, filtered, and concentrated in vacuo to afford the crude orange
oil. Purification by silica gel column chromatography (02:98 EtOAc/petroleum ether)

gave the title compound 3.91g (99 mg, 75 %) as a colourless oil.

H NMR (400 MHz, CDCLs) 5 4.34 - 4.24 (m, 3H), 3.88 - 3.78 (m, 3H), 2.78 (hept, J = 6.9
Hz, 1H), 1.09 (d, J = 6.9 Hz, 6H), -0.05 (s, 9H); *C NMR (101 MHz, CDCL:) 5 212.2, 63.4,
50.5, 48.9, 43.8, 37.6, 18.1, -4.7; HRMS (ESI*) m/z: [M+H]* Calcd. for C1sHys0Si
247.1513; Found 247.1515.

5.3.1.3 Synthesis of 3.91h:

Experimental procedure and analytical data for the 4-step method to synthesise 2.12

was previously described in Section 5.2.1.2.

1-(Cuban-1-yl)-2-methylpropan-1-one (3.91h)
o} o}

N/OMe iPrMgCl
\ THF, 0 °C — rt

2.12 3.91h

To a solution of N-methoxy-N-methylcubane-1-carboxamide (2.12) (146 mg, 1.0 equiv.,
0.76 mmol) in anhydrous THF (5 mL) at 0 °C was added isopropylmagnesium chloride
(1.15mL, 3.0 equiv., 2 M in THF) dropwise. The mixture was stirred at 0 °C for 5 minutes
and allowed to warm to rt. After 3.5 hours, the mixture was quenched with 1 M HCl,q (5
mL) at 0 °C. The aqueous was extracted with EtOAc (3 x 10 mL) and the combined
organic layers were washed with sat. brineq (10 mL), dried with anhydrous MgSQO,,
filtered, and concentrated in vacuo to afford the crude. Purification by silica gel column
chromatography (02:98 EtOAc/petroleum ether) gave the title compound 3.91h (89 mg,

67 %) as a white solid.

'H NMR (400 MHz, CDCLl;s) 5 4.33-4.22 (m, 3H), 4.05-3.92 (m, 4H), 2.77 (hept, /=6.9
Hz, 1H), 1.08 (d, J = 6.9 Hz, 6H); "*C NMR (101 MHz, CDCl;) 5 212.5, 63.1, 50.2, 47.9,
44.9, 37.6, 18.1; HRMS (EI*) m/z: [M]** Calcd. for C12H140 174.1039; Found 174.1040.
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5.3.1.4 Synthesis of 3.91i
Methyl-4-(hydroxymethyl)cubane-1-carboxylate (3.109)

o}
o}

OMe BH,*DMS OMe
Ho THF, 0 °C — nt
HO

2.8 3.109

To a solution of the commercially available 4-(methoxycarbonyl)cubane-1-carboxylic
acid (2.8) (500 mg, 1.0 equiv., 2.42 mmol) in anhydrous THF (10 mL) was added borane
dimethyl sulfide (4.12 mL, 1.7 equiv., 1 M in 2-methyltetrahydrofuran) dropwise at 0 °C.
After the addition the mixture was stirred at rt for 4.5 hours. The mixture was quenched
with H,O (2 mL) at 0 °C and diluted with EtOAc (20 mL). The organic layer was washed
with sat. NaHCO3q) (2 X 10 mL), sat. brine(q (20 mL), dried with anhydrous MgSQ.,
filtered, and concentrated in vacuo to afford the title compound 3.109 (449 mg, 96 %) as

a white solid.

'H NMR (400 MHz, CDCl;) 5 4.18 -4.11 (m, 3H), 3.92 - 3.86 (m, 3H), 3.77 (s, 2H), 3.70 (s,
3H); HRMS (EI*) m/z: [M-H.O]" Calcd. for C11H1c02 174.0675; Found 174.0674. All

spectroscopic data were in accordance with the literature.?*

Methyl-4-(methoxymethyl)cubane-1-carboxylate (3.110)

Q 1. NaH Q Q
OMe THF,0°C = rt OMe OH
2. Mel
HO THRO°C=rt oo MeO

3.109 3.110 3.111

To a solution of sodium hydride (60% dispersion in mineral oil) (161 mg, 2.0 equiv., 3.98
mmol) in anhydrous THF (10 mL) was added methyl-4-(hydroxymethyl)cubane-1-
carboxylate (3.109) (383 mg, 1.0 equiv., 1.99 mmol) in anhydrous THF (5 mL) dropwise
at 0 °C and then stirred at rt for 15 minutes. The mixture was re-cooled to 0 °C and
iodomethane (0.37 mL, 3.0 equiv., 3.98 mmol) was added dropwise, after 10 minutes
the mixture was warmed to rt. After 6 hours the mixture was cooled to 0 °C, quenched
with H,O (5 mL) and allowed to stir at rt for 15 minutes. The basic aqueous layer* was

washed with EtOAc (2 x 15 mL) and the combined organic layers were washed with sat.
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brineq (20 mL), dried with anhydrous MgSQ,, filtered, and concentrated in vacuo to
afford the crude containing 3.110. Purification by silica gel column chromatography (1:9

EtOAc/petroleum ether) gave the title compound 3.110 (66 mg, 16 %) as a white solid.

'H NMR (400 MHz, CDCls) 5 4.19-4.09 (m, 3H), 3.92-3.81 (m, 3H), 3.69 (s, 3H), 3.52 (s,
2H), 3.36 (s, 3H); *C NMR (101 MHz, CDCl;) 5 172.9, 73.2, 59.4, 57.6, 56.3, 51.6, 46.7,
45.2; HRMS (EI*) m/z: [M-H]" Calcd. for C1,H1305 205.0859; Found 205.0857.

*To isolate 3.111, the basic aqueous layer was acidified with 2 M HClq), and the
aqueous layer was extracted with EtOAc (3 x 15 mL). The combined organic layers were
washed sat. brineuq (15 mL), dried with anhydrous MgSQ,, filtered, and concentrated in

vacuo to afford the title compound 3.111 (101 mg, 26 %) as a white solid.

'H NMR (400 MHz, CDCLl;) 8 4.23-4.16 (m, 3H), 3.93-3.86 (m, 3H), 3.54 (s, 2H), 3.38 (s,
3H); *C NMR (101 MHz, CDCl;) 5 178.4, 73.1,59.4, 57.7, 56.1, 46.7, 45.3; HRMS (ESI)
m/z: [M-H] Calcd. for C11H1103191.0713; Found 191.0710.

4-(Methoxymethyl)cubane-1-carboxylic acid (3.111)
o} 0

OMe LiOH+H,0 OH
THF, MeOH, H,0, rt
MeO MeO

3.110 3.11

To a solution of methyl-4-(methoxymethyl)cubane-1-carboxylate (3.110) (66 mg, 1.0
equiv., 0.32 mmol) in 3:3:1 ratio of THF:MeOH:H,O (1 mL) was added lithium hydroxide
monohydrate (34 mg, 2.5 equiv., 0.8 mmol) in one-portion at rt. The mixture was allowed
to stir at rt overnight. The mixture was diluted with 1 M NaOH,q (2 mL) and the aqueous
layer was washed with EtOAc (2 x 10 mL). The aqueous layer was acidified with 2 M
HCl.q), and the aqueous layer was extracted with EtOAc (3 x 10 mL). The combined
organic layers were washed sat. brineuq (10 mL), dried with anhydrous MgSQ,, filtered,
and concentrated in vacuo to afford the title compound 3.111 (36 mg, 59 %) as a cream

solid.

'H NMR (400 MHz, CDCLl;) 8 4.23-4.16 (m, 3H), 3.93-3.86 (m, 3H), 3.54 (s, 2H), 3.38 (s,
3H); *C NMR (101 MHz, CDCl;) 5 178.4, 73.1,59.4, 57.7,56.1, 46.7, 45.3; HRMS (ESI)
m/z: [M-H] Calcd. for C11H1103191.0713; Found 191.0710.
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N-Methoxy-4-(methoxymethyl)-N-methylcubane-1-carboxamide (3.112)
o}

O
1. oxalyl chloride .OMe
OH  DMF, DCM, rt N\
2. N,O-dimethylhydroxylamine
MeO hydrochloride, MeO

NEts, DCM, 0 °C — rt
3.111 3.112

To a solution of 4-(methoxymethyl)cubane-1-carboxylic acid (3.111) (137 mg, 1.0 equiv.,
0.71 mmol) in anhydrous DCM (3 mL) was added oxalyl chloride (0.61 mL, 1.7 equiv., 2
M in DCM) at rt. Anhydrous DMF (6 mL, 10 mol %) was then added and the reaction
mixture was allowed to stir at rt for 1.5 hours. The mixture was concentrated in vacuo to

afford the acid chloride as a yellow solid.

The acid chloride was dissolved in anhydrous DCM (1.5 mL) and added dropwise to a
solution of N,O-dimethylhydroxylamine hydrochloride (117 mg, 1.7 equiv., 1.20 mmol)
and triethylamine (0.33 mL, 3.4 equiv., 2.41 mmol) in anhydrous DCM (1.5 mL) at 0 °C.
The mixture was warmed to rt and stirred for 2 hours. The mixture was quenched with
sat. NH4Clq (5 mL) and diluted with DCM (10 mL). The organic layer was washed with 1
M HClq (10 mL), sat. brineq (10 mL), dried with anhydrous MgSQO,, and concentrated
in vacuo to afford the crude. Purification by silica gel column chromatography (1:1

EtOAc/petroleum ether) gave the title compound 3.112 (93 mg, 55 %) as a white solid.

'H NMR (400 MHz, CDCl;) 56 4.19-4.08 (m, 3H), 3.87-3.77 (m, 3H), 3.66 (s, 3H), 3.50 (s,
2H), 3.34 (s, 3H), 3.14 (s, 3H); *C NMR (101 MHz, CDCl;) 6 173.8, 73.2, 61.6, 59.3, 58.1,
57.0,46.7,45.1, 32.7; HRMS (EI') m/z: [M-OMe]* Calcd. for C12H1402N 204.1019; Found
204.1016.

1-(4-(Methoxymethyl)cuban-1-yl)-2-methylpropan-1-one (3.91i)

(0} o
OMe
N\ PrMgCl
THF,0°C = rt
MeO MeO
3.112 3.91i

To a solution of N-methoxy-4-(methoxymethyl)-N-methylcubane-1-carboxamide (3.112)
(93 mg, 1.0 equiv., 0.40 mmol) in anhydrous THF (2.5 mL) at 0 °C was added
isopropylmagnesium chloride (0.6 mL, 3.0 equiv., 2 M in THF) dropwise. The mixture was

stirred at 0 °C for 5 minutes and allowed to warm to rt. After 2.5 hours, the mixture was
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quenched with 1 M HCl5q (5 mL) at 0 °C. The aqueous was extracted with EtOAc (3 x 10
mL) and the combined organic layers were washed with sat. brineq (10 mL), dried with
anhydrous MgSQ,, filtered, and concentrated in vacuo to afford the crude. Purification
by silica gel column chromatography (15:85 EtOAc/petroleum ether) gave the title

compound 3.91i (64 mg, 74 %) as a colourless oil.

H NMR (400 MHz, CDCls) 5 4.23 - 4.14 (m, 3H), 3.91 - 3.82 (m, 3H), 3.54 (s, 2H), 3.38 (s,
3H), 2.79 (hept, J = 6.9 Hz, 1H), 1.09 (d, J = 6.9 Hz, 6H); *C NMR (101 MHz, CDCls) &
212.5,73.2,63.7,59.4,57.6, 47.4, 44.9, 37.6, 18.1; HRMS (EI*) m/z: [M]"* Calcd. for
C12H1:0, 218.1301; Found 218.1296.

5.3.1.5 Synthesis of 3.91j
Methyl-4-(diisopropylcarbamoyl)cubane-1-carboxylate (3.113)

0 o
1. oxalyl chloride OMe
OMe ™ DMF, DCM, rt \(
HO 2. diisopropylamine N
DCM, 0 °C — rt
0 (e}
2.8 3.113

To a solution of the commercially available 4-(methoxycarbonyl)cubane-1-carboxylic
acid (2.8) (300 mg, 1.0 equiv., 1.45 mmol) in anhydrous DCM (5mL) was added oxalyl
chloride (1.24 mL, 1.7 equiv., 2 M in DCM) at rt. Anhydrous DMF (12 mL, 10 mol %) was
then added and the reaction mixture was allowed to stir at rt for 1.5 hours. The mixture

was concentrated in vacuo to afford the acid chloride as a yellow solid.

The acid chloride was dissolved in anhydrous DCM (2.5 mL) and added dropwise to a
solution of diisopropylamine (0.51 mL, 2.5 equiv., 3.63 mmol) in anhydrous DCM (2.5
mL) at 0 °C. The mixture was warmed to rt and stirred for 4.5 hours. The mixture was
quenched with sat. NH4Clsq (5 mL) and diluted with DCM (10 mL). The organic layer was
washed with 1 M HClq (10 mL), sat. brine@q (10 mL), dried with anhydrous MgSQO,,
filtered and concentrated in vacuo to afford the title compound 3.113 (401 mg, 95 %) as

a yellow solid.

"H NMR (400 MHz, CDCls) 5 4.23 - 4.14 (m, 6H), 3.70 (s, 3H), 3.46 (hept, J = 6.6 Hz, 1H),
3.30 (hept, J = 6.8 Hz, 1H), 1.41 (d, J = 6.8 Hz, 6H), 1.20 (d, J = 6.6 Hz, 6H); HRMS (EI*)

249



m/z: [M]™ Calcd. for C17H2303N 289.1673; Found 289.1665. All spectroscopic data were

in accordance with the literature.’®*

4-(Diisopropylcarbamoyl)cubane-1-carboxylic acid (3.114)
o] o]
OMe OH

\( LiOH-H,0 \(

N THF, MeOH, H,0, rt N

3.113 3.114

To a solution of methyl-4-(diisopropylcarbamoyl)cubane-1-carboxylate (3.113) (401 mg,
1.0 equiv., 1.39 mmol) in 3:3:1 ratio of THF:MeOH:H,0 (4.1 mL) was added lithium
hydroxide monohydrate (69 mg, 1.2 equiv., 1.64 mmol) in one-portion at rt. The mixture
was allowed to stir at rt for 4 hours. The mixture was diluted with 1 M NaOH,q (2 mL)
and the aqueous layer was washed with EtOAc (2 x 10 mL). The aqueous layer was
acidified with 2 M HCl,q), and the aqueous layer was extracted with EtOAc (3 x 15 mL).
The combined organic layers were washed sat. brineyq (15 mL), dried with anhydrous
MgSQ,, filtered, and concentrated in vacuo to afford the title compound 3.114 (335 mg,

88 %) as a white solid.

'H NMR (400 MHz, CDCls) 5 10.83 (br s, 1H), 4.26 —4.14 (m, 6H), 3.46 (hept, /= 6.7 Hz,
1H), 3.31 (hept, J=6.9 Hz, 1H), 1.40 (d, /= 6.9 Hz, 6H), 1.20 (d, /= 6.7 Hz, 6H); HRMS
(ESI*) m/z: [M+H]" Calcd. for C1¢H22NO3; 276.1594; Found 276.1600. All spectroscopic

data were in accordance with the literature.’®

N',N'-Diisopropyl-N*-methoxy-N*-methylcubane-1,4-dicarboxamide (3.115)

O O
OMe
OH 1. HATU, DIPEA N
~ ~ |
N 2. N,O-dimethylhydroxylamine N
hydrochloride, rt
3.114 3.115

To a solution of 4-(diisopropylcarbamoyl)cubane-1-carboxylic acid (3.114) (335 mg, 1.0
equiv., 1.22 mmol) and HATU (560 mg, 1.2 equiv., 1.47 mmol) in anhydrous DMF (10 mL)
was added N,N-diisopropylethylamine (DIPEA) (0.72 mL, 3.4 equiv., 4.2 mmol) at rt.
After 5 minutes, N,O-dimethylhydroxylamine hydrochloride (144 mg, 1.2 equiv., 1.48
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mmol) was added in one portion and the reaction mixture was allowed to stir at rt for 2
hours. The mixture was quenched with H,O (3 mL) and diluted with EtOAc (20 mL). The
organic layer was washed with H,O (3 x 15 mL), sat. brineuq (15 mL), dried with
anhydrous MgSQ,, filtered, and concentrated in vacuo to afford the crude. Purification
by silica gel column chromatography (70:30 EtOAc/petroleum ether) gave the title
compound 3.115 (309 mg, 80 %) as a white solid.

H NMR (500 MHz, CDCls) 5 4.21 - 4.15 (m, 3H), 4.15-4.09 (m, 3H), 3.68 (s, 3H), 3.47
(hept, J = 6.6 Hz, 1H), 3.28 (hept, J = 6.8 Hz, 1H), 3.16 (s, 3H), 1.38 (d, J = 6.8 Hz, 6H),
1.18 (d, J = 6.6 Hz, 6H); *C NMR (126 MHz, CDCLs) 5 173.2, 170.5, 61.8, 58.9, 56.5, 48.5,
46.9, 46.4, 45.9, 32.6, 21.1, 20.6; HRMS (ESI*) m/z: [M+H]* Calcd. for CisH2N,0s
319.2016; Found 319.2017.

4-1sobutyryl-N,N-diisopropylcubane-1-carboxamide (3.91j)
o] 0
N,OMe
\ PrMgCl
\g THF, 0 °C — rt \g

R IR

3.115 3.91j

To a solution of N',N'-diisopropyl-N*-methoxy-N*-methylcubane-1,4-dicarboxamide
(3.115) (280 mg, 1.0 equiv., 0.88 mmol) in anhydrous THF (5 mL) at 0 °C was added
isopropylmagnesium chloride (1.32 mL, 3.0 equiv., 2 M in THF) dropwise. The mixture
was stirred at 0 °C for 5 minutes and allowed to warm to rt. After 1.5 hours, the mixture
was quenched with 1 M HClq (5 mL) at 0 °C. The aqueous was extracted with EtOAc (3
x 10 mL) and the combined organic layers were washed with sat. brineq (10 mL), dried
with anhydrous MgSQ,, filtered and concentrated in vacuo to afford the crude.
Purification by silica gel column chromatography (1:3 EtOAc/petroleum ether) gave the

title compound 3.91j (142 mg, 47 %) as a white solid.

'H NMR (400 MHz, CDCLl;) 5 4.25-4.18 (m, 3H), 4.18 - 4.12 (m, 3H), 3.47 (hept, /= 6.6
Hz, 1H), 3.30 (hept, /= 6.8 Hz, 1H), 2.78 (hept, /= 6.9 Hz, 1H), 1.40 (d, /= 6.8 Hz, 6H),
1.19(d, J=6.6 Hz, 6H), 1.09 (d, /= 6.9 Hz, 6H); *C NMR (101 MHz, CDCLl;) 5 211.9,
170.2,61.9,59.4, 48.6, 46.9, 46.7, 46.0, 37.7, 21.1, 20.6, 18.0; HRMS (ESI*) m/z: [M+H]*
Calcd. for C1gH2sNO, 302.2115; Found 302.2122.
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5.3.1.6 Synthesis of 3.91k
Methyl-4-(bromocarbonyl)cubane-1-carboxylate (3.116)

Q o
OMe (diacetoxyiodo)benzene
KBr OMe
HO DCM, rt, air, fluorescent light
B
o r
2.8 3.116

Following the procedure of Watanabe and co-workers.?”” To a solution of the
commercially available 4-(methoxycarbonyl)cubane-1-carboxylic acid (2.8) (300 mg, 1.0
equiv., 1.45 mmol) and (diacetoxyiodo)benzene (701 mg,1.5 equiv., 2.18 mmol) in
anhydrous DCM (2.9 mL) was added potassium bromide (310 mg, 1.8 equiv., 2.61
mmol) at rt under air in the presence of the standard fluorescent light fitting in the fume
hood. After 24 hours the reaction mixture was filtered through a pad of celite and the
solid was washed with DCM (15 mL) and the filtrate was concentrated in vacuo to afford
the crude. Purification by silica gel column chromatography (02:98 EtOAc/petroleum

ether) gave the title compound 3.116 (167 mg, 48 %) as a white solid.

'H NMR (300 MHz, CDCl;) 5 4.35-4.28 (m, 3H), 4.28 - 4.20 (m, 3H), 3.70 (s, 3H); HRMS
(EI*) m/z: [M-OMe]* Calcd. for CsHsO’°Br 208.9597; Found 208.9593. All spectroscopic

data were in accordance with the literature.?””

4-Bromocubane-1-carboxylic acid (3.117)
o] 0

OMe LiOH-H,0 OH
THF, MeOH, H,0, 1t

Br Br

3.116 3.117

To a solution of methyl-4-(bromocarbonyl)cubane-1-carboxylate (3.116) (150 mg, 1.0
equiv., 0.62 mmol) in 3:3:1 ratio of THF:MeOH:H,0O (1 mL) was added lithium hydroxide
monohydrate (65 mg, 2.5 equiv., 1.55 mmol) in one-portion at rt. The mixture was
allowed to stir at rt overnight. The mixture was diluted with H,O (5 mL) and the aqueous
layer was washed with EtOAc (10 mL). The aqueous layer was acidified with 2 M HCl,g),
and the aqueous layer was extracted with EtOAc (3 x 10 mL). The combined organic

layers were washed sat. brineug (10 mL), dried with anhydrous MgSQO,, filtered, and
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concentrated in vacuo to afford the crude. The solid was washed with hexane (3 x5 mL)

to afford the title compound 3.117 (131 mg, 93 %) as a white solid.

'H NMR (400 MHz, CDCLl;) 8 4.40-4.32 (m, 3H), 4.32 - 4.24 (m, 3H); HRMS (ESI*) m/z:
[M+H]" Calcd. for CgHsO,°Br 226.9702; Found 226.9710. All spectroscopic data were in

accordance with the literature.?®®

4-Bromo-N-methoxy-N-methylcubane-1-carboxamide (3.118)
o) o}

1. oxalyl chloride OMe
OH DMF, DCM, rt N\
2. N,O-dimethylhydroxylamine
hydrochloride,

Br
NEtz, DCM, 0 °C — rt

Br

3.117 3.118

To a solution of 4-bromocubane-1-carboxylic acid (3.117) (125 mg, 1.0 equiv., 0.55

mmol) in anhydrous DCM (3 mL) was added oxalyl chloride (0.47 mL, 1.7 equiv., 2 M in
DCM) at rt. Anhydrous DMF (5 mL, 10 mol %) was then added and the reaction mixture
was allowed to stir at rt for 1.5 hours. The mixture was concentrated in vacuo to afford

the acid chloride as a yellow solid.

The acid chloride was dissolved in anhydrous DCM (1.5 mL) and added dropwise to a
solution of N,O-dimethylhydroxylamine hydrochloride (86 mg, 1.6 equiv., 0.88 mmol)
and triethylamine (0.24 mL, 3.2 equiv., 1.76 mmol) in anhydrous DCM (1.5 mL) at 0 °C.
The mixture was warmed to rt and stirred for 2.5 hours. The mixture was quenched with
sat. NH4Clq (5 mL) and diluted with DCM (10 mL). The organic layer was washed with 1
M HClq (10 mL), sat. brine;q (10 mL), dried with anhydrous MgSQ,, filtered and
concentrated in vacuo to afford the crude. Purification by silica gel column
chromatography (1:3 EtOAc/petroleum ether) gave the title compound 3.118 (93 mg, 62

%) as a white solid.

H NMR (400 MHz, CDCls) 5 4.37 — 4.28 (m, 3H), 4.26 - 4.19 (m, 3H), 3.69 (s, 3H), 3.17 (s,
3H); *C NMR (101 MHz, CDCls) 5 172.6, 63.3, 61.7, 58.1, 54.7, 47.9, 32.6; HRMS (ESI%)
m/z: [M+H]* Calcd. for C11H13NO>"°Br 270.0124; Found 270.0133.
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1-(4-Bromocuban-1-yl)-2-methylpropan-1-one (3.91k)

o} o}
OMe
N PrMgCl
\
THF, 0 °C — rt
Br Br
3.118 3.91k

To a solution of 4-bromo-N-methoxy-N-methylcubane-1-carboxamide (3.118) (93 mg,
1.0 equiv., 0.34 mmol) in anhydrous THF (3 mL) at 0 °C was added isopropylmagnesium
chloride (0.52 mL, 3.0 equiv., 2 M in THF) dropwise. The mixture was stirred at 0 °C for 5
minutes and allowed to warm to rt. After 1.5 hours, the mixture was quenched with 1 M
HCliq (5 mL) at 0 °C. The aqueous was extracted with EtOAc (3 x 10 mL) and the
combined organic layers were washed with sat. brineq (10 mL), dried with anhydrous
MgSOQ,, filtered and concentrated in vacuo to afford the crude. Purification by silica gel
column chromatography (03:97 EtOAc/petroleum ether) gave the title compound 3.91k

(59 mg, 68 %) as a colourless oil.

"H NMR (500 MHz, CDCl;) 5 4.35-4.30 (m, 3H), 4.27 -4.18 (m, 3H), 2.74 (hept, /= 6.9
Hz, 1H), 1.07 (d, /= 6.9 Hz, 6H); *C NMR (126 MHz, CDCLl;) 5 211.4, 63.3, 63.2, 54.3,
48.3, 37.8, 18.0; HRMS (ESI*) m/z: [M+H]" Calcd. for C4,H140”°Br 253.0223; Found
253.0231.

5.3.1.7 Synthesis of 3.91L

Experimental procedure and analytical data for 3.99 was previously described in

Section 5.3.1.2.

Methyl-4-fluorocubane-1-carboxylate (3.119)

o o o}
ﬁLOMe XeF, ﬁLOMe )g\\OMe
DCM, rt = 40 °C )
I F

Cl

3.99 3.119 3.120

Following the procedure of Della and Head.?”® To a solution of methyl-4-iodocubane-1-
carboxylate (3.99) (150 mg, 1.0 equiv., 0.52 mmol) in anhydrous DCM (3.5 mL) was
added xenon difluoride (130 mg, 1.5 equiv., 0.78 mmol) in two portions at rt. The mixture
was heated to 40 °C for 6 hours behind a blast shield. After cooling to rt, the mixture

was carefully quenched by dropwise addition of 1 M sodium thiosulfateq (5 mL),
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followed by the addition of sat. NaHCO3q (1 mL). The aqueous layer was extracted with
DCM (1 x 15 mL), followed by the organic layer being washed with NaHCO3,q) (2 X 5 mL),
dried with anhydrous MgSQ,, filtered and concentrated in vacuo to afford the crude.
The reaction was repeated a further three times on the same scale and the crude for
each was combined for the purification step. Note: '"H NMR of the combined crude
material had a ratio of 3.119: 3.120 : 3.99 of 4:1:1 before purification. Purification by
silica gel column chromatography (02:98 EtOAc: petroleum ether) gave a mixture of

3.119:3.120:3.99 in aratio of 13:1:1 (142 mg, 38 %) as a white solid.

3.119 'H NMR (500 MHz, CDCl;) 5 4.34 - 4.28 (m, 3H), 4.11 -4.00 (m, 3H), 3.70 (s, 3H);
F{"H}INMR (471 MHz, CDCl;) 5 -140.36; *C NMR (126 MHz, CDCl3) 5 172.5(d,/=7.2
Hz), 103.0 (d, J= 328.1 Hz), 56.7 (d, /= 13.8 Hz), 54.2 (d, /= 25.5 Hz), 51.7,42.4 (d, J=5.5
Hz); HRMS (EI*) m/z: [M-OMe]" Calcd. for CsHsOF 149.0397; Found 149.0396.

Towards the synthesis of 3.91l compound 3.120 was synthesised and fully

characterised following an adapted procedure of Candish and co-workers:%®

Methyl-4-chlorocubane-1-carboxylate (3.120)

Q NCS 0
OMe (Ir[dF(CF3)ppylo(dtbpy))PFg
Cs,CO4 OMe
DCM, rt
HO blue LED Light
cl
o
2.8 3.120

N, gas was bubbled through a solution of the commercially available 4-
(methoxycarbonyl)cubane-1-carboxylic acid (2.8) (50 mg, 1.0 equiv., 0.24 mmol),
(Ir[dF(CF3)ppyl2(dtbpy))PFs (4.9 mg, 2 mol %), N-chlorosuccinimide (64 mg, 2.0 equiv.,
0.48 mmol), cesium carbonate (78 mg, 1.0 equiv., 0.24 mmol) in anhydrous DCM (4.8
mL) for 5 minutes. The reaction mixture was then stirred at rt for 16 hours whilst being
irradiated with blue LED light (Aldrich® micro photochemical reactor blue LED
(ALDKITOO01) was used as the blue LED light source). The reaction mixture was filtered
through a pad of celite and the solid was washed with DCM (15 mL) and the filtrate was
concentrated in vacuo to afford the crude. Purification by silica gel column
chromatography (05:95 EtOAc/petroleum ether) gave the title compound 3.120 (13 mg,

28 %) as a white solid.

255



"H NMR (500 MHz, CDCls) 8 4.25-4.20 (m, 3H), 4.19-4.12 (m, 3H), 3.71 (s, 3H); *C
NMR (126 MHz, CDCls) 6 172.1,72.2, 56.5, 54.2, 51.8, 46.0; HRMS (EI') m/z: [M-OMe]*
Calcd. for CsHsOCL 165.0102; Found 165.0100.All spectroscopic data were in

accordance with the literature.’ 2%

4-Fluorocubane-1-carboxylic acid (3.121)

o) 0
J5L0Me LIOH-H,0 Jﬂ“\OH
THF, MeOH, H,0, rt
F F
3.119 3.121

To a mixture of 3.119:3.120: 3.99 in aratio of 13:1:1 (142 mg, 1.0 equiv., 0.79 mmol) in
3:3:1 ratio of THF:MeOH:H,0 (1 mL) was added lithium hydroxide monohydrate (83 mg,
2.5 equiv., 1.97 mmol) in one-portion at rt. The mixture was allowed to stir at rt
overnight. The aqueous layer was acidified with 2 M HClq), and the aqueous layer was
extracted with EtOAc (3 x 10 mL). The combined organic layers were washed sat.
brineq (10 mL), dried with anhydrous MgSQ,, filtered and concentrated in vacuo to

afford the title compound 3.121 (123 mg, 94 %) as a white solid.

"H NMR (400 MHz, CDCl;s) 5 11.39 (s, 1H), 4.39-4.29 (m, 3H), 4.15-4.06 (m, 3H);
F{"H}INMR (376 MHz, CDCl;) 5 -140.41; *C NMR (101 MHz, CDCl;) 5178.6 (d, /J=7.2
Hz), 102.8 (d, J= 328.1 Hz), 56.4 (d, /= 13.7 Hz), 54.1 (d, /= 25.7 Hz), 42.4 (d, /= 5.5 Hz);
HRMS (EI") m/z: [M]** Calcd. for CgH;0,F 166.0425; Found 166.0421.

Note: "H NMR shows that the product contains 9% of 4-chlorocubane-1-carboxylic acid

and 6% of 4-iodocubane-1-carboxylic acid.

4-Fluoro-N-methoxy-N-methylcubane-1-carboxamide (3.122)

o O
1. HATU, DIPEA ,OMe
OH DMF, rt N\
2. N,O-dimethylhydroxylamine
hydrochloride, rt
F F
3.121 3.122

To a solution of 4-fluorocubane-1-carboxylic acid (3.121) (119 mg, 1.0 equiv., 0.72
mmol) and HATU (326 mg, 1.2 equiv., 0.86 mmol) in anhydrous DMF (5 mL) was added
N,N-diisopropylethylamine (DIPEA) (0.43 mL, 3.5 equiv., 2.52 mmol) at rt. After 5

minutes, N,O-dimethylhydroxylamine hydrochloride (83 mg, 1.2 equiv., 0.86 mmol) was
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added in one portion and the reaction mixture was allowed to stir at rt for 2 hours. The
mixture was quenched with H,O (3 mL) and diluted with EtOAc (20 mL). The organic
layer was washed with H,O (3 x 15 mL), sat. brineug (15 mL), dried with anhydrous
MgSOQ,, filtered and concentrated in vacuo to afford the crude. Purification by silica gel
column chromatography (30:70 EtOAc/petroleum ether) gave the title compound 3.122

(93 mg, 62 %) as a cream solid.

'H NMR (500 MHz, CDCl;) 5 4.30fh - 4.22 (m, 3H), 4.08 —4.02 (m, 3H), 3.68 (s, 3H), 3.15z
(s, 3H); “F{'H}NMR (471 MHz, CDCl;) 5 -141.11; *C NMR (126 MHz, CDCls) 5 173.3,
102.8 (d, J=328.3 Hz), 61.8,58.5 (d, /= 14.6 Hz), 54.0 (d, /= 25.2 Hz), 42.5 (d, /= 5.5 Hz),
32.7; HRMS (EI') m/z: [M-OMe]" Calcd. for C1,HsFNO 178.0663; Found 178.0661.

Note: "H NMR shows that the product contains 6% of 4-chloro-N-methoxy-N-
methylcubane-1-carboxamide and 2% of 4-iodo-N-methoxy-N-methylcubane-1-

carboxamide.

1-(4-Fluorocuban-1-yl)-2-methylpropan-1-one (3.911)
o} 0

OMe
N iPrMgCl
\
THF, 0°C — 1t

F F
3.122 3.91

To a solution of 4-fluoro-N-methoxy-N-methylcubane-1-carboxamide (3.122) (88 mg,
1.0 equiv., 0.42 mmol) in anhydrous THF (2.5 mL) at 0 °C was added
isopropylmagnesium chloride (0.63 mL, 3.0 equiv., 2 M in THF) dropwise. The mixture
was stirred at 0 °C for 5 minutes and allowed to warm to rt. After 2 hours, the mixture
was quenched with 1 M HClq (5 mL) at 0 °C. The aqueous was extracted with EtOAc (3
x 10 mL) and the combined organic layers were washed with sat. brineq (10 mL), dried
with anhydrous MgSQ,, filtered and concentrated in vacuo to afford the crude orange
solid. Purification by silica gel column chromatography (02:98 EtOAc/petroleum ether)

gave the title compound 3.911 (61 mg, 75 %) as a white solid.

H NMR (400 MHz, CDCLs) 5 4.35 - 4.27 (m, 3H), 4.12 - 4.04 (m, 3H), 2.76 (hept, J = 6.9
Hz, 1H), 1.09 (d, J = 6.9 Hz, 6H); "*F{"H}NMR (376 MHz, CDCLl;) 5 -140.25; *C NMR (101
MHz, CDCl;) 8 212.2 (d, J = 6.3 Hz), 102.8 (d, J = 329.0 Hz), 63.9 (d, J = 13.3 Hz), 53.8 (d, J
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= 25.4 Hz), 43.0 (d, J = 5.5 Hz), 37.8, 18.0; HRMS (EI*) m/z: [M]** Calcd. for C1,H:;OF
192.0945; Found 192.0942.

Note: "H NMR shows that the product contains 6% of 4-chloro-N-methoxy-N-

methylcubane-1-carboxamide

5.3.2 Baeyer-Villiger studies
5.3.2.1 Baeyer-Villiger general procedure

A 3 mL reaction vial was charged with cubane carbonyl (1.0 eq., 0.2 mmol), scandium
() triflate (10 mg, 0.1 eq., 0.02 mmol) and 3-chloroperbenzoic acid (172 mg, 4.0 equiv.,
0.77 mmol) and then flushed with N.. The mixture was dissolved in anhydrous
chloroform (2 mL) and stirred at 50 °C for 6 hours. After cooling to rt, the reaction

mixture was quenched with sodium bisulfite (0.5 mL).

Workup 1: The reaction mixture was diluted with DCM (5 mL) and the organic layer was
washed further with sodium bisulfite (10 mL). The aqueous layer was then re-extracted
with DCM (3 x 5 mL) and the combined organic layers were dried with anhydrous MgSQO,,
filtered and concentrated in vacuo to afford the crude. By '"H NMR (CDCl;) the crude

material contains 3-chlorobenzoic acid as a by-product (highlighted in blue).

Workup 2: The crude from workup 1 was dissolved in DCM (15 mL) and washed with
sat. NaHCO; (3 x 5 mL), dried with anhydrous MgSQ,, filtered, and concentrated in
vacuo to afford the crude. The entire sample of the crude was dissolved in CDCl;(0.7
mL), added to a known mass of 1,2,4,5-tetramethylbenzene (internal standard) and
transferred to an NMR tube for "H NMR (CDCl;) analysis to determine % yield of
products and unreacted starting material. By "H NMR the crude material will contain the
internal standard (highlighted in red).

nlS * (rP/rlS)

% Yield = — M

Where:
P = Product
nlS = mmol of internal standard (1,2,4,5-tetramethylbenzene)

nSM = mmol of cubane starting material
rP/TIS — Integral of P / no.of protons

Integral of 1S / no.of protons
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5.3.2.2 Baeyer-Villiger substrate scope
Baeyer-Villiger of phenyl(4-phenylcuban-1-yl)methanone (3.91a)

9 § ) ol § )
m-CPBA 0
E! O Sc(OTf)3 o

- s o

CHClg, 50 °C, 6h

v

3.91a 3.94a 3.95a

The reaction was performed using the general procedure with phenyl(4-phenylcuban-
1-y)methanone (3.91a) (57 mg, 1.0 eq., 0.20 mmol), scandium (Ill) triflate (10.1 mg, 0.1
eq., 0.02 mmol), 3-chloroperbenzoic acid (170 mg, 4.0 equiv., 0.73 mmol) and CHCl;
(2.0 mL). Purification by silica column chromatography (30:70 DCM/petroleum ether —
50:50 DCM/petroleum ether) gave the title compound 3.94a (35 mg, 58 %) as a white

solid.

'H NMR (500 MHz, CDCl;) 5 8.13-8.08 (m, 2H), 7.64 - 7.57 (m, 1H), 7.52 - 7.45 (m, 2H),
7.43-7.36 (m, 2H), 7.29-7.20 (m, 3H), 4.47 - 4.38 (m, 3H), 4.20-4.11 (m, 3H); '*C
NMR (126 MHz, CDCls) 6 165.2, 142.6, 133.3, 129.9, 129.8, 128.6, 128.6, 126.2, 124.9,
89.2,60.1, 51.6, 45.9; HRMS (EI') m/z: [M-C;Hs0]" Calcd. for C14H1,0195.0804; Found
195.0804.

Note: The isolated yield of 3.95a was not determined as it was not found during the

purification process. However, 3.95a was synthesised separately and fully

characterised:
NMRyield NMR yield NMR yield Isolated Isolated Isolated
of3.91a/% of3.94a/% o0f3.95a/% yield of yield of yield of
3.91a /% 3.94a /% 3.95a /%
13 51 3 10 58 n.d

259



Product 3.95a

; O
S C |
Mﬂ UK“( Qﬁ | JJL

Workup 2

774KLL JJULJN Internal standard ;JJ\J;} AL

Starting material 3.91a

JM M B

Y I

Phenyl-4-phenylcubane-1-carboxylate (3.95a)

o) o Q
OH 1. oxalyl chloride o
DMF, DCM, rt
2. phenol
NEts, DCM, 0 °C — rt
3.92

3.95a

To a solution of 4-phenylcubane-1-carboxylic acid (3.92) (100 mg, 1.0 equiv., 0.45 mmol)
in anhydrous DCM (3 mL) was added oxalyl chloride (0.38 mL, 1.7 equiv., 2 M in DCM) at
rt. Anhydrous DMF (4 mL, 10 mol %) was then added and the reaction mixture was
allowed to stir at rt for 1.5 hours. The mixture was concentrated in vacuo to afford the

acid chloride as a yellow solid.

The acid chloride was dissolved in anhydrous DCM (1.5 mL) and added dropwise to a
solution of phenol (68 mg, 1.6 equiv., 0.72 mmol) and triethylamine (0.2 mL, 3.2 equiv.,
1.44 mmol) in anhydrous DCM (1.5 mL) at 0 °C. The mixture was warmed to rt and

stirred for 2.5 hours. The mixture was quenched with sat. NH,Cl.q (5 mL) and diluted
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with DCM (10 mL). The organic layer was washed with 1 M HCl,q) (10 mL), sat. brineg
(10 mL), dried with anhydrous MgSQ,, filtered and concentrated in vacuo to afford the
crude. Purification by silica gel column chromatography (1:9 EtOAc/petroleum ether)

gave the title compound 3.95a (128 mg, 95 %) as a white solid.

'H NMR (400 MHz, CDCl;) 5 7.46 — 7.35 (m, 4H), 7.29 - 7.20 (m, 4H), 7.19-7.11 (m, 2H),
4.46 -4.36 (m, 3H), 4.30-4.21 (m, 3H); *C NMR (101 MHz, CDCl;) 5 170.7, 150.8,
142.0, 129.5, 128.6, 126.4, 125.9, 124.9, 121.7, 60.4, 56.6, 49.0, 46.4; HRMS (ESI*) m/z:
[M+H]" Calcd. for C21H170, 301.1229; Found 301.1241.

Baeyer-Villiger of 1-(4-phenylcuban-1-yl)ethan-1-one (3.91b)
0 0

o)
m-CPBA T( o’
Sc(OTh; o]

CHCly, 50 °C, 6h

3.91b 3.94b 3.95b

The reaction was performed using the general procedure with 1-(4-phenylcuban-1-
yl)ethan-1-one (3.91b) (45 mg, 1.0 eq., 0.2 mmol), scandium (lll) triflate (10 mg, 0.1 eq.,
0.02 mmol), 3-chloroperbenzoic acid (172 mg, 4.0 equiv., 0.77 mmol) and CHCl; (2 mL).
Purification by silica gel column chromatography (30:70 DCM/petroleum ether) gave the

title compound 3.94b (42 mg, 86 %) as a colourless oil.

'H NMR (400 MHz, CDCls) 3 7.41 - 7.31 (m, 2H), 7.24 - 7.17 (m, 3H), 4.33 - 4.22 (m, 3H),
4.12 - 4.00 (m, 3H), 2.12 (s, 3H); *C NMR (101 MHz, CDCls) 5 169.6, 142.7, 128.6,
126.2, 124.9, 88.7, 60.1, 51.4, 45.8, 21.2; HRMS (EIY) m/z: [M]** Calcd. for C1sH1.0,
238.0988; Found 238.0988.

NMRyield NMR yield NMR yield Isolated Isolated Isolated
0of3.91b/% 0f3.94b/% 0f3.95b/% yield of yield of yield of
3.91b /% 3.94b / % 3.95b /%

0 79 0 0 86 0
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Product 3.94b

o~
dﬂ O
Fa
)Uh M J N
Workup 2 "
HyC CHy
HsC CH,
H 3
J{ Internal standard [
R ‘ A ]
Workup 1 H O
cl oH
H H
H 2
3-Chlorobenzoic
M h acid
JL QML LI U 1
Starting material 3.91b
o
=1
1 1 -

T T T T T T T T T T T T T T T T T T T
85 8.0 75 7.0 65 6.0 55 50 45 40 35 30 25 20 15 1.0 05 0.0 -05
1 (ppm)

Baeyer-Villiger of 1-(4-phenylcuban-1-yl)propan-1-one (3.91c)
o} 0

o
m-CPBA \\(\ o

Sc(OTf), 0
CHCl3, 50 °C, 6h

3.91c 3.94c 3.95¢
The reaction was performed using the general procedure with 1-(4-phenylcuban-1-
yl)propan-1-one (3.91¢) (45 mg, 1.0 eq., 0.19 mmol), scandium (lll) triflate (10 mg, 0.1
eq., 0.02 mmol), 3-chloroperbenzoic acid (163 mg, 4.0 equiv., 0.73 mmol) and CHCl;
(1.9 mL). Purification by silica gel column chromatography (30:70 DCM/petroleum

ether) gave the title compound 3.94¢ (36 mg, 76 %) as a white solid.

'H NMR (400 MHz, CDCl;) 5 7.40-7.33 (m, 2H), 7.25-7.18 (m, 3H), 4.34 - 4.23 (m, 3H),
4.13-4.02 (m, 3H), 2.42 (q,J=7.6 Hz, 2H), 1.19 (t, /= 7.6 Hz, 3H); *C NMR (101 MHz,
CDCl;) 5 173.1,142.6, 128.5,126.1, 124.9, 88.7, 60.1, 51.4, 45.7, 27.6, 9.0; HRMS (CI")
m/z: [M-H]* Calcd. for C17H150,251.1067; Found 251.1065.
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NMR yield NMR yield NMR yield Isolated Isolated Isolated
0f3.91c/% 0f3.94¢c/% 0of3.95¢c/% yield of yield of yield of
3.91c/% 3.94¢c /% 3.95¢/%

0 87 0 0 76 0

Product 3.94c

&

Workup 2

JU Internal standard

Workup 1 oo
H

’ 3-Chlorobenzoic i
JUM,J U‘I’L \ eed | AJ 1“‘ B L J

Starting material 3.91¢c
o

| T

T T T T T T T T T T T T T T T T T T T
85 8.0 75 70 65 6.0 55 5.0 45 40 35 3.0 25 20 15 1.0 05 0.0 -05
1 (ppm)

OH
H H

Baeyer-Villiger of 4-phenylcubane-1 carbaldehyde (3.91d)

m-CPBA O\(
Sc OTf)5
"CHCl, 50 °C, 6h_

3.91d 3.94d 3.95d

The reaction was performed using the general procedure (workup 2 not used for this
substrate) with 4-phenylcubane-1-carbaldehyde (3.91d) (41.4 mg, 1.0 eq., 0.20 mmol),
scandium (lll) triflate (9.9 mg, 0.1 eq., 0.02 mmol), 3-chloroperbenzoic acid (174 mg, 4.0

equiv., 0.73 mmol) and CHCl; (2.0 mL). Purification by silica column chromatography
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(3:97 EtOAc/petroleum ether — 1:1 EtOAc/petroleum ether) gave the title compound

3.94d (29 mg, 65 %) as a white solid.

H NMR (400 MHz, CDCl) & 8.07 (s, 1H), 7.42 - 7.32 (m, 2H), 7.25 - 7.18 (m, 3H), 4.38 -
4.26 (m, 3H), 4.15 - 4.04 (m, 3H); *C NMR (101 MHz, CDCLs) 5 159.3, 142.4, 128.6,
126.3, 124.9, 89.0, 60.1, 51.5, 45.9; HRMS (EI*) m/z: [M-COH]* Calcd. for C1sH1,0
195.0804; Found 195.0803.

Note: The isolated yield of 3.95d was not determined, as it was not possible to separate

product 3d with the by-product 3-chlorobenzoic acid during the purification.

NMRyield NMR yield NMR yield Isolated Isolated Isolated
0of3.91d/% 0f3.94d/% 0f3.95d/% yield of yield of yield of
3.91d/ % 3.94d / % 3.95d/ %

0 55 28 0 65 n.d

Product 3.95d

S || |

Product 3.94d

& |

Workup 2

g

s

Internal standard

] N, BN \UJAL I W

b7
S

45
1 (ppm)

Starting material 3 91d
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Baeyer-Villiger of 2-methyl-1-(4-phenylcuban-1-yl)propan-1-one (3.91¢)

o Té\ o\
0
m-CPBA 0
Sc(0Th); 0
CHCI3, 50 °C, 6h

3.91e 3.94e 3.95e

The reaction was performed using the general procedure with 2-methyl-1-(4-
phenylcuban-1-yl)propan-1-one (3.91e) (50 mg, 1.0 eq., 0.20 mmol), scandium (lll)
triflate (10.1 mg, 0.1 eq., 0.02 mmol), 3-chloroperbenzoic acid (174 mg, 4.0 equiv., 0.73
mmol) and CHCl; (2.0 mL). Purification by silica gel column chromatography (30:70
DCM/petroleum ether — 50:50 DCM/petroleum ether) gave the title compound 3.94e
(33 mg, 62 %) as a white solid and 3.95e (14 mg, 27%) as a white solid.

3.94e: '"H NMR (400 MHz, CDCls) 6 7.40 - 7.33 (m, 2H), 7.25-7.18 (m, 3H), 4.33 - 4.21
(m, 3H), 4.13-4.02 (m, 3H), 2.62 (hept, J=7.0 Hz, 1H), 1.23 (d, J = 7.0 Hz, 6H); *C NMR
(101 MHz, CDCl;) 5 175.9, 142.7,128.5, 126.1, 124.9, 88.7, 60.0, 51.4, 45.7, 34.0, 19.0;
HRMS (EI") m/z: [M]** Calcd. for C1sH1s0, 266.1301; Found 266.1301.

3.95e: '"H NMR (400 MHz, CDCls) 6 7.40 - 7.33 (m, 2H), 7.24-7.19 (m, 3H), 5.06 (hept, J
=6.3Hz, 1H), 4.24-4.18 (m, 3H), 4.18-4.10 (m, 3H), 1.27 (d, /= 6.3 Hz, 6H); '*C NMR
(101 MHz, CDCls) 5 172.2, 142.4,128.6, 126.2, 124.9, 67.5, 60.3, 56.9, 48.8, 46.1, 22.0;
HRMS (EI") m/z: [M]** Calcd. for C1sH1s0, 266.1301; Found 266.1303.

NMRyield NMR yield NMR yield Isolated Isolated Isolated
of3.91e/% 0f3.94e/% 0f3.95e/% yield of yield of yield of
3.91e/% 3.94e /% 3.95e /%

0 58 25 0 62 27
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Product 3.95e

S~

(¢}

J |

Product 3.94e
(o}
O

j@: Internal standard J ‘N
3
Workup 1
OH 3-Chlorobenzoic
“ acid L,

i Jo ) N g»

Starting material 3.91e

Workup 2

Baeyer-Villiger of 2,2-dimethyl-1-(4-phenylcuban-1-yl)propan-1-one (3.91f)

\Qé o} ><
O
m-CPBA o}
Sc(OTf)3 (0]
CHCly, 50 °C, 6h

3.91f 3.94f 3.95f

The reaction was performed using the general procedure with 2,2-dimethyl-1-(4-
phenylcuban-1-yl)propan-1-one (3.91f) (54 mg, 1.0 eq., 0.20 mmol), scandium (llI)
triflate (10.3 mg, 0.1 eq., 0.02 mmol), 3-chloroperbenzoic acid (173 mg, 4.0 equiv., 0.73
mmol) and CHCl; (2.0 mL). Purification by column chromatography (30:70
DCM/petroleum ether — 50:50 DCM/petroleum ether) gave a mixture of 3.91f:3.95f in a

ratio of 9:1 as a white solid (42 mg).

3.95f: 'TH NMR (500 MHz, CDCls) 8 7.40 — 7.35 (m, 2H), 7.25 - 7.19 (m, 3H), 4.21-4.10
(m, 6H), 1.50 (s, 9H); *C NMR (126 MHz, CDCls) 5 172.2, 142.4, 128.5, 126.1, 124.9,
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80.2, 60.2, 57.6, 48.6, 46.1, 28.3; HRMS (EI*) m/z: [M-OC4Hs]* Calcd. for CisH::0
207.0805; Found 207.0802.

NMRyield NMR yield NMR yield Isolated Isolated Isolated
of 3.91f/% 0of3.94f/% 0of 3.95f/ % yield of yield of yield of
3.91f/ % 3.94f / % 3.95f/ %

64 0 8 69 0 9

Product 3.95f mixed with 3.91f

9K

(@)

J ] ] *”

Workup 2

s s |
BN ol I W 0 ¥ PR

Workup 1 H 0

JMJwL TR ) R

Starting material 3.91f
o]

85 8.0 75 7.0 65 6.0 55 50 45 40 35 3.0 25 20 15 1.0 05 0.0 05
1 (ppm)

Baeyer-Villiger of 2-methyl-1 -(4-(trimethylsilyl)cuban-1 -yl)propan-1-one (3.91g)
0

m-CPBA
- CLU
"CHCly, 50 °C, 6h g

(Me)3Si (Me)3Si (Me)3Si
3.91g 3.94g 3.95g

The reaction was performed using the general procedure with 2-methyl-1-(4-
(trimethylsilyl)cuban-1-yl)propan-1-one (3.91g) (50 mg, 1.0 eq., 0.20 mmol), scandium
() triflate (9.6 mg, 0.1 eq., 0.02 mmol), 3-chloroperbenzoic acid (177 mg, 4.0 equiv.,
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0.73 mmol) and CHCl; (2.0 mL). Purification by column chromatography (30:70
DCM/petroleum ether — 50:50 DCM/petroleum ether) gave the title compound 3.94g
(82 mg, 61 %) as a colourless oil and impure 3.95g. Further purification of 3.95g by silica
gel column chromatography (02:98 EtOAc/petroleum ether) gave the title compound

3.95¢g (5 mg, 10 %) as a colourless oil.

3.94g: "H NMR (400 MHz, CDCLs) 5 4.30 — 4.21 (m, 3H), 3.79 - 3.69 (m, 3H), 2.57 (hept, J
=7.0 Hz, 1H), 1.18 (d, J = 7.0 Hz, 6H), -0.05 (s, 9H); *C NMR (101 MHz, CDCls) 5 175.8,
88.4,55.2, 48.4, 40.9, 34.0, 19.0, -4.7; HRMS (EI) m/z: [M-CHs]* Calcd. for C14H100,%S;i
247.1149; Found 247.1145.

3.95g: 'H NMR (400 MHz, CDCls) 5 5.02 (hept, J = 6.2 Hz, 1H), 4.25 - 4.19 (m, 3H), 3.85 -
3.79 (m, 3H), 1.24 (d, J = 6.2 Hz, 6H), -0.05 (s, 9H); *C NMR (126 MHz, CDCl;) 5 172.1,
67.3, 56.5, 49.8, 48.9, 44.1, 22.0, -4.7; HRMS (EI*) m/z: [M-C:H;]* Calcd. for C1,H150,2Si
219.0836; Found 219.0839.

NMRyield NMR yield NMR yield Isolated Isolated Isolated
0of3.91g/% 0f3.94g/% 0f3.958/% yield of yield of yield of
3.91g/ % 3.94g /% 3.95g/ %

0 65 9 0 61 10
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Product 3.95g

3~

o
-5
(Me)sSi ‘ MAU
A L .
Product 3.94g
‘5
g (o] fFa

Me),Si ﬂ n
(Me)sSi ) n A

Workup 2 i
HsC CHg
ch:©icm
H 3
Internal standard
Lk S R Al B

Workup 1 H O
‘ H
3-Chlorobenzoic
4Jt L L acid A L) ; | R J\u

Starting material 3.91g
(e}

1
c OH

H H

(Me),Si A A A i J

856 8.0 75 70 6.5 6.0 55 5.0 45 35 3.0 25 20 15 1.0 05 0.0 -0.5

4.0
1 (ppm)

Baeyer-Villiger of 1-(cuban-1-yl)-2-methylpropan-1-one (3.91h)

o) m-CPBA o) /L
Sc(OTf)s o o
CHClg, 50 °C, 6h @ ol
3.91h 3.94h 3.95h

The reaction was performed using the general procedure with 1-(cuban-1-yl)-2-
methylpropan-1-one (3.91h) (34.5 mg, 1.0 eq., 0.20 mmol), scandium (Ill) triflate (10.1
mg, 0.1 eq., 0.02 mmol), 3-chloroperbenzoic acid (172 mg, 4.0 equiv., 0.73 mmol) and
CHCl;5 (2.0 mL). Purification by silica gel column chromatography (30:70
DCM/petroleum ether — 50:50 DCM/petroleum ether) gave the title compound 3.94h
(18 mg, 46 %) as a white solid and impure 3.95h. Further purification of 3.95h by silica
gel column chromatography (3:97 EtOAc/petroleum ether) gave the title compound

3.95h (8 mg, 22 %) as a colourless oil.

3.94h: 'H NMR (400 MHz, CDCls) 5 4.30 — 4.21 (m, 3H), 3.96 — 3.87 (m, 4H), 2.57 (hept, J
=7.0 Hz, 1H), 1.18 (d, J = 7.0 Hz, 6H); *C NMR (101 MHz, CDCl;) 5 176.0, 88.2, 54.8,
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47.7,42.0, 34.0, 19.0; HRMS (EI*) m/z: [M-H]* Calcd. for C12H150,189.0910; Found
189.0909.

3.95h: '"H NMR (500 MHz, CDCl;s) 8 5.02 (hept, /= 6.3 Hz, 1H), 4.25-4.18 (m, 3H), 4.03 -
3.95(m, 4H), 1.24 (d, /= 6.3 Hz, 6H); *C NMR (126 MHz, CDCl;) 5 172.3, 67.3, 56.1,
49.5,47.9,45.2,22.0; HRMS (EI*) m/z: [M]" Calcd. for C12H1402190.0988; Found

190.0988.
NMRyield NMR yield NMR yield Isolated Isolated Isolated
0of3.917Th/% 0f3.94h/% 0f3.95h/% yield of yield of yield of
3.91h /% 3.94h /% 3.95h /%
0 44 15 0 46 22

Product 3.95h

0 )\
Mo . L
Product 3.94h

@OKOL - h

Workup 2

3
Internalstandard ’JL
L ‘ . M L A
Workup 1 .
' 2
| J 3- Chlorobenzmc
B 8 Il o . S
Starting material 3.91h
(o}
& 1 i
A ) x A

T T T T T T T T T T T T T T T T T T T
85 8.0 75 7.0 65 6.0 55 5.0 45 40 35 3.0 25 20 15 1.0 05 0.0 -05
11 (ppm)
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Baeyer-Villiger of 1-(4-(methoxymethyl)cuban-1-yl)-2-methylpropan-1-one (3.91i)

o m-CPBA 0 >\
Sc(OTf), 0 o
CHCly, 50 °C, 6h ﬂ o)
MeO MeO MeO

3.91i 3.94i 3.95i

The reaction was performed using the general procedure with 1-(4-
(methoxymethyl)cuban-1-yl)-2-methylpropan-1-one (3.91i) (44 mg, 1.0 eq., 0.20 mmol),
scandium (lll) triflate (9.9 mg, 0.1 eq., 0.02 mmol), 3-chloroperbenzoic acid (173 mg, 4.0
equiv., 0.73 mmol) and CHCl; (2.0 mL). Purification by silica gel column
chromatography (07:93 EtOAc/petroleum ether) gave the title compound 3.94i (20 mg,
42 %) as a white solid and 3.95i (4 mg, 8 %) as a white solid.

3.94i: '"H NMR (500 MHz, CDCl;) 5 4.19-4.13 (m, 3H), 3.81-3.74 (m, 3H), 3.54 (s, 2H),
3.37 (s, 3H), 2.56 (hept, J=6.9 Hz, 1H), 1.18 (d, /= 6.9 Hz, 6H); "*C NMR (126 MHz,
CDCls;) 5 175.8, 88.5, 73.6, 59.4, 57.4, 52.0, 42.1, 33.9, 19.0; HRMS (ESI*) m/z: [M+H]*
Calcd. for C14H1905235.1329; Found 235.1326.

3.95i: '"H NMR (500 MHz, CDCl;) 5 5.02 (hept, J=6.3 Hz, 1H), 4.15-4.09 (m, 3H), 3.89 -
3.84 (m, 3H), 3.53 (s, 2H), 3.38 (s, 3H), 1.24 (d, /= 6.3 Hz, 6H); *C NMR (126 MHz,
CDCls) 5 172.2,73.3,67.5,59.4,57.6,56.7, 46.7, 45.2, 22.0; HRMS (EI*) m/z: [M-C;3H-]*
Calcd. for C11H1105191.0703; Found 191.0701.

NMRyield NMR yield NMR yield Isolated Isolated Isolated
of3.91i/% 0of3.94i/% 0f3.95i/ % yield of yield of yield of
3.91i/% 3.94i/ % 3.95i/ %

0 44 15 0 42 8
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Product 3.95i

o) >\
(6]
5
MeO

l i \
Product 3.94i
o
Workup 2 i
HsC CHs
Hdcj(\l:[md

Workup 1 H O
cl oH
‘ JJL H H
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40
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Baeyer-Villiger of 4-isobutyryl-N,N-diisopropylcubane-1-carboxamide (3.91j)

o} )\
m-CPBA o
\( Sc(OTf)5
CHCls, 50 °C, 6h \(
o

3.91j 3.94j 3.95]

The reaction was performed using the general procedure with 4-isobutyryl-N,N-
diisopropylcubane-1-carboxamide (3.91j) (61 mg, 1.0 eq., 0.20 mmol), scandium (lll)
triflate (9.7 mg, 0.1 eq., 0.02 mmol), 3-chloroperbenzoic acid (175 mg, 4.0 equiv., 0.73
mmol) and CHCl; (2.0 mL). Purification by silica gel column chromatography (15:75
EtOAc/petroleum ether) separated 3.94j from 3.95j, but both compounds were still
impure. Further purification of 3.94j by silica gel column chromatography (15:75
EtOAc/toluene) gave the title compound 3.94j (14 mg, 22 %) as a white solid. Further
purification of 3.95j by silica gel column chromatography (15:75 EtOAc/toluene) gave

the title compound 3.95j (11 mg, 9 %) as a white solid.
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3.94j: '"H NMR (500 MHz, CDCl;) 5 4.23 -4.18 (m, 3H), 4.11 - 4.05 (m, 3H), 3.47 (hept, J
=6.6 Hz, 1H), 3.29 (hept, J=6.7 Hz, 1H), 2.57 (hept, J=7.0 Hz, 1H), 1.41 (d, /= 6.7 Hz,
6H), 1.19 (d, /= 6.6 Hz, 6H), 1.18 (d, /= 7.0 Hz, 6H); "*C NMR (126 MHz, CDCl;) 5 176.0,
170.9, 86.8, 59.3, 51.6, 48.4, 46.0, 44.1, 33.9, 21.1, 20.6, 19.0; HRMS (ESI*) m/z: [M+H]*
Calcd. for C419H2sN0O3318.2064; Found 318.2066.

3.95j: '"H NMR (500 MHz, CDCls) 5 5.02 (hept, J = 6.3 Hz, 1H), 4.17 (s, 6H), 3.47 (hept, J =
6.6 Hz, 1H), 3.30 (hept, J = 6.7 Hz, 1H), 1.41 (d, J = 6.7 Hz, 6H), 1.24 (d, J = 6.3 Hz, 6H),
1.20 (d, J = 6.6 Hz, 6H); *C NMR (126 MHz, CDCls) 5 171.7, 170.4, 67.7, 59.4, 55.1, 48.8,
47.0, 46.3, 46.0, 22.0, 21.1, 20.6; HRMS (ESI*) m/z: [M+H]* Calcd. for CisH2sNO3
318.2069; Found 318.2065.

NMRyield NMR yield NMR yield Isolated Isolated Isolated
0of3.91j/% 0of3.94j/% 0f3.95j/ % yield of yield of yield of
3.9/ % 3.94j/ % 3.95j/ %

0 25 29 0 22 9

Product 3.95j
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Baeyer-Villiger of 1-(4-bromocuban-1-yl)-2-methylpropan-1-one (3.91k)

Q m-CPBA Q >\
Sc(OTh)g 0 0
CHCls, 50 °C, 6h g °
Br Br Br
3.91k 3.94k 3.95k

The reaction was performed using the general procedure with 1-(4-bromocuban-1-yl)-
2-methylpropan-1-one (3.91k) (51 mg, 1.0 eq., 0.20 mmol), scandium (lll) triflate (9.8
mg, 0.1 eq., 0.02 mmol), 3-chloroperbenzoic acid (173 mg, 4.0 equiv., 0.73 mmol) and
CHCl;5 (2.0 mL). Purification by silica gel column chromatography (2:98
EtOAc/petroleum ether) gave an impure 3.94k and the title compound 3.95k (25 mg, 46
%) as a white solid. Further purification of 3.94k by silica gel column chromatography
(30:70 DCM/petroleum ether) gave the title compound 3.94k (5 mg, 9 %) as a white

solid.

3.94k: '"H NMR (500 MHz, CDCl;) 5 4.35-4.28 (m, 3H), 4.18 —=4.11 (m, 3H), 2.57 (hept, J
=7.0Hz, 1H), 1.18 (d, J= 7.0 Hz, 6H); *C NMR (126 MHz, CDCLl;) 56 175.8, 88.4, 64.6,
52.7,51.4, 33.9, 18.9; HRMS (EI*) m/z: [M-CHz;]" Calcd. for C41H100,7°Br252.9859; Found
252.9856.

3.95k: "H NMR (400 MHz, CDCl;) 5 5.02 (hept, J=6.3 Hz, 1H), 4.31 - 4.20 (m, 6H), 1.23
(d,/=6.3 Hz, 6H); *C NMR (101 MHz, CDCLl;) 6 171.2,67.9, 63.4, 56.7,54.7,47.7, 22.0;
HRMS (EI*) m/z: [M-C3H5]* Calcd. for CsHesO,"°Br224.9545; Found 224.9539.

NMRyield NMR yield NMR yield Isolated Isolated Isolated
of3.91k/% 0f3.94k/% of 3.95k/ % yield of yield of yield of
3.91k/ % 3.94k /% 3.95k/ %

0 12 50 0 9 46
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Baeyer-Villiger of 1-(4-fluorocuban-1-yl)-2-methylpropan-1-one (3.911)

Q m-CPBA 2 >\
Sc(OTf)5 0 o
CHCls, 50 °C, 6h Jﬂ 0
F F

3.911 3.941 3.951

F

The reaction was performed using the general procedure with 1-(4-fluorocuban-1-yl)-2-
methylpropan-1-one (3.911) (39 mg, 1.0 eq., 0.20 mmol), scandium (lll) triflate (10.3 mg,
0.1 eq., 0.02 mmol), 3-chloroperbenzoic acid (171 mg, 4.0 equiv., 0.73 mmol) and
CHCl;5 (2.0 mL). Purification by silica gel column chromatography (02:98
EtOAc/petroleum ether) gave the title compound 3.94l (4 mg, 10 %) as a white solid and
3.951 (16 mg, 39 %) as a white solid.

3.941: 'H NMR (500 MHz, CDCl,) 5 4.26 — 4.17 (m, 3H), 4.10 — 4.03 (m, 3H), 2.57 (hept, J =
6.9 Hz, 1H), 1.18 (d, J = 6.9 Hz, 6H). *F{'"H}NMR (471 MHz, CDCL;) 5 -142.94. 3C NMR
(126 MHz, CDCly) 5 175.7, 104.1 (d, J = 322.5 Hz), 89.0 (d, J = 21.7 Hz), 50.8 (d, J = 25.8
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Hz), 47.4 (d, J = 6.5 Hz), 33.9, 18.9; HRMS (EI*) m/z: [M-CH:]* Calcd. for C11H:002F
193.0659; Found 193.0657.

3.95l: 'H NMR (400 MHz, CDCl;) 5 5.02 (hept, J = 6.3 Hz, 1H), 4.36 - 4.25 (m, 3H), 4.08 -
3.97 (m, 3H), 1.24 (d, J = 6.3 Hz, 6H); *F{"H}NMR (376 MHz, CDCLl;) & -140.42; 3C NMR
(101 MHz, CDCls) 5 171.8 (d, J = 7.2 Hz), 103.1 (d, J = 328.0 Hz), 67.8, 57.1(d, J = 13.8
Hz), 54.1 (d, J = 25.3 Hz), 42.3 (d, J = 5.6 Hz), 22.0; HRMS (EI*) m/z: [M-CsH-]* Calcd. for
CoHsO,F 165.0346; Found 165.0344.

NMRyield NMR yield NMR yield Isolated Isolated Isolated
of 3.91l/% 0of3.94l/% 0of 3.95l/ % yield of yield of yield of
3.911/ % 3.941/ % 3.951/ %

0 11 49 0 10 39
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5.3.3 Computational Details

DFT calculations were carried out at PBEO/def2-TZVP-D3BJ level'®?*2" in CPCM model of
CHCIl,%2 using Orca v6.0.° All species were fully optimised without any symmetry
constraints, and confirmed as minima through harmonic frequency calculation, from

which enthalpy and entropy corrections were extracted.

Optimised Cartesian Coordinate

[cubane]”
C -0.644726 1.043429 -1.176080
H -0.339143 1.724583 -1.960549
C -1.446034 1.433046 0.112495
H -1.731704 2.454686 0.340678
C -0.524536 0.580324 1.0504064
H -0.129630 0.899951 2.006798
C 0.102230 0.165969 -0.234175
C -0.611742 -1.119951 -0.463994
H -0.279928 -2.125599 -0.690479
C -1.532329 -0.233651 -1.370859
H -1.890740 -0.558059 -2.342334
C -2.333793 0.173353 -0.101834
C -1.414463 -0.687693 0.810533
H -1.674096 -1.379416 1.605248
H -3.415587 0.176579 -0.042316

[4F-cubane] +
C -0.629255 1.047692 -1.181835
H -0.304056 1.724319 -1.962056
C -1.428486 1.443511 0.113649
H -1.735689 2.458860 0.341982
C -0.508463 0.581814 1.055523
H -0.093813 0.899938 2.003803
C 0.093104 0.166176 -0.233692
C -0.596036 -1.125933 -0.465591
H -0.243822 -2.124360 -0.692506
C -1.515263 -0.237009 -1.382004
H -1.895180 -0.559621 -2.345899
C -2.302277 0.172996 -0.103386
C -1.396676 -0.695416 0.818023
H -1.681610 -1.381998 1.608509
F -3.628701 0.176582 -0.030925

[3F-cubane] +
C -0.630525 1.035171 -1.159042
H -0.351430 1.672458 -1.990584
C -1.434397 1.431271 0.111860
F -1.825544 2.665028 0.388971
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.030529
.013951
.238756
.471446
.697158
.351511
.345004
.105150
.71827707
.616078
-0.

041849

181044
129482

.157517
.937603
.121947
.355726
.056060
.025186
. 222280
.466298
.697823
.373155
.355522
.109167
.801330
.589177
.021691
.693440
.802590
.455477
.888453
.334032
.329504



H -6.000456 1.395851 -1.330857
H -4.535946 2.370001 -1.155412
C -4.862055 -1.573803 -0.348004
H -4.459931 -2.261940 0.399835
H -5.953113 -1.634004 -0.307525
H -4.543588 -1.913715 -1.336717

5.4 Chapter 4 experimental

5.4.1 Cubanol

Synthesis of phenylcuban-1-ol (4.11)
OT{ OH
o HCI (1.25 M in EtOH)
rt,3h g

3.94b 4.11
4-Phenylcuban-1-yl acetate (3.94b) (10 mg, 1.0 equiv., 0.04 mmol) in a solution of
anhydrous HClin ethanol (0.5 mL, 1.25 M) was stirred at rt for 3 hours. The reaction

mixture was concentrated in vacuo to remove bulk of the ethanol to afford a white solid.

'"H NMR (300 MHz, CDCl;s) 5 7.39-7.31 (m, 2H), 7.24 -7.16 (m, 3H), 4.08 - 3.98 (m, 3H),
3.96-3.87 (m, 3H); "TH NMR (400 MHz, acetic acid-ds) 8 7.35-7.28 (m, 2H), 7.22-7.11
(m, 3H), 4.08 - 3.98 (m, 3H), 3.95-3.84 (m, 3H). ). HRMS (EI*) m/z: [M]** Calcd. for
C14H120 196.0882; Found 196.0881.

5.4.2 Synthesis of cubyl-resveratrol 4.13a and 4.13b
5.4.2.1 Synthesis of cubyl aldehyde 4.20

The synthesis of cubyl-resveratrol followed the general synthetic methodology reported

by Yi Ling Goh and co-workers for the synthesis of BCP-resveratrol.?®'
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Synthetic scheme

o oH \ K
OH Si—
(i) ﬁ\ (ii) O
—_— —_
MeO

2.8 3.109 4.14

4.15 4.16 417

OH 9

(vi) O/SI\ (vii) (viii) ﬁ‘\H

—_— Jﬂ\ —_— (@] —_— o

o o)
)Lo )L )L o

4.18 4.19 4.20

Conditions: (i) BH3;-DMS (1 M in 2-MeTHF), THF, 0 °C — rt, 6 h, 98 % (ii) imidazole, TBSCI,
DCM, rt, 3 h, 92 % (iii) LiOH, THF/MeOH/H,0 (3:1:1), rt, 3 h, 93 % (iv) HATU, DIPEA,
CH;ONHCHj;-HCL, DMF, rt, 1.5 h, 89 % (v) MeMgBr (1 M in THF), THF, 0 °C — rt, 15 min,
88 % (vi) m-CPBA, CHCls, rt, 2 h, 96 % (vii) TBAF (1 M in THF), THF, rt, 1 h, 98 % (viii)
oxalyl chloride (2 M in DCM), DMSO, DCM, -78 °C, 1.5 h; NEts, -78 °C — rt, 15 min, 97 %.

Experimental procedure and analytical data for 3.109 was previously described in

Section 5.3.1.4.

Methyl-4-(((tert-butyldimethylsilyl)oxy)methyl)cubane-1-carboxylate (4.14)

e

OH imidazole Si—
TBSCI (e}
MeO DCM, rt
e} MeO

(0]

3.109 414

To a solution of methyl-4-(hydroxymethyl)cubane-1-carboxylate (3.109) (1.37 g, 1.0
equiv., 7.13 mmol) in anhydrous DCM (32 mL) was added imidazole (1.2 g, 2.5 equiv.,
17.8 mmol) in one portion at rt. After 10 minutes tert-butyldimethylsilyl chloride (TBSCL)
(1.3 g, 1.2 equiv., 8.56 mmol) was added in one portion and the cloudy white mixture
was stirred at rt for 3 hours. The mixture was quenched with H,O (5 mL) and the organic

layer was washed with H,O (3 x 15 mL), dried with anhydrous MgSQ,, filtered and
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concentrated in vacuo to afford the crude. Purification by silica gel column
chromatography (05:95 EtOAc/petroleum ether) gave the title compound 4.14 (2.0 g, 92

%) as a colourless oil.

'H NMR (400 MHz, CDCl;) 56 4.14-4.07 (m, 3H), 3.85-3.79 (m, 3H), 3.73 (s, 2H), 3.70 (s,
3H), 0.88 (s, 9H), 0.04 (s, 6H); *C NMR (101 MHz, CDCL;) 6 173.0, 63.6, 59.1, 56.5, 51.6,
46.5, 44.8, 26.0, 18.6, -5.0; HRMS (ESI*) m/z: [M+H]* Calcd. for C17H2,05Si 307.1724;
Found 307.1730.

4-(((tert-Butyldimethylsilyl)oxy)methyl)cubane-1-carboxylic acid (4.15)

e e

Si~ Si—

o LiOH-H,0 o
ﬁ THF, MeOH, H,0, rt ﬁ
MeO HO
o] o]
414 4.15

To a solution of methyl-4-(((tert-butyldimethylsilyl)oxy)methyl)cubane-1-carboxylate
(4.14) (2.0 g, 1.0 equiv., 6.56 mmol) in 3:3:1 ratio of THF:MeOH:H,0O (13 mL) was added
lithium hydroxide monohydrate (302 mg, 1.1 equiv., 7.22 mmol) in one-portion at rt. The
mixture was allowed to stir at rt for 3 hours. The mixture was diluted with 1 M NaOH,q (2
mL) and the aqueous layer was washed with EtOAc (1 x 20 mL). The aqueous layer was
acidified with 2 M HCl,q) and the aqueous layer was extracted with EtOAc (3 x 20 mL).
The combined organic layers were washed sat. brineq (10 mL), dried with anhydrous
MgSQ,, filtered and concentrated in vacuo to afford the title compound 4.15 (1.77 g,

93%) as a white solid.

H NMR (400 MHz, CDCls) 5 11.36 (Br s, 1H), 4.18 = 4.12 (m, 3H), 3.89 - 3.81 (m, 3H),
3.74 (s, 2H), 0.88 (s, 9H), 0.05 (s, 6H); *C NMR (101 MHz, CDCLs) 5 178.6, 63.5, 59.2,
56.2, 46.5, 44.9, 26.0, 18.6, -5.0; HRMS (ESI') m/z: [M-H] Calcd. for C1sH2:0:Si
291.1421; Found 291.1409.
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4-(((tert-Butyldimethylsilyl)oxy)methyl)-N-methoxy-N-methylcubane-1-
carboxamide (4.16)
\ P

Si—  1.HATU, DIPEA Si—
O DMF, rt (o]
2. N,O-dimethylhydroxylamine \
HO hydrochloride, rt N
\O’
o o
4.15 4.16

To a solution of 4-(((tert-butyldimethylsilyl)oxy)methyl)cubane-1-carboxylic acid (4.15)
(1.77 g, 1.0 equiv., 6.07 mmol) and HATU (2.77 g, 1.2 equiv., 7.29 mmol) in anhydrous
DMF (30 mL) was added N,N-diisopropylethylamine (DIPEA) (3.6 mL, 3.5 equiv., 21.2
mmol) at rt. After 5 minutes, N,O-dimethylhydroxylamine hydrochloride (770 mg, 1.3
equiv., 7.89 mmol) was added in one portion and the reaction mixture was allowed to
stir at rt for 1.5 hour. The mixture was quenched with H.O (10 mL) and diluted with
EtOAc (20 mL). The organic layer was washed with H,O (3 x 20 mL), sat. brinegq (15 mL),
dried with anhydrous MgSQ,, filtered and concentrated in vacuo to afford the crude.
Purification by silica gel column chromatography (1:3 EtOAc/petroleum ether) gave the

title compound 4.16 (1.81 g, 89 %) as a colourless oil.

H NMR (500 MHz, CDCls) 5 4.15 - 4.09 (m, 3H), 3.82 - 3.77 (m, 3H), 3.73 (s, 2H), 3.70 (s,
3H), 3.17 (s, 3H), 0.88 (s, 9H), 0.04 (s, 6H); *C NMR (126 MHz, CDCLs) 5 174.0, 63.7,
61.7,58.5, 58.3, 46.6, 44.7, 32.8, 26.0, 18.5, -5.1; HRMS (ESI*) m/z: [M+H]* Calcd. for
C1sHa00:NSi 336.1989; Found 336.2002.

1-(4-(((tert-Butyldimethylsilyl)oxy)methyl)cuban-1-yl)ethan-1-one (4.17)

e )

sie sie

(0] MeMgBr (0]
\ THF,0°C = rt
N
e

o} O

4.16 4.17

To a solution of 4-(((tert-butyldimethylsilyl)oxy)methyl)-N-methoxy-N-methylcubane-1-
carboxamide (4.16) (1.81 g, 1.0 equiv., 5.40 mmol) in anhydrous THF (20 mL) at 0 °C was
added methylmagnesium bromide (10.8 mL, 2.0 equiv., 1 M in THF) dropwise. The

mixture was stirred at 0 °C for 5 minutes and allowed to warm to rt. After 15 minutes, the
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mixture was quenched with 1 M HClq (5 mL) at 0 °C. The aqueous was extracted with
EtOAc (3 x 10 mL) and the combined organic layers were washed with sat. brineq (10
mL), dried with anhydrous MgSQ,, filtered and concentrated in vacuo to afford the
crude. Purification by silica gel column chromatography (07:93 EtOAc/petroleum ether)

gave the title compound 4.17 (1.34 g, 88 %) as a colourless oil.

'H NMR (400 MHz, CDCl;) 56 4.17 - 4.07 (m, 3H), 3.83-3.76 (m, 3H), 3.73 (s, 2H), 2.12 (s,
3H), 0.88 (s, 9H), 0.05 (s, 6H); *C NMR (101 MHz, CDCL;) 6 206.9, 64.4, 63.5, 59.4, 46.6,
44.3, 26.0, 24.8, 18.5, -5.1; HRMS (ESI*) m/z: [M+H]* Calcd. for C17H2,0.Si 291.1775;
Found 291.1788.

4-(((tert-Butyldimethylsilyl)oxy)methyl)cuban-1-yl acetate (4.18)

\ I e

Sie

ﬁ ’ ot oo
CHClg, rt o Jﬂ
f o
4.17 4.18

To a solution of 1-(4-(((tert-butyldimethylsilyl)oxy)methyl)cuban-1-yl)ethan-1-one (4.17)
(580 mg, 1.0 equiv., 2.0 mmol) in anhydrous chloroform (20 mL) was added 3-
chloroperbenzoic acid (1.73 g, 4.0 equiv., 9 mmol) in one portion at 0 °C. After 5
minutes, the reaction mixture was stirred at rt for 2 hours and quenched with sodium
bisulfiteaq (10 mL). The organic layer was washed further with sodium bisulfiteq (10
mL), sat. NaHCOgz(aq) (2 x 10 mL), dried with anhydrous MgSQ,, filtered and concentrated

in vacuo to afford the title compound 4.18 (585 mg, 96 %) as a colourless oil.

H NMR (500 MHz, CDCls) 5 4.16 - 4.10 (m, 3H), 3.75 - 3.70 (m, 3H), 3.73 (s, 2H), 2.08
(s, 3H), 0.88 (s, 9H), 0.04 (s, 6H); *C NMR (126 MHz, CDCls) 5 169.5, 88.7, 63.9, 58.9,
51.7,41.7,26.0, 21.2, 18.6, -5.1; HRMS (ESI*) m/z: [M+H]" Calcd. for C17H,0sSi
307.1724; Found 307.1736.
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4-(Hydroxymethyl)cuban-1-yl acetate (4.19)

e

Sie : OH
o TBAF (IMin THF)
0 THF, rt )Lo
Jo

4.18 4.19

To a solution of 4-(((tert-butyldimethylsilyl)oxy)methyl)cuban-1-yl acetate (4.18) (585
mg, 1.0 equiv., 1.91 mmol) in anhydrous THF (9.5 mL) was added TBAF (2.5 mL, 1.3
equiv., 1 M in THF) dropwise at rt. After 1 hour, the reaction mixture was quenched with
H,0 (3 mL) and diluted with EtOAc (30 mL). The organic layer was washed with sat.
NaHCOs(q) (2 X 10 mL), sat. brine;q (20 mL), dried with anhydrous MgSQ,, filtered and
concentrated in vacuo to afford the crude. Purification by silica gel column
chromatography (4:6 EtOAc/petroleum ether) gave the title compound 4.19 (357 mg, 98

%) as a colourless oil.

H NMR (400 MHz, CDCLs) 5 4.19 - 4.11 (m, 3H), 3.80 - 3.73 (m, 3H), 3.76 (s, 2H) 2.07 (s,
3H), 1.94 (br s, 1H); *C NMR (101 MHz, CDCls) 5 169.6, 88.5, 63.7, 58.7, 51.7, 41.5,
21.1; HRMS (EI*) m/z: [(M -'C(O)OCHs]* Calcd. for CsHsO 133.0648; Found 133.0647.

4-Formylcuban-1-yl acetate (4.20)
0

OH 1. Oxalyl chloride
o DMSO, DCM, -78 °C H
- ° - O
)LO 2.NEts, - 78 °C = rt )L
o

4.19 4.20

DMSO (0.37 mL, 2.8 equiv., 5.27 mmol) was added to a solution of oxalyl chloride (1.5
mL, 1.6 equiv., 2 Min DCM) in anhydrous DCM (10 mL) at -78 °C. After 20 minutes a
solution of 4-(hydroxymethyl)cuban-1-yl acetate (4.19) (357 mg, 1.0 equiv., 1.86 mmol)
in anhydrous DCM (5 mL) was added dropwise, and the mixture stirred at -78 °C for a
further 1.5 hours. Triethylamine (1.45 mL, 5.6 equiv., 10.5 mmol) was then added and
the mixture was allowed to warm to rt over 15 minutes. The mixture was quenched with
H,O (10 mL) and the aqueous layer was extracted with DCM (3 x 15 mL). The combined
organic layer was washed sat. brinegq (20 mL), dried with anhydrous MgSQO,, filtered and
concentrated in vacuo to afford the title compound 4.20 (342 mg, 97 %) as a light-yellow

solid.
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H NMR (400 MHz, CDCls) 8 9.75 (s, 1H), 4.25 (s, 6H), 2.07 (s, 3H); 3C NMR (101 MHz,
CDCl;) 5 198.4, 169.4, 87.2, 62.6, 52.5, 43.0, 21.0; HRMS (EI*) m/z: [M-CHOJ" Calcd. for
C1oHs02 161.0597; Found 161.0594.

5.4.2.2 Synthesis of cubyl aldehyde 4.24

Experimental procedure and analytical data for 3.109 was previously described in

Section 5.3.1.4.

Methyl-4-formylcubane-1-carboxylate (4.24)

OH 1. Oxalyl chloride H
DMSO, DCM, -78 °C
MeO -78°
2. NEt3, - 78 °C — rt MeO
o
(e}
3.109 4.24

DMSO (0.25 mL, 2.7 equiv., 3.51 mmol) was added to a solution of oxalyl chloride (0.98
mL, 1.5 equiv., 2 M in DCM) in anhydrous DCM (7 mL) at -78 °C. After 20 minutes a
solution of methyl-4-(hydroxymethyl)cubane-1-carboxylate (3.109) (250 mg, 1.0 equiv.,
1.3 mmol) in anhydrous DCM (5 mL) was added dropwise, and the mixture stirred at-78
°C for a further 1.5 hours. Triethylamine (0.97 mL, 5.4 equiv., 7.1 mmol) was then added
and the mixture was allowed to warm to rt over 15 minutes. The mixture was quenched
with H,O (10 mL) and the aqueous layer was extracted with DCM (3 x 15 mL). The
combined organic layer was washed sat. brineuq (20 mL), dried with anhydrous MgSQO,,
filtered and concentrated in vacuo to afford the title compound 4.24 (236 mg, 95 %) as a

light-yellow solid.

'H NMR (300 MHz, CDCLls) 8 9.74 (s, 1H), 4.41 -4.33 (m, 3H), 4.29-4.22 (m, 3H), 3.72 (s,
3H); HRMS (EI*) m/z: [M]™ Calcd. for C11H1003 190.0624; Found 190.0623. All

spectroscopic data were in accordance with the literature.’*
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5.4.2.3 Synthesis of phosphonium salt 4.23a
5-(Bromomethyl)benzene-1,3-diol (4.22a)

HO oH HO Br
CBr,, PPhg
THF, rt

OH OH

4.21a 4.22a

To a solution of tetrabromomethane (4.26 g, 1.2 equiv., 12.8 mmol) and
triphenylphosphine (3.38 g, 1.2 equiv., 12.8 mmol) in anhydrous THF (20 mL), 3,5-
dihydroxybenzyl alcohol (4.21a) (1.50 g, 1.0 equiv., 10.7 mmol) in anhydrous THF (10
mL) was added dropwise at rt. The reaction mixture was stirred at rt for 16 hours before
being quenched with H,O (20 mL). The aqueous was extracted with EtOAc (3 x 20 mL)
and the combined organic layers were washed with sat. brine;q (10 mL), dried with
anhydrous MgSQ,, filtered, and concentrated in vacuo to afford the crude. Purification
by column chromatography (40:60 EtOAc/petroleum ether) gave a mixture of the title
compound 4.22a and triphenylphosphine oxide in a 2:1 ratio (2.77 g) as a light-yellow
sticky solid. The mixture was used in the next step without further purification.

Note: 100 mg of the mixture was purified by column chromatography (40:60
EtOAc/petroleum ether) to afford pure 4.22a (56 mg) as a light-yellow solid for full data

analysis.

"H NMR (400 MHz, acetone-ds) 3 8.34 (s, 2H), 6.43 (d, J= 2.2 Hz, 2H), 6.30 (t, /= 2.2 Hz,
1H), 4.46 (s, 2H); *C NMR (101 MHz, acetone-ds) d 159.5, 141.0, 108.5, 103.5, 34.6;
HRMS (EI*) m/z: [M]** Calcd. for C;H;0,"°Br 201.9624; Found 201.9624. All

spectroscopic data were in accordance with the literature.?’

(3,5-Dihydroxybenzyl)triphenylphosphonium bromide (4.23a)

HO HO ® 0o
Br PPhy PPhs Br
MeCN, 82 °C

OH OH

4.22a 4.23a

To a solution of a 2:1 mixture of 5-(bromomethyl)benzene-1,3-diol
(4.22a):triphenylphosphine oxide (2.67 g) in anhydrous MeCN (30 mL) was added
triphenylphosphine (3.93 g, 15 mmol) in one portion at rt. The reaction mixture was

heated to 82 °C for 5 hours then concentrated in vacuo to remove the MeCN. Et,O (10
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mL) was added to promote the product and triphenylphosphine oxide to precipitate out.
The Et,O was decanted off and the solid residue was washed further with Et,O (2x 10
mL). The solid was then washed with DCM (3 x 2 mL) to remove triphenylphosphine
oxide impurity. The remaining solid was dried under vacuum to afford the title

compound 4.23a (1.21 g, 24 % yield over two steps) as a white solid.

'"H NMR (500 MHz, DMSO-d¢) 5 9.31 (s, 2H), 7.94 - 7.86 (m, 3H), 7.79 - 7.69 (m, 6H),
7.67-7.61(m,6H),6.14 (q,/=2.2 Hz, 1H), 5.85 (t, /= 2.2 Hz, 2H), 4.92 (d, /= 15.6 Hz,
2H); *C NMR (126 MHz, DMSO-d¢) 6 158.5 (d, /= 3.1 Hz), 135.0 (d, J= 3.0 Hz), 134.0 (d, J
=9.8 Hz), 130.0 (d, /=12.4 Hz), 129.4 (d, /= 8.4 Hz), 118.1 (d, /= 85.6 Hz), 109.0 (d, J =
5.7 Hz),102.4 (d, J = 3.7 Hz), 28.2 (d, / = 46.7 Hz); *'P{"H}NMR (162 MHz, DMSO-d) 5
22.67; HRMS (ESI*) m/z: [M-Br]* Calcd. for CsH2,0,P 385.1352; Found 385.1359.

5.4.2.4 Synthesis of phosphonium salt 4.23b
(3,5-Dimethoxyphenyl)methanol (4.21b’)

o)
MeO
MeO OMe LiAIH, \©AOH
THF, 68 °C
OMe OMe
4.21b 4.21b’

To a solution of lithium aluminium hydride (145 mg, 1.5 equiv., 3.82 mmol) in anhydrous THF
(10 mL), methyl 3,5-dimethoxybenzoate (4.21b) (500 mg, 1.0 equiv., 2.54 mmol) in
anhydrous THF (2 mL) was added dropwise at 0 °C and then heated to 68 °C for 1.5 hours.
The reaction mixture was cooled to 0 °C and slowly quenched with H,0 (1 mL), 1 M NaOHaq
(1 mL) and H20 (2 mL) dropwise. The aqueous layer was extracted with Et,O (3 x 15 mL) and
the combined organic layers were washed with sat. brineuq (15 mL), dried with anhydrous
MgS0a, and concentrated in vacuo to afford the title compound 4.21b’ (419 mg, 98 %) as a

colourless oil.

1H NMR (300 MHz, CDCl3) 8 6.53 (d, J = 2.3 Hz, 2H), 6.39 (t, J = 2.3 Hz, 1H), 4.64 (d, /= 0.5
Hz, 2H), 3.80 (s, 6H), 1.69 (br s, 1H); HRMS (EI*) m/z: [M]** Calcd. for CoH1,03 168.0781;

Found 168.0777. All spectroscopic data were in accordance with the literature.?%®
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1-(Bromomethyl)-3,5-dimethoxybenzene (4.22b)

M M
€0 OH PBI’S €0 Br
DCM, 0 °C — rt

OMe OMe

4.21b’ 4.22b

To a solution of (3,5-dimethoxyphenyl)methanol (4.21b’) (419 mg, 1.0 equiv., 2.49 mmol) in
anhydrous DCM (5 mL), phosphorus tribromide (0.26 mL, 1.1 equiv., 2.74 mmol) was added
dropwise at 0 °C. The reaction mixture stirred at rt for 1.5 hours, cooled to 0 °C and
guenched with H,0 (3 mL). The aqueous layer was extracted with DCM (3 x 10 mL) and the
combined organic layers were washed with sat. brineq (20 mL), dried with anhydrous
MgSQ,, filtered, and concentrated in vacuo to afford the crude. The crude was passed
through a short pad of silica-gel pad (20:80 EtOAc/petroleum ether). The filtrate was

concentrated in vacuo to afford the title compound 4.22b (347 mg, 60%) as a colourless oil.

'H NMR (400 MHz, CDCl3) 6 6.54 (d, J = 2.3 Hz, 2H), 6.39 (t, J = 2.3 Hz, 1H), 4.42 (s, 2H), 3.79
(s, 6H); HRMS (ESI*) m/z: [M]** Calcd. for CoH110,7°Br 229.9937; Found 229.9935. All

spectroscopic data were in accordance with the literature.?

(3,5-Dimethoxybenzyl)triphenylphosphonium bromide (4.23b)

MeO MeO @ 0
Br PPhg PPhg Br
Toluene, 110 °C
OMe OMe
4.22b 4.23b

A solution of 1-(bromomethyl)-3,5-dimethoxybenzene (4.22b) (347 mg, 1.0 equiv., 1.50

mmol) and triphenylphosphine (590 mg, 1.5 equiv., 2.25 mmol) in anhydrous toluene (5 mL)
was heated at 110 °C for 19 hours. The reaction mixture was cooled to 0 °C, filtered and the
white solid was washed with petroleum ether (20 mL). The solid was dried under vacuum to

afford the title compound 4.23b (579 mg, 78%) as a white solid.

'H NMR (400 MHz, CDCl3) 6 7.77 — 7.66 (m, 9H), 7.60 (m, 6H), 6.29 (t, J = 2.3 Hz, 2H), 6.24 (q,
J=2.3Hz, 1H), 5.23 (d, J = 14.4 Hz, 2H), 3.48 (s, 6H); *C NMR (101 MHz, CDCl3) 6 160.7 (d, J
=3.4 Hz), 135.0 (d, J = 3.1 Hz), 134.5 (d, /= 9.7 Hz), 130.1 (d, /= 12.6 Hz), 129.1 (d, /= 8.6
Hz), 117.8 (d, J = 85.8 Hz), 109.2 (d, J = 5.5 Hz), 101.4 (d, / = 3.8 Hz), 55.6, 31.0 (d, / = 46.9
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Hz); 3P NMR (162 MHz, CDCls) & 23.23. All spectroscopic data were in accordance with the

literature.390

5.4.2.5 Wittig reactions
Methyl-4-((E/Z)-3,5-dimethoxystyryl)cubane-1-carboxylate (4.25)

MeO <|;>Ph ©  1.LHMDS
°Br THF-78°C-0°C —
2. O MeO

OMe

OMe H
OMe
MeO
4.23b 4.24 4.25
o} (E:Z=2:3)

THF, - 78 °C — rt

To a suspension of (3,5-dihydroxybenzyl)triphenylphosphonium bromide (4.23b) (272
mg, 1.4 equiv., 0.55 mmol) in anhydrous THF (2.5 mL) was added lithium
bis(trimethylsilyl)amide (0.6 mL, 1.5 equiv., 1 M in THF) dropwise at -78 °C. After the
addition, the mixture was stirred at 0 °C for 30 minutes in which time the suspension
turned red. The reaction mixture was re-cooled to -78 °C and a solution of methyl-4-
formylcubane-1-carboxylate (4.24) (75 mg, 1.0 equiv., 0.39 mmol) in anhydrous THF (0.5
mL) was added dropwise. The reaction mixture was stirred at rt for 1.5 hours and then
quenched with 1 M HCl5q (2 mL) at 0 °C. The aqueous was extracted with EtOAc (3 x 10
mL) and the combined organic layers were washed with sat. brine;q (10 mL), dried with
anhydrous MgSQ,, filtered and concentrated in vacuo to afford the crude (E/Z = 2:3).
Purification by silica gel column chromatography (20:80 EtOAc/DCM) gave the title
compound 4.25 (55 mg, 43 %, E/Z = 2:3) as a colourless oil.

"H NMR (400 MHz, CDCl;) 5 6.54 (d, /= 2.2 Hz, 0.8H, E-isomer), 6.45 (d, /= 16.0 Hz,
0.4H, E-isomer), 6.42 (d, J=11.6 Hz, 0.6H, Z-isomer), 6.35 (q, J = 2.5 Hz, 1H, Z-isomer
and E-isomer), 6.27 (d, J= 2.3 Hz, 1.2H, Z-isomer), 6.20 (d, J = 16.0 Hz, 0.4H, E-isomer),
5.83(d,/=11.6 Hz, 0.6H, Z-isomer), 4.21-4.11 (m, 6H, Z-isomer and E-isomer), 4.06 —
4.00 (m, 1.3H, E-isomer), 3.88 - 3.83 (m, 2H, Z-isomer), 3.79 (s, 2.4H, E-isomer), 3.78 (s,
3.6H, Z-isomer), 3.72 (s, 1.3H, E-isomer), 3.69 (s, 2.7H, Z-isomer); *C NMR (101 MHz,
CDCl;) 6 172.8 (Z-isomer), 172.8 (E-isomer), 161.0 (E-isomer), 160.5 (Z-isomer), 139.7
(Z-isomer), 139.4 (E-isomer), 132.1 (Z-isomer), 130.2 (Z-isomer), 129.8 (E-isomer), 128.3
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(E-isomer), 106.7 (Z-isomer), 104.3 (E-isomer), 99.7 (E-isomer), 99.1 (Z-isomer), 59.7 (E-
isomer), 57.7 (Z-isomer), 56.4 (E-isomer), 55.4 (E-isomer), 55.4 (Z-isomer), 55.2 (Z-
isomer), 51.6 (E-isomer), 51.6 (Z-isomer), 49.2 (Z-isomer), 47.8 (E-isomer), 46.1 (E-
isomer), 46.1 (Z-isomer); HRMS (EI*) m/z: [M]** Calcd. for CaoH2004 324.1356; Found
324.1355.

4-((E/Z)-3,5-dihydroxystyryl)cuban-1-yl acetate (4.26a)

HO © O 4 LiHVDS
\QAPPhs Br THF, - 78 °C — 0 °C —
5 o HO
OH H
o) OH
S0

4.23a

o~

4.26a
4.20 (E:Z=>13:1)

THF, - 78 °C

To a suspension of (3,5-dihydroxybenzyl)triphenylphosphonium bromide (4.23a) (517
mg, 1.4 equiv., 1.11 mmol) in anhydrous THF (5 mL) was added lithium
bis(trimethylsilyl)amide (3 mL, 3.8 equiv., 1 M in THF) dropwise at -78 °C. After the
addition, the mixture was stirred at 0 °C for 30 minutes in which time the suspension
turned red. The reaction mixture was re-cooled to -78 °C and a solution of 4-
formylcuban-1-yl acetate (4.20) (150 mg, 1.0 equiv., 0.79 mmol) in anhydrous THF (1
mL) was added dropwise. After stirring at -78 °C for 20 minutes the mixture was
quenched with 1 M HCl5q (2 mL) at -78 °C and allowed to warm to rt. The aqueous was
extracted with EtOAc (3 x 10 mL) and the combined organic layers were washed with
sat. brine;q (10 mL), dried with anhydrous MgSQ,, filtered and concentrated in vacuo to
afford the crude (E/Z=>13:1). Purification by silica gel column chromatography (20:80
EtOAc/DCM) gave the title compound 4.26a (80 mg, 34 %, E/Z=>13:1) as a light-yellow

solid.

(E)-4.26a: '"H NMR (500 MHz, DMSO-ds) 5 9.16 (s, 2H), 6.36 (d, J = 15.8 Hz, 1H), 6.26 (d, J
= 2.2 Hz, 2H), 6.13 (d, J = 15.8 Hz, 1H), 6.09 (t, J = 2.2 Hz, 1H), 4.16 - 4.10 (m, 3H), 3.92 -
3.86 (m, 3H), 2.07 (s, 3H); *C NMR (126 MHz, DMSO-ds) 5 168.9, 158.4, 138.6, 128.8,
128.3,104.3, 101.8, 87.4, 58.8, 50.5, 43.9, 20.7; HRMS (ESI*) m/z: [M+H]" Calcd. for
C1sH170.4 297.1121; Found 297.1121.
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4-((E/Z)-3,5-dimethoxystyryl)cuban-1-yl acetate (4.26b)

MeO (I?Ph ©  1.LHMDS
3B THF-78°C—>0°C —
2. 0] MeO
OMe H
SL OMe

o
4.2
4.23b 4.20 (E:Z it 2)

THF, - 78 °C

To a suspension of (3,5-dimethoxybenzyl)triphenylphosphonium bromide (4.23b) (100 mg,
1.4 equiv., 0.20 mmol) in anhydrous THF (1 mL), lithium bis(trimethylsilyl)amide (0.15 mL,
1.0 equiv., 1 M in THF) was added dropwise at -78 °C. After the addition, the mixture was
stirred at 0 °C for 30 minutes in which time the suspension turned orange. The reaction
mixture was re-cooled to -78 °C and a solution of 4-formylcuban-1-yl acetate (4.20) (28 mg,
1.0 equiv., 0.15 mmol) in anhydrous THF (0.5 mL) was added dropwise. After stirring at -78
°C for 20 minutes the mixture was quenched with 1 M HCl,q) (2 mL) at -78 °C and allowed to
warm to rt. The aqueous was extracted with EtOAc (3 x 10 mL) and the combined organic
layers were washed with sat. brineq (10 mL), dried with anhydrous MgSQO, filtered, and
concentrated in vacuo to afford the crude (E/Z = 1:2). Purification by silica gel column
chromatography (10:90 EtOAc/petroleum ether) gave the title compound 4.26b (34 mg,
71%, E/Z = 1:2) as a white solid.

1H NMR (400 MHz, CDCl3) 6 6.54 (d, J = 2.3 Hz, 0.8H, E isomer), 6.48 (d, J = 15.7 Hz, 0.5H, E
isomer), 6.41 (d, J = 11.7 Hz, 1H, Zisomer), 6.34 (m, 1.5H, Z/E isomer), 6.27 (d, /= 2.3 Hz, 1H,
Z-isomer), 6.21 (d, /= 15.7 Hz, 0.4H, E-isomer), 5.87 (d, / = 11.7 Hz, 1H, Z-isomer), 4.24 —
4.12 (m, 4.5H, Z/E isomer), 3.96 — 3.90 (m, 1.3H, E-isomer), 3.80 — 3.74 (m, 3H, Z-isomer),
3.79 (s, 2.3H, E-isomer), 3.78 (s, 6H, Z-isomer), 2.10 (s, 1.2H, E-isomer), 2.07 (s, 3H, Z-
isomer); ¥3C NMR (101 MHz, CDCl3) § 169.5 (Z/E-isomer), 161.0 (Z-isomer), 160.5 (E-isomer),
139.7 (Z-isomer), 139.5 (E-isomer), 132.5 (Z-isomer), 130.4 (E-isomer), 130.0 (Z-isomer),
128.1 (E-isomer), 106.7 (Z-isomer), 104.2 (E-isomer), 99.7 (E-isomer), 99.1 (Z-isomer), 88.4
(E-isomer), 87.5 (Z-isomer), 59.5 (E-isomer), 57.3 (Z-isomer), 55.4 (E-isomer), 55.4 (Z-
isomer), 51.4 (E-isomer), 51.3 (Z-isomer), 46.1 (Z-isomer), 44.8 (E-isomer), 21.2 (E-isomer),
21.1 (Z-isomer); HRMS (ESI*) m/z: [M+H]* Calcd. for C0H2104 325.1434; Found 325.1436.
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5.4.2.5 Cubanols
5-((E/Z2)-2-(4-Hydroxycuban-1-yl)vinyl)benzene-1,3-diol (4.13a)

ng OH

HCI (1.25 M in EtOH)

- —
HO rt HO
OH OH
4.26a 4.13a
(E:Z=>13:1) (E:Z=>13:1)

4-((E/2)-3,5-Dihydroxystyryl)cuban-1-yl acetate (4.26a) (10 mg, 1.0 equiv., 0.04 mmol,
E/Z=13:1) in a solution of HClin ethanol (0.5 mL, 1.25 M) was stirred at rt for 3 h. The
reaction mixture was concentrated in vacuo to remove bulk of the ethanol to afford a
brown sticky solid. The sample was triturated with Et,O (1 mL) to afford a light brown
solid which still contained ethanol. Removal of ethanol was achieved by dissolving the
sample in EtOAc (10 mL) and washing the organic layer quickly with sat. NH;Clq (4 X5
mL), dried with anhydrous MgSQ., filtered and concentrated in vacuo to afford the title
compound 4.13a (3 mg, 32 %, E/Z=>13:1) as a light brown solid. NMR yield = 38 %

when using durene as internal standard.

'"H NMR (500 MHz, DMSO-d¢) 5 9.15 (s, 2H), 6.36 (d, J = 15.8 Hz, 1H), 6.36 (s, 1H), 6.25
(d,/=2.2Hz, 2H), 6.08 (t,/=2.2 Hz, 1H), 6.08 (d, /= 15.8 Hz, 1H), 3.84 - 3.78 (m, 3H),
3.73-3.67 (m, 3H); *C NMR (126 MHz, DMSO-d¢) 5 158.4, 138.7, 129.6, 127.7,104.2,
101.7, 86.7,60.0, 51.8, 42.1; HRMS (ESI') m/z: [M-H] Calcd. for C1¢H1303 253.0870;
Found 253.0863.

4-((E/Z)-3,5-dimethoxystyryl)cuban-1-ol (4.13b)
o~ oH
0

HCI (1 M in EtOH)

— =
MeO rt MeO
OMe OMe
4.26b 4.13b
(E:Z=1:2) (E:Z2=1:2)

4-((E/2)-3,5-dimethoxystyryl)cuban-1-yl acetate (4.26b) (20.1 mg, 1.0 equiv., 0.06 mmol,

E/Z=1:2)in a solution of HCl in ethanol (0.5 mL, 1.25 M) was stirred at rt for 24 hours.
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Over the course of the reaction 4.26b slowly dissolved, with progress monitored via TLC.
After full consumption (24 hours), the reaction mixture was concentrated in vacuo and
placed under high vacuum to remove bulk of the ethanol to afford a brown sticky solid.

NMRyield =49 % when using durene as internal standard.

'H NMR (400 MHz, DMSO-d¢) 5 6.62 (d, /= 15.8 Hz, 0.45H, E-isomer), 6.60 (d, J = 2.3 Hz,
0.9H, E-isomer), 6.40 (t, /= 2.3 Hz, 1H, Z-isomer), 6.36 (d, /= 11.8 Hz, 1H, Z-isomer), 6.33
(t,J=2.3Hz, 0.45H, E-isomer), 6.27 (d, /= 2.3 Hz, 2H, Z-isomer), 6.22 (d, /= 15.8 Hz,
0.45H, E-isomer), 5.87 (d, J=11.8 Hz, 1H, Z-isomer), 3.85-3.77 (m, 6H, Z-isomer and E-
isomer), 3.76 - 3.71 (m, 1.4 H), 3.73 (s, 6H), 3.73 (s, 2.7H, E-isomer), 3.58 - 3.53 (m, 3H,
Z-isomer); HRMS (ESI*) m/z: [M+H]* Calcd. for C1gH1503 283.1329; Found 283.1328.
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Appendix - NMR Spectra: 'H NMR (500 MHz, CDCL;) of 2.13
O
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"H COSY NMR (500 MHz, CDCL;) of 2.14b
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'H NMR (500 MHz, CDCL;) of 2.34
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H COSY NMR (500 MHz, CDCL;) of (1SR, 2SR)-(+)-2.19
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'H NOESY NMR (500 MHz, CDCL;) of (1SR, 2SR)-(+)-2.19
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15C NMR (126 MHz, CDCL;) of (1SR, 2SR)-(+)-2.35a
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'H NMR (400 MHz, CDCL;) of 2.43
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H COSY NMR (400 MHz, CDCL;) of 2.43
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'H NMR (300 MHz, CDCL;) of (Z/E)-2.60
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'H NMR (300 MHz, CDCL;) of (2)-2.65
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13C NMR (126 MHz, CDCL;) of (Z/E)-2.68
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'H NMR (300 MHz, CDCL;) of (Z/E)-2.72
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13C NMR (101 MHz, CDCL;) of 2.69
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H COSY NMR (400 MHz, CDCL;) of (E)-1.17
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HSQC NMR (400 MHz, CDCL;) of (E)-1.17
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3C NMR (101 MHz, CDCL) overlay between (E)-1.17 and (Z/E)-1.17 mixture
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NMR Spectra: '"H NMR (500 MHz, CDCL;) of 3.93
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'H NMR (500 MHz, CDCL;) of 3.91a
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'H NMR (500 MHz, CDCL;) of 3.91b
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H NMR (500 MHz, CDCL;) of 3.91¢
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"H NMR (400 MHz, CDCL;) of 3.98
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'H NMR (400 MHz, CDCL;) of 3.91d
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'H NMR (400 MHz, CDCL;) of 3.91e
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'H NMR (400 MHz, CDCL;) of 3.91f
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'H NMR (400 MHz, CDCL;) of 3.106
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'H NMR (500 MHz, CDCL;) of 3.107
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'H NMR (500 MHz, CDCL;) of 3.108
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'H NMR (400 MHz, CDCL;) of 3.91g
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'H NMR (400 MHz, CDCL;) of 3.91h
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"H NMR (400 MHz, CDCL;) of 3.110
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'H NMR (400 MHz, CDCL;) of 3.111
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'H NMR (400 MHz, CDCL;) of 3.112
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'H NMR (400 MHz, CDCL;) of 3.91i
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'H NMR (500 MHz, CDCL;) of 3.115
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'H NMR (400 MHz, CDCL;) of 3.91j
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'H NMR (400 MHz, CDCL;) of 3.118
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"H NMR (500 MHz, CDCL;) of 3.91k
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'H NMR (500 MHz, CDCL;) of 3.119
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3C NMR (126 MHz, CDCL;) of 3.119 & 3.120 & 3.99
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19F{1H}NMR (471 MHz, CDCL;) of 3.119
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13C NMR (126 MHz, CDCL;) of 3.120
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13C NMR (101 MHz, CDCL;) of 3.121
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'H NMR (500 MHz, CDCL;) of 3.122
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19F{1H}NMR (471 MHz, CDCL;) of 3.122
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13C NMR (101 MHz, CDCL;) of 3.911
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'H NMR (500 MHz, CDCL;) of 3.94a
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'H NMR (400 MHz, CDCL;) of 3.95a

{4200

14000

13800

3600

13400

3200

13000

{2800

12600

2400

2200

[~2000

[~1800

[~1600

[~1400

[~1200

[~1000

800

[~600

[-400

200

o

[~-200

S

o

(=

3.95a

00'e
soe

W %61
80

Foov |

3C NMR (101 MHz, CDCL;) of 3.95a

1500
1400
1300
1200
1100

[~1000
f-900
800
700
600
(500
f-a00
300

[-200

[~100
o

[--100

voy—

oey—

voe—

ozpL—

2051 —

ron—

3.95a

40

920

T
220

T
230

1 (ppm)

363



"H NMR (400 MHz, CDCL;) of 3.94b
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'H NMR (400 MHz, CDCL;) of 3.94c
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'H NMR (400 MHz, CDCL;) of 3.94d
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'H NMR (400 MHz, CDCL;) of 3.94¢
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'H NMR (400 MHz, CDCL;) of 3.95¢
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'H NMR (400 MHz, CDCL;) of 3.95f mixed with 3.91f in a ratio of 1:9
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'H NMR (400 MHz, CDCL;) of 3.94g
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'H NMR (400 MHz, CDCL;) of 3.95g
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'H NMR (400 MHz, CDCL;) of 3.94h
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'H NMR (500 MHz, CDCL;) of 3.95h
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'H NMR (500 MHz, CDCL;) of 3.94i
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'H NMR (500 MHz, CDCL;) of 3.95i
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'H NMR (500 MHz, CDCL;) of 3.94;
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'H NMR (500 MHz, CDCL;) of 3.95j
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"H NMR (500 MHz, CDCL;) of 3.94k
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'H NMR (400 MHz, CDCL;) of 3.95k
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'H NMR (500 MHz, CDCL;) of 3.941
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SF{1H}NMR (471 MHz, CDCL;) of 3.94l

0]

—-14294

24

3.941 22

6

2

T T T T T T T T T T T T T T T T T T T T T
20 10 o -0 -20 30 -40 50 -60 -70  -80  -90  -100 -0  -120 -130 -140 -150 -160 -170  -180  -190  -200  -210
1 (ppm)

'H NMR (400 MHz, CDCL;) of 3.951

Q >\ 16000

8RN eIt rrrr o002 88NN enEL I InenNY Y5288
8885885338888 rnna3 R 8RR RNR8R588383888558555888383R
BB BBIITIT I TTTTITTTTTTTTTITTIITITSITTITISIIISIITmm

552

SN N = — 15000

14000
13000
3.951
12000
11000
10000
[~9000
[~8000
[~7000
[~6000
[~5000
[~4000
[~3000
[~2000

[~1000

[~-1000

600—=

381



13C NMR (101 MHz, CDCL) of 3.951

3~

we - o osa oo
(o] EE iz 5 G583z §9 g
2 |1 | NV Y
I
1
|
i )
f
‘ : ‘ . ; : . : . ‘ ; ‘ : ; : : : : ‘ : : : ; ;

230 220 210 200 190 180 170 160 150 140 130 120 10 100 90 80 70 60 50 40 30 20 10 -10

1 (ppm)

5F{1H}NMR (376 MHz, CDCL;) of 3.95l

3~

o]

—-19042

3.951

[~2300

[~2200

[~2100

[~2000

[~1900

1800

[~1700

1600

1500

1400

[~1300

1200

F1100

1000

900

[-800

700

600

500

400

300

200

100

F-100

-200

1700

1600

1500

1400

1300

[~1200

[~1100

~1000

[~900

[~800

[~700

[~600

[~500

[~400

[~300

f~200

f~100

0

--100

T T T T T T T T T T T T T T T T T T T T T T T T
50 40 30 20 10 0 -0 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -200 -210 -220 -230 -240

1 (ppm)

382



[~2200

[~2100

[~2000

~1900
~1800
~1700
[~1600
1500

~1400

1300
~1200
[~1100
~1000
[~900
800
700
600
500
400
300
200

-100
I--200

* = EtOH [

E-s62
F-c0e

Fooe
oz

55

1 (ppm)

1

45

55

1 (ppm)

383

8
OH

OH
3.94b

10.0
10.0

"H NMR (300 MHz, CDCL;) of 4.11

4b

105

'H NMR (300 MHz, CDCL;) overlay of 4.11 and 3.94b

4.1

105



"H NMR (300 MHz, CDCL;) decomposition of 4.11 within 1 h in CDCL;
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'H NMR (400 MHz, CDCL;) of 4.14
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'H NMR (400 MHz, CDCL;) of 4.15
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'H NMR (500 MHz, CDCL;) of 4.16
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'H NMR (400 MHz, CDCL;) of 4.17

)

Sie
o

212

417

297
199

3.00-T
3
299

—oss

—o0s

T T T T T T T T u T T T T T T T T T
105 100 95 9.0 85 8.0 75 70 65 6.0 55 5.0 a5 40 35 3.0 25 20
1 (ppm)

13C NMR (101 MHz, CDCL) of 4.17

— 2069
—644
594

635

e

Sie
o)

417

— 466
—a243

260
~248

—85

[~10000

[~9000

[~8000

[~7000

[~6000

[~5000

4000

3000

2000

1000

=

1600

1500

1400

1300

1200

1100

1000

900

800

700

600

[~500

[~400

[~300

[~200

[~100

-0

[~-100

T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50
1 (ppm)

T T T
230 220 210

388



"H NMR (500 MHz, CDCL;) of 4.18
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'H NMR (400 MHz, CDCL;) of 4.19
OH
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"H NMR (400 MHz, CDCL;) of 4.20
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'H NMR (500 MHz, DMSO-d;) of 4.23a
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¥IP NMR (162 MHz, DMSO-d¢) of 4.23a
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13C NMR (101 MHz, CDCL;) of 4.25
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3C NMR (126 MHz, DMSO-d;) of 4.26a
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13C NMR (101 MHz, CDCL;) of 4.26b
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3C NMR (126 MHz, DMSO-d¢) of 4.13a
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