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Abstract

Abstract

The development of an unusual oxidative alkene difunctionalization using methyl formate and syn-
thetic studies towards alkaloid natural products provide the basis of the thesis.

The first chapter details the development of a method that forges methoxycarbonyl radical directly
from its most accessible precursor: methyl formate. Although the aforementioned transformation
was documented in the literature, no synthetically useful method was developed at the time. We
were able to identify conditions that transform methyl formate and simple styrene derivatives to
value added B-methoxy alkanoates and cinnamic acid derivatives under copper catalysis. We also
demonstrated that by tethering nucleophilic moieties to the styrene substrates, we could access
medicinally important heterocycles such as pyrrolidines, tetrahydrofurans and y-lactones. Our
method proved to be scalable on each classes of substrates. Mechanistic studies revealed that me-
thyl formate has an unprecedented double role in the transformation. It acts as a precursor for
methoxycarbonyl radical; furthermore, it is the direct source of the 3-methoxy function in the syn-
thesis of B-methoxy alkanoates. A ternary -diketiminato-Cu(l)-styrene complex, fully characterized
by NMR spectroscopy and X-ray crystallographic analysis is capable of catalyzing the same transfor-
mation. We hypothesize that pre-coordination of electron-rich double bond to copper might play
an important role in the polarity-mismatched addition between nucleophilic methoxycarbonyl rad-

ical and electron rich olefins.

Synthetic studies toward the total synthesis of koumine is discussed in the second chapter. Our
synthetic strategy features an oxidative ring closing, Fukuyama indole synthesis and an enantiose-
lective Diels-Alder cycloaddition for the construction of the core of koumine skeleton. We designed
a rapid route to access 1,2-dihydropyridine derivatives and these compounds were examined as
dienes in the Diels-Alder cycloaddition reaction. Despite our efforts, we were unable to effect the

[4+2] cycloaddition, which eventually lead us to decide to discontinue our campaign.

In chapter three, our synthetic efforts toward voacafricine A and voacafricine B is presented. In our
pursuit towards the natural products, we devised and followed a divergent and potentially enanti-
oselective strategy. We successfully developed a synthetic route to reach the key intermediate in
five steps. Despite our efforts, we were not able to construct the remaining F ring of the natural
product. Our conformational analysis of advanced intermediates suggest that epimerization of the
C14 stereocenter potentially unlocks the desired reactivity and enables us to reach the target mol-
ecules. Work towards the total synthesis of voacafricine A and voacafricine B is underway and may
focus on the conformational manipulation of advanced intermediates to allow the elaboration of

the F ring and complete the synthesis.
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Resumaziun

Il svilup d‘ina difuncziunalisaziun d‘alchen oxidativa nunusitada cun il diever dal formiat da metil e

studis sintetics areguard products natirals alcaloids furman la basa da la tesa.

L‘emprim chapitel descriva en moda detagliada il svilup d‘ina metoda che furma il radical
metoxicarbonil directamain da sia chemicalia primara la pli accessibla, il formiat da metil. Schebain
che la transfurmaziun surmenziunada é stada documentada en la litteratura, n‘e nagina metoda
ch‘e utilisabla sinteticamain vegnida sviluppada da lez temp. Nus essan stai capabels d‘identifitgar
las cundiziuns che transfurman il formiat da metil e simpels derivats da stirol per valitar -
metoxialcanoats e derivats d‘acid da chanella agiunts sut ina catalisa d‘arom. Nus avain era
demonstra che nus avain pudi acceder ad impurtants eterociclus medicinals sco pirrolidins,
tetraidrofurans e y-lactons cun liar guppas funcziunalas nucleofilas a stirolsubstrats. Nossa metoda
€ sa mussada sco scalabla tar tut las classas da substrats. Studis mecanistics han mussa che formiat
da metil giogaina rolla dubla senza exempel tar la transfurmaziun. El agescha sco chemicalia primara
per il radical metoxicarbonil; ultra da quai & el la directa funtauna da la funcziun da B-metoxi tar la
sintesa da B-metoxialcanoats. In cumplex B-ternar dichetiminato Cu(l) da stirol, ch‘@ caracterisa
cumplettamain tras analisas da spectroscopia NMR e da radiografia cristallografica, € capabel da
catalisar la medema transfurmaziun. Nus presumain che la precoordinaziun d‘ina liadira dubla ritga
d‘electrons ad arom po giugar ina rolla impurtanta tar I‘adiziun da la polaritad incongruenta tranter

il radical metoxicarbonil nucleofilic ed olefins ritgs d‘electrons.

Studis sintetics davart la sintesa totala da koumine vegnan discutads en il segund chapitel. Nossa
strategia da sintesa cumpiglia ina colliaziun circulara oxidativa, ina sintesa d‘indol da Fukuyama ed
in‘adiziun ciclica enantioselectiva da Diels-Alder per construir il coc dal skelet da koumine. Nus avain
crea ina via svelta per acceder a derivats dad 1,2-iidropiridin e questas cumbinaziuns en vegnidas
examinadas sco diens en la reacziun d‘adiziun ciclica da Diels-Alder. Malgra nossas stentas n‘essan
nus betg stai capabels dad effectuar |‘adiziun ciclica [4+2], quai che ha nus finalmain incita a decider

da bandunar nossa campagna.

En chapitel trais vegnan preschentadas nossas stentas sinteticas areguard il voacafricine A ed il
voacafricine B. Cun noss sforz visavi ils products natirals avain nus sviluppa e persequita ina strategia
divergenta e potenzialmain enantioselectiva. Nus avain sviluppa cun success ina via sintetica per
arrivar en tschintg pass a la pli impurtanta mira intermediara. Malgra nossas stentas n‘essan nus
betg stai capabels da construir il rintg F dal product natiral. Nossa analisa da conformaziun da
products bruts avanzads inditga che I‘epimerisaziun dal center da stereo C14 liberescha
potenzialmain la reactivitad giavischada ed ans pussibilitescha d‘obtegnair ils moleculs da finamira.

La lavur areguard la sintesa totala dal voacafricine A e dal voacafricine B € en cursa e po sa
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concentrar sin la manipulaziun conformaziunala da products bruts avanzads per pussibilitar

d‘elavurar il rintg F e da cumplettar la sintesa.

Keywords

copper catalysis, olefin functionalization, methyl formate, total synthesis, natural product, alkaloid,

koumine, voacafricine A, voacafricine B
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Chapter 1 Copper-Catalyzed 1,2-Methoxy
Methoxycarbonylation of Alkenes with Methyl

Formate

1.1 Introduction

Olefins as abundant feedstock chemicals, one of the largest classes of all naturally occurring raw
materials, are key ingredients for the plastics industry, dyes, fine chemicals and medicines. There-
fore, there is a huge potential in chemically modifying these compounds, hence accessing new ma-
terials that are tailored to our needs. Difunctionalization of olefins has always played a key role in
organic synthesis and most likely, it will not change in the near future. Within this field the shared
Nobel Prize was awarded to K. Barry Sharpless in 2001 for his pioneering work in the enantioselec-
tive epoxidation and dihydroxylation of alkenes.! In the past two decades the progress in alkene
difunctionalization has not halted, on the contrary, accelerated year-by-year. Stemming from the
work of Sharpless, osmium catalyzed alkene aminohydroxylation and diamination strategies have
been further developed.? Palladium catalyzed alkene difunctionalization became one of the largest
branches in the domain and more recently a myriad of transition metal- and photocatalyzed radical-

polar crossover transformations have been developed (Scheme 1).3

13a) Jacobsen, E. N.; Markd, I.; Mungall, W. S.; Schréder, G.; Sharpless, K. B. J. Am. Chem. Soc. 1988, 110 (6), 1968—1970.
b) Wai, J. S. M.; Marko, I.; Svendsen, J. S.; Finn, M. G.; Jacobsen, E. N.; Sharpless, K. B. J. Am. Chem. Soc. 1989, 111 (3),
1123-1125. c) Katsuki, T.; Sharpless, K. B. J. Am. Chem. Soc. 1980, 102 (18), 5974-5976.

2 a) Mufiiz, K. Chem. Soc. Rev. 2004, 33 (3), 166—174.; b) Cardona, F.; Goti, A. Nat. Chem. 2009, 1 (4), 269-275.
3.3) McDonald, R. I; Liu, G.; Stahl, S. S. Chem. Rev. 2011, 111 (4), 2981-3019. b) Wolfe, J. P. Angew. Chemie - Int. Ed.

2012, 51 (41), 10224-10225. c) Wolfe, J. P. Synlett 2008, 2913-2937. d) Jensen, K. H.; Sigman, M. S. Org. Biomol. Chem.
2008, 6 (22), 4083-4088. e) Board, E.; Krische, H. C. A. H. M. J.; Ley, L. S. V; Thiem, M. O. J.; Vogel, M. V. P.; Yamamoto,
W. H. W. H. Radicals in Synthesis Il; 2006, 121-452. f) Murphy, J. A. Radicals Org. Synth. 2008, 298-315. g) Pitzer, L.;
Schwarz, J. L.; Glorius, F. Chem. Sci. 2019, 10 (36), 8285-8291. h) Liu, C.; Liu, D.; Lei, A. Acc. Chem. Res. 2014, 47 (12),
3459-3470. j) Cao, M. Y.; Ren, X.; Lu, Z. Tetrahedron Lett. 2015, 56 (24), 3732-3742.
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K. Barry Sharpless
1980 - asymmetric epoxidation of alkenes
1988 - asymmetric dihydroxylation of alkenes

1907, Bougalt 1996 - asymmetric aminohydroxylation
halolactonization 2001 - Nobel Prize ¢
\7
] I
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oxidation of olefins oxidation of olefins with anti-1,2-dicarboxylation ~ process development for
with KMnO, osmium compounds of olefins olefin difunctionalization

Scheme 1 - Timeline of the landmarks in olefin difunctionalization.

In recent years, our group has contributed to the field of oxidative alkene difunctionalization. Cy-
anoalkylative methods have been developed primarily, among these we reported alkene carbo-
etherification, alkylative epoxidation and alkylative cyanoetherification without being exhaustive.*
The development of these methodologies was driven by one common principle. In their respective
mechanisms at one point an a-cyanoalkyl radical is generated and the formed radical is added across
a C-C double bond. The incipient radical undergoes oxidation to the corresponding carbocation and
this intermediate is trapped by a nucleophile or underwent rearrangement (Scheme 2). Alterna-
tively, radical rebound product of 1.14 with 1.16 would produce 1.17 which may undergo reductive
elimination to furnish the product. After exploring multiple transformations in this domain, we were
intrigued whether our expertise can be leveraged in the generation of other carbon-centered radi-

cals.

4 a) Chatalova-Sazepin, C.; Wang, Q.; Sammis, G. M.; Zhu, J. Angew. Chem. Int. Ed. 2015, 54 (18), 5443-5446. b) Bunescu,
A.; Wang, Q.; Zhu, J. Angew. Chem. Int. Ed. 2015, 54 (10), 3132—-3135. c) Bunescu, A.; Wang, Q.; Zhu, J. Org. Lett. 2015,
17 (8), 1890-1893. d) Tu, H. M.; Wang, Q.; Zhu, J. Chem. Commun. 2016, 4, 11100-11103.
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Carboetherification
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Ar 1,10-Phen (0.4 equiv) OR% R3

CN DTBP (2.0 equiv
R1J\ + J_. + R-OH ( ) - A7 N
R? H™ "R MeCN/MeOH (1:1, c=0.1m) R R2
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1 2
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R - L S
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1.8 1.9 1.10

The shared mechanism of these transformations

R® CN

+

R3 [ox.] R? R
H Rz& / 1.15 \ * Nucleophilic trapping
1

Mechanism A

H-abs. . 113 R® CN * Ring closure
R1J\CN —_— R CN —_— R2 N R * Aromatization
N * Rearrangement
Usyan+t
1.1 1.12 1.14 MP-NU M™1 CN reductive
2 elimination
1.16 R o R’
Mechanism B 117

Scheme 2 - Examples of olefin difunctionalization methods developed in our laboratory. Schematic representation of
the common principle behind these transformations.
We hypothesized that methoxycarbonyl radicals could also be generated via hydrogen atom ab-
straction from methyl formate and once this radical is generated a vast array of transformations
could be carried out, including alkene functionalization. The generation of alkoxycarbonyl radical is
long known in the literature, although some of their attributes limited their practical use. Starting
from the 1970’s the generation of such radicals has been extensively studied, nevertheless the focus
was on their physico-chemical properties rather than on their synthetic utility. Subsequently the
developed methods for their access necessitated the use of potentially explosive, toxic and corro-

sive chemicals.> Nevertheless, Roberts and later Sander described the physico-chemical properties

5 a) Bartel, K.; Goosen, A.; Scheffer, A. J. Chem. Soc. C Org. 1971, 3766, 3766.. b) Zabel, D. E.; Trahanovsky, W. S. J. Org.
Chem. 1972, 37 (15), 2413-2418. b) Fiorentino, M.; Testaferri, L.; Tiecco, M.; Troisi, L. J. Org. Chem. 1976, 41 (c), 173—
175. d) Musa, O. M.; Choi, S. Y.; Horner, J. H.; Newcomb, M. J. Org. Chem. 1998, 63, 1226-1232.
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of alkoxycarbonyl radicals by using ESR spectroscopy and step-scan time-resolved infrared spectros-
copy.® Roberts et al. concluded that alkoxycarbonyl radicals have a predominant c-character and
depending on their alkyl substituent, they may fragment into carbon dioxide and alkyl radical. In a
theoretical study (ab initio calculations at the UMP2/DZP//UHF/6-311G** level of theory) by Guerra
et al. the ®-angle of tBuO-C-O bond was calculated to be 128.6° and for a variety of acyl radicals the
calculated ®—angle shown a predominant sp? character.” Sander found that alkoxycarbonyl radicals
exhibit lifetimes in the order of several microseconds in carbon tetrachloride. In their system,
alkoxycarbonyl radicals decay by chlorine abstraction from the solvent, followed by fragmentation
to carbon dioxide and alkyl radical. While benzyloxycarbonyl radicals decarboxylate at rates outside
of the detection window of time-resolved step-scan FTIR spectroscopy, tert-butoxycarbonyl and iso-
propyloxycarbonyl radicals’ fragmentation to CO, and alkyl radical was detected by the authors.
Interestingly, the decarboxylation of the ethoxycarbonyl radical could not be detected by their

equipment, presumably due to the formation of less stabilized primary alkyl radical (Scheme 3).

Geometry

R

Fragmentation patterns

R-0O  + C=Q *Rarely mentioned in the literature

/ e High energy alkoxy radical facilitates
o. _0 1.22 1.23  the inverse reaction
116 R=H 0 =126.6° R™N~
117R=Me 0= 124.6° .

A 1.21 R =C= » Thermodynamically favored
118 R=NH, 6=130.8 + 0=C=0 « Occurs at elevated temperatures
119 R=0tBu 0 =128.6° 1.24 1.25 - Probability of formation is highly

dependent on the resulting alkyl radical

120R=F 6=128.1°

Scheme 3 - The physico-chemical properties of alkoxycarbonyl radicals.

On the one hand, intramolecular addition of alkoxycarbonyl radicals, generated in situ by reduction
of carbonic acid derivatives (ROCOX, X = Cl, SePh, TePh), onto the tethered alkenes is known for
years and has been successfully used in the total synthesis of complex natural products.®° Minisci-
type, intermolecular alkoxycarbonylation of electron poor heteroaromatics has also been re-
ported.'° On the other hand, examples on the difunctionalization of alkenes initiated by addition of
alkoxycarbonyl radicals remained rare. In this regard, Taniguchi and co-workers reported the first

example of iron phtalocyanine catalyzed oxidative 1,2-hydroxy methoxycarbonylation of alkenes

63) Griller, D.; Roberts, B. P. J. Chem. Soc. Perkin Trans. 21972, No. 6, 747. b) Bucher, G.; Halupka, M.; Kolano, C.; Schade,
O.; Sander, W. European J. Org. Chem. 2001, 2001 (3), 545-552.

7 Guerra, M. J. Chem. Soc., Perkin Trans. 2 1996, 53 (5), 779-782.

8 3) Bachi, M. D.; Bosch, E. Tetrahedron Lett. 1986, 27 (5), 641-644. b) Bachi, M. D.; Bosch, E. J. Org. Chem.. 1992, 57,
4696-4705; c) C. Plessis, S. Derrer, Tetrahedron Lett. 2001, 42, 6519-6522

9a) A. K. Singh, R. K. Bakshi, E. J. Corey, J. Am. Chem. Soc. 1987, 109,6187-6189; b) B. M. Trost, J. Waser, A. Meyer, J.
Am. Chem. Soc. 2008, 130, 16424-16434; c) J. E. Forbes, R. N. Saicic, S. Z. Zard, Tetrahedron 1999, 55, 3791-3802; d) S.
Takahashi, T. Nakata, J. Org.Chem. 2002, 67, 5739-5752.

10.3) R. Bernardi, T. Caronna, R. Galli, F. Minisci, M. Perchinunno, Tetrahedron Lett. 1973, 14, 645 —648; b) F. Coppa, F.
Fontana, E. Lazzarini, F. Minisci, G. Pianese, L. Zhao, Tetrahedron Lett. 1992, 33, 3057—-3060.
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using methyl carbazate (1.26) as precursor of methoxycarbonyl radical.!! Following their landmark
achievement, many others have reported oxidative conditions that forges the desired radical from
1.26. Tian and co-workers shown that under palladium catalysis 1.26 is oxidized to methoxylcar-
bonyl radical (1.28) and subsequently used in the functionalization of styrene derivatives.'> Com-
mon point in Tian’s and Taniguchi’s work that both author coupled the radicals to electron rich dou-
ble bonds. Du and coworkers reported iron- and TBAI-catalyzed oxidative conditions to functionalize

acrylamides with alkoxycarbonyl radicals generated from carbazates (Scheme 4).13

Seminal work of Taniguchi

. 2
)O]\ R2  Fe(Pc) (0.1 equiv) j R2 R2 0-0 R_PH
NHy B ————————— . — > 1
17 1 R
MeG™ N R THF, air, 65 °C MeO R R COOMe
1.26 1.27 1.28 COOMe COOMe
1.29 1.30 1.3
Tian, 2013 - electron rich olefin substrates
[Pd], [Cu], O, o
)OL MS 4A ~
RO N’NH2 + A > Ar OR
H MeCN, 70°C
1.32 1.33 1.34

Du, 2014 - electron poor olefin substrates

FeCly*4 H,0 (20 mol%)
o TBHP (6 eq.) COOMe
R + A NH, R o
N0 MeO” "N y
1.35

MeCN, 80°C
1.26 1.36

TBAI (20 mol%)

79 o TBHP (6 eq.) R?
eq. .
R R2 H MeCN, 100°C o
1.37

M¢’ COOMe
1.26 1.38

Scheme 4 - The seminal work of Taniguchi demonstrating that methyl carbazate can be a precursor of methoxycar-
bonyl radical. Tian's method forges cinnamate derivatives from styrene substrates and Du's report on the reactivity
between 1.28 and electron poor double bonds.

Regarding the philicity of alkoxycarbonyl radicals, these reports show an apparent contradiction.
For comparison, acyl radicals are nuclephilic in nature, they add across electron poor double bonds,

regardless of the system in which they are generated.!* Although aminoacyl and oxyacyl radicals

11 Taniguchi, T.; Sugiura, Y.; Zaimoku, H.; Ishibashi, H. Angew. Chem. Int. Ed. 2010, 49 (52), 10154-10157.

125y, Y.-H.; Wu, Z.; Tian, S.-K. Chem. Commun. 2013, 49 (58), 6528-6530.

13 Xu, X.; Tang, Y.; Li, X.; Hong, G.; Fang, M.; Du, X. J. Org. Chem. 2014, 79 (1), 446-451. (b) Tang, Y.; Zhang, M.; Li, X.; Xu,
X.; Du, X. Chinese J. Org. Chem. 2015, 35 (4), 875.

14 3) Chatgilialoglu, C.; Crich, D.; Komatsu, M.; Ryu, I. Chem. Rev. 1999, 99 (8). b) Wang, H.; Guo, L. N.; Duan, X. H. Adv.
Synth. Catal. 2013, 355 (11-12), 2222-2226. c) Zhou, M. B.; Song, R. J.; Ouyang, X. H.; Liu, Y.; Wei, W. T.; Deng, G. B.; Li,
J. H. Chem. Sci. 2013, 4 (6), 2690-2694. d) Chudasama, V.; Fitzmaurice, R. J.; Caddick, S. Nat. Chem. 2010, 2 (7), 592—-
596. e) Banerjee, A.; Lei, Z.; Ngai, M.-Y. Synthesis (Stuttg). 2019, 51 (02), 303—333.
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have been known for half-a-century, their philicity may seem somewhat promiscuous.!” In the pres-
ence of a tethered electron rich double bond both oxyacyl and aminoacyl radicals can cyclize. This
apparent electrophilic behavior of the radicals is the consequence of entropic favorability of the
intramolecular reaction and may not be confused with their philicity.®!® Generally speaking, amino-
acyl radicals are classified as nucleophilic radicals.'” Schiesser and co-workers carried out DFT stud-
ies on the philicity of methoxycarbonyl radicals and they characterize them as electrophilic or in
certain cases ambiphilic radicals.'® Eventually, Overman and Slutskyy designed a system in which
“naked” alkoxycarbonyl radicals are generated and reacted with electron rich or electron poor al-
kenes. They demonstrated that 1.28, generated from methyl N-phthalimidoyl oxalate under visible
light photoredox conditions, reacted only with electron-poor Michael acceptors to afford 1,4-dicar-
bonyl compounds and defined 1.28 as nucleophilic, rather than ambiphilic or electrophilic radical

proposed previously based on computational studies (Scheme 5).%°

(0] (0]
o [Ru(bpy)3](PFe)2 (1.5 mol%) EWG H EWG
MeO °N EWG  Hantzsch ester (2.0 equiv) °] . MeOOC COOMe
o + \ J —_— —] ] —— H)\I
° MeO .
le} Blue LEDs, CH,Cl,, 23 °C COOMe N COOMe
1.40

1.28 1.41 1.42 1.43

1.39

Selected examples of the examined substrates by Overman

Successful substrates List of failed XX acceptors
X-S0,Ph : Me Ph
1.44 : A
5 : % O~ _Me
94% : Ph
1 1.47 1.48 1.49 1.50 1.51
o
\)J\OBn E
1.45 : Q
89% ; 0 0 o o
5 | OMe VJ\OMe OMe Ph/\)LOMe
(o] | (0) Ph Me
H Br
NC/\)I\OMe . 1.52 1.53 1.54 1.55 1.56
1.46

Scheme 5 - Overman's experiment to define the philicity of methoxycarbonyl radical.

By surveying the chemistry literature one can find a large number of reports on the generation of
alkoxycarbonyl radical. It is puzzling to realize that most of these reports restrict themselves to use
hazardous, explosive, toxic or exotic precursors of the desired radical. From the viewpoint of syn-
thetic efficiency and sustainability, methyl formate, produced industrially from CO and MeOH with

an annual production of over 700,000 metric tons, would be an ideal precursor of methoxycarbonyl

15 Elad, D. Tetrahedron Lett. 1963, 4 (2), 77-79.

18 Jackson, L. V.; Walton, J. C. Chem. Commun. 2000, No. 23, 2327-2328.

173) Cheng, J. K.; Shen, L.; Wu, L. H.; Hu, X. H.; Loh, T. P. Chem. Commun. 2017, 53 (95), 12830-12833. b) Correia, V. G.;
Abreu, J. C.; Barata, C. A. E.; Andrade, L. H. Org. Lett. 2017, 19 (5), 1060-1063.

18 Schiesser, C. H.; Matsubara, H. Org. Biomol. Chem. 2007, 5 (24), 3938-3943.

19 Slutskyy, Y.; Overman, L. E. Org. Lett. 2016, 18 (11), 2564—2567.
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radical 1.28.2° Since the bond dissociation energy (BDE) of MeOC(O)-H is about 95.4 kcal/mol, it is
reasonable to expect that an oxygen centered radical (BDE of tBuO-H: 105.5 kcal/mol) would be
able to abstract the hydrogen from methyl formate to generate 1.28.2! One of the earliest investi-
gation in the field, performed by Urry et al., demonstrated that methyl formate could be a direct
precursor of 1.28. Their seminal work showed that heating a mixture of methyl formate, ethylene
and di-tbutylperoxide in an autoclave (130 °C, 340-440 p.s.i.) afforded a mixture of homologated
alkanoates.?? The result indicated that both tBuO* and the primary alkyl radical are capable of ab-
stracting a hydrogen from methyl formate. However, the competing oligomerization process ren-
dered the method synthetically insignificant (Scheme 6). Not less than twenty years later was pub-
lished another protocol for the generation of 1.28 from methyl formate. Tiecco and co-workers em-
ployed photolytic conditions for the generation of peroxy radicals from di-tert-butylperoxide, sub-
sequent hydrogen abstraction from methyl formate delivered 1.28. The generated radical under-
went homolytic substitution with benzene, furnishing methylbenzoate. Although the set-up was in-
expensive, the long reaction time, low yield and lack of generality classifies this method as a proof-

of-concept finding, rather than a synthetically valuable transformation (Scheme 6).23

~COOMe N ~CO00Me _~_~_COOMe
Urry, 1953

1.60 1.61 1.62
5.78 g,0.065 mol  6.91 g, 0.060 mol 7.94 g, 0.055 mol
o H,C=CH,
)L 158 1307 \/\/\/\/COOMG \/\/\/\/\/COOMe
+ _—
Meo™ “H tBUOOBuU 340-440 p.s.i. 1.63 1.64
600 g, 10.0 mol 8.8 g, 0.061 mol 6.24 g, 0.036 mol 5.02 g, 0.025 mol
157 159 NSNS CO0Me
1.65
6.69 g, 0.029 mol
Tiecco, 1976
[e]
[¢] hv, 48 h
i tBuOOtBu " )k _ = OMe
7.3 g, 50 mmol H” SOMe
1.59
200 ml, 2.25 mol 12 ml, 196 mmol .
1.66 157 major product
) 0.5 g, 3.6 mmol
7% vyield
1.67

Scheme 6 - Urry's seminal report showcased that methyl formate could be a direct precursor of methoxycarbonyl
radical (1.28). Tiecco’s method for the generation of 1.28 from methyl formate under photoirradiation. These meth-
ods remain as proof-of-concept findings, rather than synthetically valuable transformations.

20 Hjetala, J.; Vuori, A.; Johnsson, P.; Pollari, I.; Reutemann, W.; Kieczka, H. In Ullmann’s Encyclopedia of Industrial Chem-
istry; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2016; Vol. 1, pp 1-22.

21 3) Holmes, J. L.; Lossing, F. P.; Mayer, P. M. J. Am. Chem. Soc. 1991, 113 (26), 9723-9728. b) Li, X.; Xu, X.; You, X.;
Truhlar, D. G. J. Phys. Chem. A 2016, 120 (23), 4025-4036.

22 Urry, W. H.; Huyser, E. S. J. Am. Chem. Soc. 1953, 75 (19), 4876-4877.

2 Fiorentino, M.; Testaferri, L.; Tiecco, M.; Troisi, L. J. Org. Chem. 1976, 41 (1), 173-175.
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As we can see, the major challenges of the formation of 1.28 from 1.57 includes the high yielding,
selective hydrogen abstraction from 1.57, control over the fate of 1.28 by preventing a- and B-frag-
mentation or hydrogen atom transfer (HAT) from another molecule. Concerning the design of the
hydrogen abstraction process, it is important to discuss here the Kharasch-Sosnovsky reaction.?*
The Kharasch-Sosnovksy reaction is a radical allylic C-H oxidation process that converts allylic C(sp3)-
H bonds (BDE = 89 kcal/mol) to allylic esters.?> The reaction mechanism was investigated and un-
covered by Kochi and Zavitsas.?® The radical chain is initiated by a cuprous salts that reduces a
peroxyester to generate the corresponding copper(ll) acetate and alkoxy radical. The generated rad-
ical abstracts a hydrogen from the weak allylic C-H bond, generating the stabilized allylic radical
intermediate and the alcohol. Recombination of the radical and copper(ll) acetate delivers the highly
reactive copper(lll) intermediate which upon reductive elimination forms the product and regener-

ate copper(l) to propagate the cycle (Scheme 7).

R1
=0
o

R2 1
1.76 CuX 1.69
1.68
[o]
RV[( i
o-CulXx o—cu''x
R R
— (0]
R2 1.70
1.75 +
‘OtBu
1.71
H
o-C ”X RZMRS
—Cu )
R1 . RZ/\%RS 1.72
o 1.73
1.74

Scheme 7 - The mechanism of the Kharasch - Sosnovsky reaction.

In principle, the tert-butoxy radical, generated in the Kharasch-Sosnovsky reaction, is eligible to ab-
stract a hydrogen from methyl formate, however in practice these conditions are mostly limited to
abstraction from allylic and benzylic C-H bonds. In recent years, the Kharash-Sosnovsky reaction was
extended to aliphatic C-H oxidation and in a similar vein aliphatic C-H amination methods were also
reported. First, Warren and co-workers showed that a B-diketiminato Cu(l) complex (1.80) is able to

catalyze the oxidation of unactivated C(sp3)-H bonds in the presence of di-tbutylperoxide (1.59) to

24 Kharasch, M. S.; Sosnovsky, G. J. Am. Chem. Soc. 1958, 80 (3), 756.
25 Blanksby, S. J.; Ellison, G. B. Acc. Chem. Res. 2003, 36 (4), 255-263.
26 Kochi, J. K.; Mains, H. E. J. Org. Chem. 1965, 30 (6), 1862—1872., Beckwith, Zavitsas, J. Am. Chem. Soc. 1986, 108, 8230
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form ether products (1.78).?7 It was also shown that related B-diketiminato Cu(l) complexes are ca-
pable of catalyzing C-H amination of aliphatic compounds.?® Hartwig et al. demonstrated that unac-
tivated aliphatic C-H bonds can be oxidized by employing 1.59 and a bis(2-pyridylimino)isoindole
Cu(l) complex (1.83), however in this method the alkane substrates are in situ oxidized to alkenes
and only then takes the Kharasch-Sosnovsky reaction place. Keeping in mind that unactivated, sec-
ondary, aliphatic C-H BDE is approximately 99 kcal/mol and the BDE of MeOC(O)-H is about 95.4
kcal/mol, we were optimistic that a suitable condition can be found for the selective and high-yield-

ing hydrogen abstraction.?92>

Warren et al.

OtBu
H [Cu'] 1.80 (5-10 mol%) O/ @
O + {BuO-OfBu aCl Gl
1.78 LU /@

1.59 cyclohexane, r.t.

+ ¢ N IN
1.77 BUOH " )\/k Cl
€ Me
1.79
1.80

Hartwig et al.

1.83 (5 mol%)

O

benzene, 100 °C
1.77 1.82 PR
1.81 . —
tBuO-OtBu {BUOH
1.59 1.79 L 1.83 _

Scheme 8 - Modern variants of the Kharasch-Sosnovsky reaction reported by Warren and Hartwig. These methods
enable the oxygenation of unactivated C(sp?)--H bonds
In summary, methyl formate, the most accessible and benign precursor of methoxycarbonyl radical
(1.28), had not been exploited for the radical difunctionalization of olefins at the beginning of our
project. Although in the absolute sense 1.28 has been obtained from methyl formate by Urry and
Tiecco, the complex product distribution or low yield rendered these transformations synthetically
irrelevant.?2?3 We sought to develop a practical method that uses methyl formate as the direct pre-
cursor of 1.28 and transform this knowledge into application in radical chemistry, such as alkene
functionalization. In the following chapter the development of this transformation, the exploration
of its generality will be presented along with a deeper mechanistic insight into an unprecedented

1,2-methoxy methoxycarbonylation of alkenes using methyl formate.

27 Gephart, R. T.; Mcmullin, C. L.; Sapiezynski, N. G.; Jang, E. S.; Aguila, M. J. B.; Cundari, T. R.; Warren, T. H. J. Am. Chem.
Soc. 2012, 134 (42), 17350-17353.

28 Wiese, S.; Badiei, Y. M.; Gephart, R. T.; Mossin, S.; Varonka, M. S.; Melzer, M. M.; Meyer, K.; Cundari, T. R.; Warren, T.
H. Angew. Chem. - Int. Ed. 2010, 49 (47), 8850—8855.
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1.2 Results and Discussion

1.2.1 Development of the transformation

To address the aforementioned challenges, we sought to develop a non-chain difunctionalization
process combining the radical addition reaction with metal-catalyzed transformation. Assuming that
the presence of iron salt in Taniguchi’s protocol might be responsible for the apparent contradictory
results of Taniguchi and Overman regarding the electronic properties of radical 1.28, a working hy-
pothesis was advanced as shown in Scheme 9. Coordination of electron-rich alkenes to a metal
would afford metal-n complex 1.85 with decreased LUMO energy of the double bond, facilitating
therefore the addition of nucleophilic 1.28.%° Functionalization of the carbon-metal bond would

then furnish the B-functionalized alkanoates 1.88 with concurrent regeneration of the catalytic spe-

cies.
0 RO’ A
L, —
MeO MeO
1.57 1.28 o "
e R2 M1 . R2 FG
FG 2 \n+2 f
— X _coome — RM" r1?COOMe
R " R, R r1PCOOMe
. — X 1.86 1.87 1.88
/ J
1.84 1.85

H-COOMe  H-OtBu
BDE (kcal/mol): 95.4 105.5

Scheme 9 - Working hypothesis.

In the beginning of our studies, we desired to build on the results of Tiecco and Minisci as they had
shown that 1.28 could undergo homolytic substitution on aromatic and heteroaromatic com-
pounds. We attempted to react benzene with methyl formate in the presence of an organic peroxide
and a variety of metal salts and ligands under thermal or photolytic conditions. We were not able
to observe the formation of methyl benzoate; nevertheless, we observed the consumption of the
organic peroxide. We hypothesized that either we do not have the correct set up to reproduce
Tiecco’s results or benzene may not be a suitable radical acceptor as the dearomatization-rearoma-
tization process may not be favoured under our reaction conditions. When we switched benzene to
a-methylstyrene and heated it in the presence of di-tbutylperoxide (DTBP, 1.59), catalytic amount
of copper(ll) triflate and methyl formate as solvent, we found that compound 1.90 and 1.91 were
formed in 3% and 2% yield respectively. Although the amount of isolated product was insignificant,

their mere presence proved us that methoxycarbonyl radical was successfully formed for the first

2% 3) Roberts, B. P. Chem. Soc. Rev. 1999, 28 (1), 25-35. b) Horn, A. H. C.; Clark, T. J. Am. Chem. Soc. 2003, 125 (9), 2809—
2816.
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time. Systematic screening of copper salts, peroxides, ligands and additives was carried out in order
to identify the optimal conditions for the transformation. The screening was carried out in an itera-
tive fashion, varying each reaction component one-at-a-time. Here we present the most important

observations from the optimization process.

Cu(0Tf), (10 mol%) Me
(e} DTBP (4 equiv) X COOMe COOMe
Me + )]\ > +
H™ "OMe 90°C,12h

1.89 [solvent, ¢ 0.1 M] 1.90 1.91
1.57 3% 2%

Equation 1 - Proof of concept finding: methoxycarbonyl radical was generated from methyl formate for the first
time in our hands.

Initially, 1.90 was in the focus as target compound, however, at a later stage, the reaction was fol-
lowed by gas chromatography and we observed the presence of a transient intermediate that does
not respond well for standard TLC staining agents (Equation 2, Table 1). This hidden intermediate
was isolated and turned out to be the 3-methoxy alkanoate 1.92. In our opinion, it was a much more
interesting and versatile compound, therefore our efforts were focused on obtaining it in an effi-

cient manner.

Cu(OTf), (10 mol%)

N o} ||51T1(31F? (T(:(:/Z)iv) 90 °C [ Me_OMe e Qﬂ CB@
©/§ .t : ©)(,000Me . ©)\/000Me & U o
MeO H l Me Me
[solvent, 0.1 M] L1
1.89 1.57 1.92 1.90

Equation 2 - Discovery of a transient intermediate in the formation of 1.90 from a-methylistyrene

Reaction profile of Equation 2

120

100 {
Q. e ® ® Conversion
80

® Yield
60 ® ( J

40
20 ©

Yield (%)

0 500 1000 1500
Time (min)

Table 1 - Discrepancy between the yield and conversion data of Equation 2 points out the presence of a transient
intermediate.
The choice of metal salt and ligand are key components in the reaction. We screened a large array
of metal salts in the early phase of the project and we found that copper(ll) triflate has an outstand-
ing activity in this transformation. On the one hand, copper(ll) salts outperformed cuprous salts,

furthermore we found that elevated amount of cuprous salts (10 mol%<) inhibited the reaction. This
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latter observation may be the consequence of the fact that higher concentrations of copper(l) facil-
itates the quenching of tert-butoxy radical to form Cu(Il)-OtBu species.?”39 On the other hand, the
counteranion of copper is another important parameter in the system. Initially, we did not attribute
great significance to this factor, but following some control experiments, we found that the in situ
formed triflic acid is an essential component in the reaction. These experiments will be further de-
tailed under Section 1.2.3.4. The reactivity in transition metal catalysis is regulated by the choice of
ligand, and in our case, it was no different. A large array of N-ligands, that are known to tolerate
oxidative conditions were screened. The majority of commercially available ligands proved ineffec-
tive in our transformation and only a select few of them allowed us to isolate 1.92. To the author’s
greatest fortune, previously gained hands-on experience with diketimine ligands led us to synthesize
and try them for our purposes. However, it is noteworthy that when biquinoline-, 1,10-phenanthro-
line- and salene-type ligands were used we observed the formation of 1.90 up to 60% yield. Unfor-
tunately, we were not able to find conditions where intermediate 1.92 could be isolated in good
yield as the formation of 1.90 and 1.92 in these cases occurred in a quasi-parallel fashion. A possible
explanation of this is the existence of a parallel process where the benzylic radical intermediate is
directly oxidized by the Cu"L complex to the carbocation and proton elimination delivers 1.90. An-
other reasonable explanation is that these copper complexes are more Lewis acidic and promote

methanol elimination at a faster rate than their copper-diketiminato counterparts.

Cu(0Tf), (10 mol%)
1.L1 (10 mol%)

Me o TBPA (4 equiv), 75 °C Me OMe - MeOH Me Cl Clow
" JJ\ COOMe X ~COOMe
MeO H
1.90

[solvent, 0.1 M]
1.89 1.57 1.L1

Entry Ligand class Best yields obtained
1 Diketimine 60-83%
2 Biquinoline 20-60%
3 Bipyridine 10-40%
4 1,10-Phenanthroline 30-60%
5 PyBOX 30%
6 salene 30-60%

Scheme 10 - General overview of the ligand classes screened and their respective performace.

Subsequently a library of variously substituted diketimine ligands was synthesized and as a general-

ization, we could tell that substitution on the methyl and methylene groups did not alter much the

30 Tran, B. L.; Driess, M.; Hartwig, J. F. J. Am. Chem. Soc. 2014, 136 (49), 17292-17301.
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reaction outcome, however, substitution of the aromatic carbons made significant difference in re-
activity.3! Ligands bearing 2,6-halo substituents on their aromatic part outperformed all other sub-
stitution pattern. As the ligand screening was performed in an iterative fashion by changing other

factors as well, we restrict ourselves to present only a summary of results.

Cu(OTf), (10 mol%)
ligand (10 mol%)

Me o TBPA (4 equiv), 75 °C Me_OMe
. T COOMe
MeO H

[solvent, 0.1 M]
1.89 1.57 1.92

Entry Ligand Conversion Yield of 1.92

cl cl Br Br iPriPr.
©:N HN]Q @[N HNjQ @ENH Nj:j 1 111 99% 86% (77% isol.)
Cl\'/IeJ\/kMem BI\r/IeJ\/l\MeBr ime)\/“\MeiPr 2 L2 100% 83%
L1 L2 L3 3 1.13 100% 81%
4 1.14 99% 73%
5 115 100% 73%
eO OMe MeO
T ORI G0 LR B 2
M L 7 117 99% 76%
[3 \
Me Me e Me 8 1.18 100% 71%
L4 15 1L6 9 119 98% 73%
10  1.L10 100% 74%
Br Br 11 1111 98% 83%
@\ @ @[ j@ @[ j@ 12 1112 100% 69%
NH N
13 1113 98% 54%
oS oS 14 1114 95% 81%
1.L7 1.L8 1.L9

©:CF3 ©\ /@ @[ j@ cl cl Me Me
e @ j@ L,
Me)\/l\MeCFs 3 F3C Ml\‘/lee)ﬁ/kMeMe

1.L10 1.LM 1.L12 1.L13 Me

Scheme 11 - Survey of diketimine ligands.

Finally yet importantly, we varied the choice of peroxide to optimize the hydrogen atom abstraction
from methyl formate. Although the majority of the optimization work was carried out using di-

tertbutyl peroxide, after the first screening it became evident, that peroxoesters are far superior to

31 The synthesis of the diketimine ligands is detailed in the experimental section.
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peroxoacids, alkyl peroxides and other symmetric peroxides. Tert-butylperoxoacetate and tert-bu-
tylperoxobenzoate (Luperox P®) were the most efficient hydrogen atom abstracting agent. With
regard to the reaction tempterature, there is no singular best value for the transformation, but
within a small window, one can find optimal temperature. The reaction outcome is decided by the
sensitive balance between achieving a good conversion and suppressing side reactions. On one
hand, higher reaction temperature enables higher conversion even with electron poor substrates,
on the other hand, applying lower reaction temperature one can avoid the [3-elimination of metha-
nol from electron rich styrene derivatives. Consequently, reactions of electron rich substrates were
routinely carried out between 65-75°C, whereas electron poor substrates were reacted at 75°C to

85°C. A reaction of 1.89 as substrate was profiled as the function of temperature and depicted on

Scheme 12.

Cu(OTf), (10 mol%)
1.L1 (10 mol%)

Me o peroxide (4 equiv), 75°C Me  OMe Me ACl Cli
+ Py COOMe ~_COOMe " N/@
MeO” “H Cl )\/[ cl
Me = Me

[solvent, 0.1 M] 1.92

1.89 1.57 . 1.90 g
: JL _COOMe
1.91
a) b)
Entry Peroxides Isolated yield (%)

1.92 1.90 1.91 Temperature dependance of the
formation of 1.92

1 TBPA?! 77% <5% <5% 100%

2 di-tertbutylperoxide 67% ND ND

3 Luperox P°, 80°C 62% ND ND 80% B o . <
4 Luperox 101°, 90°C 25% ND ND —

5 t-butylhydroperoxide, 80°C 4% ND ND 2\0’ 60% | = A
6 mCPBA, 80°C 20% 6% ND E 40% i— 80°C
7 Benzoyl peroxide 12% ND ND s » A &—75°C
8 Dilauroyl-peroxide 0% ND  ND 20% — A PR
9 Cumene hydroperoxide 11% 0% 0% 0%

10 TBPA, under air 68%  <5% ND 0 100 200

11 TBPA, water added 20% ND ND Time (min)

Scheme 12 - a) Summary table of the screened peroxides. b) Temperature-dependance chart of the reaction. 1 = tert-
butylperoxoacetate

Regarding the temperature dependence of the reaction, it is noteworthy to mention here, that dur-

ing our efforts to find the optimal temperature we observed the fragmentation of methoxycarbonyl

radical to carbon dioxide and methyl radical. When a solution of 1,1-diphenylethylene (1.93) was

heated in the presence of 4 equivalents of di-tertbutylperoxide (DTBP), 10 mol% copper(ll) triflate
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and 20 mol% 1.L3 at or above 80°C the side product 1.94 could be isolated from the reaction mix-
ture. This compound is best explained as the product of methyl radical addition onto 1.93, followed

by benzylic oxidation or methoxylation/elimination of the radical intermediate.??

Cu(OTf), (10 mol%)

1.L3 (10 mol%) Me
o} DTBP (4 equiv) | @Qipr iPr;@
+
O O MGOJ\H HCOOMe [0.1 M], 80-120°C O O pr NN
. , )\/[ iPr
[solvent, 0.1 M] Me Me
1.93 1.57 1.94 1.L3

8-20%

Equation 3 - Formation of 1.94 indicates the fragmentation of methoxycarbonyl radical to methyl radical and car-
bon dioxide.

Although methyl formate is an inexpensive, commodity chemical, we found that pentane could also
be used as a co-solvent without the deterioration of yield. In contrast, when polar solvents were
used as a media, the reaction did not take place. The characteristic light green color of the catalyst
complex disappeared when DMF, methanol, ethanol or pyridine was used. In these cases, perhaps
the competitive coordination between olefin and solvent to the copper center is the origin of the
lack of reactivity.

In conclusion, the optimum conditions consisted of performing the reaction of 1.89 in methyl for-
mate (C 0.1 M) in the presence of tert-butyl peroxyacetate (TBPA), a catalytic amount of Cu(OTf)
and ligand 1.L1 (0.1 equiv) at 75 °C under nitrogen atmosphere. Under these conditions, 1.92 was
isolated in 77% yield.

Cu(OTf), (10 mol%)
1.L1 (10 mol%)
Me

o TBPA (4 equiv), 75°C Me  OMe aCl o Chi
. COOMe
'S NH N
MeO™ H o A c
Me

[solvent, 0.1 M] Me

1.92
1.89 1.57 77% 1.1

Equation 4 - The optimized conditions to transform styrene derivatives to b-methoxy alkanoates. Later referred to
as “standard conditions”.

32 Bao, X.; Yokoe, T.; Ha, T. M.; Wang, Q.; Zhu, J. Nat. Commun. 2018, 9 (1), 3725.
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1.2.2 Generality of the method

With the optimized conditions in hand we began to explore the generality of the method. Terminal
alkenes bearing an alkyl and aryl substituent were converted to the corresponding -methoxy alka-
noates (1.96a-h) regardless of the steric and stereoelectronic effects of the substituents. 1,1-diaryl
substituted ethylenes participated in the reaction without event (1.96i-t). More importantly, sty-
renes, known to be highly prone to polymerization in radical processes, were transformed to 3-
methoxy-3-arylpropanoates 1.96u-aa in good yields. We note that the presence of strong electron-
donating group (OMe) and strong electron-withdrawing group (NO:z) were tolerated in this transfor-
mation. A broad range of functional groups such as halides (F, Cl, Br), ester, sulfonamide and nitrile
were compatible with the reaction conditions, providing therefore handles for further functionali-
zation. The scalability of the reaction was also examined with the three classes of substrates. To our

delight, compounds 1.96a, 1.96i, 1.96u were all formed in comparable yields on gram-scale experi-

ments.
R? % Cu(OTf), (0.1 equiv), 1.L1 (0.1 equiv) R2 OM Q:CI o
u , (0.1 equiv), 1. 1 equiv e
NG rlcoome  1L1= T )N\H)NI\
TBPA (4.0 equiv), 65-75 °C N Cl
1.95a-aa ( auiv) 1.96a-aa Me Me
Me
Me, OMe Me, OMe Me. OMe Me OMe
Me—\ OMe Me— OMe
©)§,coow|e /©)§,coow|e Me\©)§,coome COOMe COOMe ® orle
F
1.96a 77%, (72%)M 1.96b 79% 1.96¢ 76% 1.96d 73% 1.96e 70% 1.96f 58%
NHTs O
Y T« T o
OMe COOMe COOMe OMe OM OM
COOMe O ‘ COOMe ‘ CooMe O SO0Me
F
1.96g 59% 1.96h 59% 1.96i 70%, (72%)! 1.96j 69%]] 1.96k 67% 1.961 54%% (75% brsm)lil
O EtOOC, NC
o O O W O
COOMe
OM OMe o OMe
‘ COOMe : COOMe ‘ COOMe I COOMe ! COOMe
1.96m 60% 1.96n 83% 1.960 67% 1.96p 63%!'! 1.96q 68%! 1.96r 57%
Fe\ ) we—)
oM COOMe
OM COOMe
O COOMe O COOMe COOMe /©)\/
1.96s 62% 1.96t 44% 1.96u 58%, (53%)! 1.96v 66% 1.96w 60%
OMe oM oM oM
COOMe € e ©
COOMe COOMe COOMe
eO E cl Br
OMe
1.96x 63% 1.96y 54% 1.96z 45% 1.96aa 53%

Scheme 13 - Synthesis of -methoxy alkanoates from styrene derivatives. | = isolated yield of gram-scale experiment
ii = reaction was run at 85°C iii = based on recovered starting material
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1.2.2.1 Extension to cinnamic ester derivatives33

In our preliminary studies, we observed the formation of 1.90 and 1.91 in the reaction mixture. We
became interested in optimizing the process, as the conversion of terminal alkenes to a,B-unsatu-
rated esters is a transformation of high importance in the synthesis of complex bioactive com-
pounds. A wide range of bases, Lewis and Brgnsted acids were examined in order to promote the in
situ B-elimination of methanol from 1.92. A summary of results is shown in Scheme 14. Increasing
the temperature and reaction time from the standard conditions promoted the elimination, how-
ever without showing any selectivity between products 1.90 and 1.91 (Entry 1). Addition of different
bases could not assist efficiently the elimination of methanol. A range of acids was able to catalyze
the methanol elimination, but only few were competent to furnish exclusively 1.90. Among these,
trifluoromethanesulfonic acid (Entry 9) proved to be the best and afforded, after isolation, product
1.90 in 74% of yield with excellent E/Z selectivity. The elimination process leading to 1.90 was found
to proceed in two stages. First, in less than 30 minutes, the elimination of methanol yielded a mix-
ture of 1.90 and 1.91. In the second phase, 1.91 was isomerized to the conjugated system affording

exclusively (E)-1.90.

Me o stan_clf‘ird Me OMe Me
+ conditions COOMe | _ additives “__.COOMe CooMe
MeO H 75 °C +
[solvent, 0.1 M]
1.89 1.57 1.92 1.90 1.91
Entry Additives Total yield Ratio 1.90:1.91 Yield 1.90 Ratio E/Z Istandard conditions”
Cu(OTf), (10 mol%)
1 No additive 75% 1 ND ND 1.L1 (10 mol%)

TBPA (4 equiv), 75°C

2 DBU (10 equiv) 17% 0,6 ND ND QQ CI:@
NH N

3 AlCI; (3 equiv) 15 0,9 ND ND ¢ o d
Me Me

4 BF3.0Et; (3 equiv) 95% 2,7 ND ND 1.L1

5 Zn(OTf), (3 equiv) 94% 2,9 ND ND

6 Sc(OTf); (3 equiv) 94% 13,2 ND ND

7 MsOH (5 equiv) 96% 14 53% >20/1

8 pTSA (5 equiv) >99% 13 67% >20/1

9 TFOH (2 equiv) >99% >20 77% (74%)? >20/1

Scheme 14 - Optimization of the synthesis of cinnamic ester derivatives. Ratios and yields were determined by GC-
FID using toluene as internal standard. a = isolated yield

33 The work presented in section 1.2.2.1 was performed by Alexandre Leclair as the theme of his Master thesis.
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Under optimized conditions, the a,p-unsaturated ester 1.90 was isolated in good yield with excel-
lent E/Z selectivity. a-Methyl styrene and its derivatives with different electronic properties were
converted to the corresponding B,B-disubstituted o,3-unsaturated esters (1.98a-g) with high syn-
thetic efficiency. 1,1-Diaryl substituted ethylenes were similarly transformed to the homologated
esters (1.98h-j) (Scheme 15).

) Cu(OTf), (0.1 equiv), L1 (0.1 equiv) R? L1 = .Gl Cli.
R o] TBPA (4.0 equiv), 75 °C
A LA 17, COOMe NH N
H OM

e then TfOH (2.0 equiv), 75 °C %A'e)\/lw(lll
1.97a- 1.57 1.98a-j e
Me COOM
©/\/000Me /©/\/000Me /O/\/COOMe @&COOMe /@)\/ e
1.98a 62% (E/Z > 20:1) 1.98b 58% (E/Z > 20:1) 1.98c 64% (E/Z>20:1)  1.98d 74% (E/Z > 20:1) 1.98e 69% (E/Z > 20:1)
x-COOMe X ~COOMe O O
COOMe
O ~_COOMe ~_COOMe
1.98f 51% (E/Z > 20:1) 1.98g9 79% (E/Z > 20:1) 1.98h 76% 1 98i 64% 1 98j 57%

Scheme 15 - Conversion of styrenes to cinnamic acid derivatives.

1.2.2.2 Extention to obtain functionalized heterocycles from styrene derivatives

To further extend the application scope of this protocol, methoxycarbonylative cycloetherification,
lactonization and cycloamination were examined. Gratifyingly, heating a methyl formate solution of
4-phenylpent-4-en-1-ol (1.99a) under standard conditions readily furnished a mixture of 2,2-disub-
stituted tetrahydrofuran 1.100a and ester 1.101. A brief optimization showed us that 1.100a can be
obtained in one-step from alkene 1.99a in good yield. A sample of results with the screened
Brgnsted- and Lewis acids is shown below (Error! Reference source not found.). Following the acid
screening, we settled with 0.1 equivalent of [0.1 M] aqueous H,SOs solution as additive, as it not
only promoted the cyclization with high efficiency, but also proved to be equally efficient with ester
(1.104a-g) and tosylamide (1.104a-e) substrates. It is important to note that other Lewis- and

Brgnsted acids could also promote the transformation with comparable efficiency.
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COOMe COOMe
©J\/\/OH . j\ standard conditions, ) omMe
MeO™ “H then additive (0.1 equiv), 75°C )
1.99a 1.57 1.100a 1.101
Entry  Additive  Time (1\.(:)'3a) (I.T(I)i) (1.10?)?:?.101) O 10 ooy
1 MS 4A 2h 20% 35% 0.57 TEPA (4 acine) TG
2 15h 26% 69% 0.38 o o
3 HPO, 2h 70% 8% 8.75 ?\U/Q
4 15h 81% 2% 40.50 Me™"e
5 PTSA-H20 2h 79% 3% 26.33 bl
6 15h 87% 1% 99<
7 FeCls 2h 74% 10% 7.40
8 15h 81% 5% 16.20
9 HiS0.[01M]  2h 82% 4% 20.50
10 15h 83% 1% 83.00

Table 2 - A brief sceening of acidic additives showed that 1.100a can be obtained in high yield using dilute aqueous
sulfuric acid in catalytic amount.

As it is illustrated in Scheme 16 the substrates, regardless of their electronic properties, were con-
verted to the corresponding heterocycles. However, the presence of OMe group led in general to

the corresponding products with reduced yields, due to the instability of the resulting heterocycles.
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COOMe

o 1‘?;;in?(§0.1 gquigg ;.SLJC(OJ equiv) Cl Cln.
R x * HXOM (4.0 equiv), 65- 1L1= NH N‘
e
157 then aq. HpSO, (0.1 M, 0.1 equiv) R YTz f\:,,'e/\/LMCe'
1.99a-f X = CH,0OH 1.100a-f Y =0,Z=H, H
1.102a-g X = COOMe 1.104a-g Y=2=0
1.103a-e X = CH,NHTs 1.105a-e Y =NTs, Z=H, H
a X =CH,0H
COOMe COOMe COOMe COOMe COOMe COOMe
Me F NC MeO
Me
1.100a 75% 1.100b 58% 1.100c 77% 1.100d 62% 1.100e 47% 11008 57%
b X = COOMe
COOMe
COOMe COOMe COOMe COOMe COOMe fOOMe
o}
o] o o
©$<olo /@x\«% /©§<olo QXIO ’ OQQIO @&lo
F NC e
Me Me Cl
1.104a 75% 1.104b 70% 1.104c 70% 1.104d 69% 1.104e 44% 1.104f 47% 1.104g 68%
¢ X = CH,NHTs
COOMe COOMe
COOMe COOMe COOMe
N N
N N N Ts Ts
Ts Ts Ts
Me F Me cl
1.105a 69% 1.105b 51% 1.105¢c 42% 1.105d 55% 1.105e 45%

Scheme 16 - One-pot conversion of styrenes to functionalized tetrahydrofurans, y-lactones and pyrrolidines.

1.2.2.3 Limitations of the method

Sometimes the limitation of a method tells more than its applicability and as every chemical reac-
tion, this transformation has its weaknesses too. Probably the first thing the reader noticed that
simple aliphatic alkanes and alkynes are not presented as substrates. The principal problem with
these substrates is that no good conversion could be achieved with them. It could be for multiple
reasons, but we believe that the stabilization of the radical intermediate or the low affinity to the
copper catalyst could be behind the problem. In a similar vein, internal alkenes refused to react
under our conditions, regardless of them being styrene derivatives or not. We hypothetise that ste-
rical congestion around the reactive site hinders the access of the copper catalyst to the n-bond.
The two following arguments further support this theory. First, we observed longer reaction times
and lower yields with compound 1.96f and 1.96g, furthermore, when 1.109 was subjected to the
reaction conditions the substrate remained intact. Second, ortho-substitution on aromatic substit-

uents were not tolerated either, regardless of their size or stereoelectronic effect (Scheme 17).
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Me R R 0 O o
g
©/\f ©/ R2 ©J\’<Me H‘\oMe
Me |O |
Me

1=
1106 R = H. Me. Ph R! = OMe, Me, F, CI, Br 1.109 1.110 1111
1.107 R2=H, Me, Ph
1.108

Scheme 17 - Substrates that failed to react under the developed conditions.

If we take a closer look at the substrate scope, we can see that the stereoelectronic effects of the
substituents has little effect on the obtained yield, at the same time, the extremes are not well
tolerated. Placing multiple, strong electron donating group on the aryl substituents would facilitate
the elimination of methanol from the product and we routinely observed with these substrates the
preference toward cinnamic ester formation. On the other hand, electron-withdrawing substituents
are better tolerated and even nitrile and nitro substitutents allowed us to obtain the product in
decent yield. Nevertheless, these reactions requied to be run at elevated temperatures and an ad-
ditional aryl substituent on the olefin was necessary to effect the transformation.

1.2.3 Mechanism

1.2.3.1 Experiments with radical probes

To gain insight into the reaction mechanism, a series of control experiments were carried out. As it
would be expected, the reaction did not proceed in the absence of copper catalyst. Submitting 1-(1-
cyclopropylvinyl)benzene (1.112) to the standard conditions afforded homoallylic methyl ether
1.113 in 27% yield (Equation 5). Should the radical intermediate 1.115 be involved, the formation
of 1,2- dihydronaphthalene 1.114 would be expected. The fact that 1.114 was not detected sug-
gested that the reaction might proceed through an organometallic species 1.116 rather than the
radical intermediate 1.115. Although intermediate 1.116 could in principle undergo homolytic cleav-
age to afford homoallylic radical 1.115 and Cu(ll) species, the reductive elimination of 1.116 was

apparently kinetically faster to provide methyl ether 1.113 instead.3*

standard COOMe COOMe "standard conditions”
[¢] conditions Cu(OTf), (10 mol%)
* H)J\ovvle X + O‘ 1.L1 (10 mol%)
OMe TBPA (4 equiv), 75°C

1.57

1112 27%, ratio 5:1 0% Q;m CI/@
1.113 1.114 NH N

cl | cl
Me)\/LMe

COOMe
COOMe L1
X X
. cu'"'oMe

1.115 1.116

Equation 5 - Radical probe experiment.

34 Miller, Y.; Miao, L.; Hosseini, A. S.; Chemler, S. R. J. Am. Chem. Soc. 2012, 134 (29), 12149-12156.

51



Chapter 1 - Copper-Catalyzed 1,2-Methoxy Methoxycarbonylation of Alkenes with Methyl Formate

Alternatively, carbocupration of the olefin with the in situ generated Cu(ll)-COOMe specie, subse-
qguent B-C-elimination and reductive elimination would also deliver 1.113. Although we did not find
a similar precedent in the literature, intramolecular carbocupration of olefins and intermolecular

carbocupration of strained cyclopropenes is documented in the literature.3?

1.2.3.2 Crossover experiments: determination of the origin of the methoxy group

We were intrigued by the origin of the methoxy group on the 3-methoxy alkanoates, therefore we
designed experiments to better understand the elemental steps leading to these products. First, we
probed the reaction by adding various external nucleophiles to the media under standard conditions
(ethanol, isopropanol, butanol, methyl amine, diethylamine). To our surprise, we could not observe
the incorporation of any of these externally added nucleophiles and we suspected the reaction may
not proceed through a carbocationic intermediate. In order to confirm our hypothesis we designed
a crossover experiment with deuterium labelled methanol and methyl formate. Performing the 1,2-
methoxy methoxycarbonylation on 1.89 in the presence of CD30D (2.0 equiv) under otherwise
standard conditions afforded compounds 1.92 and 1.117 in a 10 to 1 ratio. Conversely, performing
the same reaction in HCOOCDs in the presence of MeOH (2.0 equiv) afforded 1.119 and 1.120 in a
ratio of 1 to 10 (Scheme 18). The results of these two crossover experiments suggested that both
methoxycarbonyl and methoxy groups came from methyl formate and that the formation of C-O
bond did not go through a cationic intermediate. In addition, reaction of 1.92 with HCOOCDs under
standard conditions led also to the formation of a small amount of 1.17 via most probably the ioni-
zation of 1.92 to carbocation followed by nucleophilic trapping. We hypothesized that this pathway
could also account for the formation of the minor products 1.117 and 1.119 in the crossover exper-

iments.

35 Shimizu, Y.; Kanai, M. Tetrahedron Lett. 2014, 55 (28), 3727-3737.
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Me cp,op  Standard Me, oMe Me_ OCD; "standard conditions”

Q/& . (2equv) _conditions ©)(,coowle . ©)</COOM6 Cu(OTf), (10 mol%)
—_—
1.L1 (10 mol%)
73-81%
HCOOCH, ’ TBPA (4 equiv), 75°C
1.89 1.57 ratio 10 : 1 ACl Clin.
1.92 1117
NH N

Cl | Cl
MeMMe
1.L1
Me CH,OH  Standard Me,_ OMe Me_ OCDj
@ . (2 equiv) conditions COOCD; COOCD,
> +
_RQO,
HCOOCD, 66-68%
1.89 1.118 ratio 1 : 10
1.119 1.120
Me_ OMe cifgict’;’,"’s Me_ OMe Me_ OCD,
COOMe ,  coocn, COOMe COOMe
1.118 66-68%
1.92
ratio 10 . 1
1.92 1.117

Scheme 18 - Crossover experiment proved that the methoxy group predominantly originates from the methyl for-
mate and not from in situ formed methanol.

1.2.3.3 The role of carbon monoxide in the reaction

The measurement of CO concentration was done by a GfG GMA200-R carbon monoxide detector.
The background CO concentration in the air of our laboratory is between 0-1 ppm. In order to de-
termine whether carbon monoxide was generated under the reaction conditions, we prepared two
reaction mixtures and their headspace was measured with the CO detector. The two reaction mix-
tures (Sample 1 and Sample 2) were prepared according to general procedure B (see Experimental)
using compound 1.89 as substrate. Sample 1 was kept at room temperature for one hour and then
the cap was removed for the CO measurement. The detector showed no increase in CO concentra-
tion compared to the background level. Sample 2 was heated at 75°C for one hour and then the cap
was removed for the CO measurement. The detector showed a dramatic increase in the CO concen-
tration up to and above the limit of detection at 340 ppm. The screen of the CO detector was rec-
orded during the measurements and the video files are accessible in the supporting information of
the published article.?® The detection of the in situ formed carbon monoxide was an important step
ahead in understanding the mechanism. First of all, it is in accordance with the result of the crosso-
ver experiments, presented in Section 1.2.3.2. If we assume, that the methoxy group at the benzylic

position of the product is delivered as depicted on Scheme 24, then the CO elimination may be a

36 Budai, B.; Leclair, A.; Wang, Q.; Zhu, J. Angew. Chem. Int. Ed. 2019, 58 (30), 10305—10309.

53



Chapter 1 - Copper-Catalyzed 1,2-Methoxy Methoxycarbonylation of Alkenes with Methyl Formate

reversible process. In line with this mechanistic hypothesis, the yield of 1.92 was reduced to 28%
when the reaction was performed under CO atmosphere under otherwise identical conditions.

Cu(OTf), (0.1 equiv "standard conditions”
Me (0T, (0.1 equiv) Ve OMo

0o 1.L1 (0.1 equiv), CO atm Cu(OTf), (10 mol%)
S COOMe 1.L1 (10 mol%)
H” “OMe TBPA (4.0 equiv), 75 °C TBPA (4 equiv), 75°C

1.89 1.57 28% yield aCl Cli
(77% under N, atm)
1.92 NH N
]

Scheme 19 - When the reaction is run under CO atmosphere the product formation is inhibited.

1.2.3.4 Synthesis of a ternary B-diketiminato-Cu(I)-styrene complex

Since fragmentation of the cyclopropyl methyl radical was a kinetically fast process, the aforemen-
tioned results implied that the alkene-Cu complex might be formed before radical addition. Gratify-
ingly, stirring a pentane solution of styrene and the -diketiminato Cu(l) (u-benzene) complex 1.124,
synthesized according to Warren, afforded a new complex 1.125 whose structure was fully estab-

lished by spectroscopic and X-ray single crystal structure analysis (Scheme 20).%’

@ ACl Clin.
1.1 ACl i Cli
Cul + KOBUu —> CuOtBu —> Cu /@ NHNT

7N Cl e
N
1.121 1.122 1123 benzene, r.t. cl )\/]Nk cl Me)\/LMe
Me Me 1.L1
1.124

& o
1 W 2

Cl 4, Gl N Pentane H™ "W
VRN + _— ACl Cli.
X Me

ol
C' 7/ \
Me)\/k 1.95u a NN

I cl
Me)\/kMe
1.124
1.125

Scheme 20 - Synthesis of a ternary S-diketiminato-Cu(l)-styrene complex

A series of control experiments showed that in the presence of an equal amount of Cu(OTf),or TfOH,
1.125 was a competent catalysts for the methoxy methoxycarbonylation of 1.89 under otherwise
standard conditions. These experiments highlight that the in situ formed triflic acid under standard
conditions is essential in the transformation. It is hard to prove the exact role of the acid, but it
might facilitate the reductive elimination process.
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1.125 (10 mol%) Hﬂ
M additive N—v
© o TBPA (4 equiv), 75°C Me, OMe HY 1
. L COOMe -
N | 0"
MeO” “H Q\ Cu /@
VAN
Loy
cl
1.89 1.57 1.92 Me)v\Me
1.125

Entry Additive Conversion XX

1 - <10% nd
2 Cu(OTf)2 (10%) 100% 63%
3 NaOTf (20%) 0% nd
4 TfOH (0.1 mol%) 0% nd
5 TfOH (1 mol%) 15% 10%
6 TFOH (10 mol%) 100% 75%

Scheme 21 - Control experiments that show the catalytic activity of 1.125 and the necessity of trifluoromethanesul-
fonic acid.

1.2.3.5 Kinetic study experiments

Finally, we designed a series of experiments to measure the relative rates of the 1,2-methoxy meth-
oxycarbonylation of variously substituted styrene derivatives. A schematic representation of the ex-
perimental design is shown on Scheme 22— detailed description can be found in the Experimental
section. First, a homogenous solution of all components but the substrate was prepared in a round
bottom flask. The mixture was briefly heated to pre-activate the catalyst, cooled to room tempera-
ture and once the substrate was added to it, the obtained mixture was divided into smaller reaction
vials. The vials were inserted into a hotplate pre-heated at 65°C and counting from then, each mi-
nute a vial was submerged into liquid nitrogen. The content of the vials was analysed by GC-FID

technique using toluene as an internal standard.
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A)
Cu(OTf), (10 mol%)
L1 (10 mol%)

TBPA (4 equiv) Me OMe

(o] 65 °C
N . )|\ COOMe
H OMe
R R

[0.1 M]
1.95uR =H 1.96uR =H
1.95v R = Me 1.96v R = Me
1.95w R = OMe* 1.96w R = OMe*
195y R=F 196y R=F
1.95zR =CI 1.96zR = ClI
B)

1) add catalyst, 1) add substrate
solvent and peroxide 7 1) heat briefly 2) homogenize
2) homogenize 2) cool it tor.t. 3) divide into 10 vials

—_ =

Pressure-resistant
glassware

——

1) start heating them at once 5
2) immerse them one-by-one into Ny S ——

10X/

GC-FID analysis of samples

Scheme 22 - Schematic representation of the experimental design of the kinetic study.

The designed experiments to determine the relative rates of 1,2-methoxy methoxycarbonylation of
styrene derivatives provided us with data that shows the increased reaction rate of electron rich
styrenes compared to electron deficient styrenes. As it is shown below in the graphs the relative
rate of the reaction increases as the more electron rich substrates were utilized. We attempted to
carry out the same experiment with 4-methoxystyrene, but to our dismay the reaction rate in this
case was too high to obtain a good regression line and coherent data. Although the obtained infor-
mation is seemingly against the radical polarity-match principle knowing that the methoxycarbonyl
radical 1.28 is characterized as nucleophilic, we surmise that the increased electron density on the
styrene double bond facilitates the rapid coordination to the Cu(l) center, hence accelerating the

radical addition and subsequently the observed rate of the reaction.

Kinetic study — 4-methylstyrene (1.95v) Kinetic study — styrene (1.95u)
25% -

25% 1 _ 0 0230 0.0101 20% | v=0.0223x-0.0115 1790°%
= 900 Y7 17% 17% 2% 1 Re=09785
® 20% R?=0.9773 13% = "
K 15% R % 9% o
2 10% 5% = 10% - 6%
£ 5% £ 5o

0% + . . . . . 0%

0 2 4ime (minf 8 10 0 2 4ime (mirf 8 10
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Kinetic study - 4-chlorostyrene (1.95z) Kinetic study - 4-fluorostyrene (1.95y)
25% -
* 1y =0.0128x+0.0013 20% 8% 4 v=0.0065x +0.0031
__20% A R?=0.9627 16% . R? = 0.9703 6% 6%
& X 69 -
N 15% 4 =
< 10% - o 4% 1
2 g
> 5% 4 > 2%
0% 0%
0 5 10 15 20 0 2 4 6 8 10
Time (min) Time (min)

Scheme 23 - Our kinetic study demonstrates the increased reaction rate of electron rich substrates.

1.2.3.6 Proposed mechanism

On the basis of the results of these control experiments, a possible reaction pathway is depicted in
Scheme 24. Coordination of LCu(l) (1.126) to electron-rich alkenes (1.128) would afford Cu(l) -
7 complex 1.129 that would react with nucleophilic methoxycarbonyl radical 1.28, in situ generated
from methyl formate by hydrogen abstraction. Radical rebound of adduct 1.130 with 1.28 would
produce the Cu(lll) intermediate 1.131 which might be in equilibrium with methoxy complex 1.132.
Reductive elimination of the latter would then furnish the B-methoxy alkanoates 1.133 with con-

current regeneration of the Cu(l) specie.

2 Cu” )

R? OMe R
1.126

R1></000Me R(&
1.133 1.128
cu'L
1.127
MeO\
RZ CUIIIL R2 I
Cu'L
R1)<| R1)$§
1.132COOMe 1.129
o}
co OMe " OJ.
o:< e
R2 cu'lL R2 Cu'lL 1.28
1 R1><| tBuOH
" K' ‘\ﬁ COOMe t o
COOMe . aorcd
1.131 o) 1.130 BUO <«—— Me)ko/OtBu
g o)
' TBPA
Me1028 MGOAH (tert-butyl peracetate)
' 1.57

Scheme 24 - Proposed mechanism of the 1,2-methoxy methoxycarbonylation of alkenes with methyl formate.
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1.3 Conclusion

In summary, methyl formate was successfully exploited for the first time in a synthetically useful Cu-
catalyzed difunctionalization of alkenes. Acting as a donor of both methoxycarbonyl and methoxy
groups, methyl formate transforms styrene and its derivatives to value-added [-methoxy alka-
noates, cinnamates as well as medicinally important five-membered heterocycles. It was believed
that “the reaction of alkyl radicals is synthetically significant only when the olefinic double bond is
conjugated with electron-withdrawing groups owing to the nucleophilic character of the alkyl radi-
cal”.?” While the statement is correct in absolute sense, the landscape is changing and the transition
metal-catalyzed difunctionalization of electron-rich alkenes involving addition of nucleophilic alkyl
radical is seen in the recent literature.3® We surmised that pre-coordination of electron rich double
bond to metal might play an important role in accelerating these polarity mismatched additions and

could have general implications in designing novel radical-based transformations.

37 Minisci, F. Acc. Chem. Res. 1975, 8 (5), 165-171.

38 Nucleophilic alkyl radical: a) W. Jian, L. Ge, Y. Jiao, B. Qian, H. Bao, Angew. Chem. Int. Ed. 2017, 56, 3650-3654; Angew.
Chem. 2017, 129, 3704-3708; b) B. Qian, S. Chen, T. Wang, X. Zhang, H. Bao, J. Am. Chem. Soc. 2017, 139, 13076-13082;
c) W.-Y. Li, C.-S. Wu, Z. Wang, Y. Luo, Chem. Commun. 2018, 54, 11013-11016; d) X. Bao, T. Yokoe, T. M. Ha, Q. Wang, J.
Zhu, Nat. Commun. 2018, 9, 3725, Nucleophilic acyl radical: e) W. Liu, Y. Li, K. Liu, Z. Li, J. Am. Chem.

Soc. 2011, 133, 10756-10759.

58



Chapter 1 - Copper-Catalyzed 1,2-Methoxy Methoxycarbonylation of Alkenes with Methyl Formate

59



Chapter 2 - Synthetic Studies Toward the Total Synthesis of Koumine

Chapter 2 Synthetic Studies Toward the Total

Synthesis of Koumine

2.1 Introduction

Koumine (2.1) is a monoterpene indole alkaloid, which belongs to the Gelsemium family. The genus
is a source of more than 120 alkaloids, which are sorted into six classes: koumine, humantenine,
sarpagine, gelsemine, gelsedine and yohimbine.3° The biogenetic route toward the six classes is hy-
pothetised to stem from one common intermediate, strictosidine (2.7), which is the Pictet-Spengler

condensation product of tryptamine (2.8) and secologanine (2.9) (Figure 1).

A
Ox O, O
0] 0]
sz - %o Y~ “OH
H o] OH
tryptamine secologanin
2.8 2.9

H H S
HooC  OH
Koumine type
(koumine, 2.1) Yohimbine type
(yohimbine, 2.6)

strictosidine
2.7

Gelsedine type

Humantenine type (gelsedine, 2.5)

(humantenine, 2.2)

(0]
N-Me
==
(0]
N
H
Sarpag!ne type Gelsemine type
(sarpagine, 2.3) (gelsemine, 2.4)

Figure 1 - The six classes of Gelsemine alkaloids and their common biogenetic precursor, strictosidine.

The Gelsemium alkaloids have rich literature, which reaches further than the scope of this work,

here we will restrict ourselves to discuss the koumine type alkaloids. The koumine subclass consists

3 Jin, G. L.; Su, Y. P.; Liu, M.; Xu, Y.; Yang, J.; Liao, K. J.; Yu, C. X. J. Ethnopharmacol. 2014, 152 (1), 33-52.
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of fourteen alkaloids, all isolated from Gelsemium elegans. 2.1 was first
isolated from Gelsemium elegans Benth., in 1931.%° The structure was elu-
cidated by single-crystal X-ray diffraction in 1981 by Riche et al., and the
absolute stereochemistry was established by the semi-synthesis from vo-

basine.*! Although the Gelsemium alkaloids are a particularly wide class of
natural products, none of them have succumbed to total synthesis until  rigyre 2 - The numbering

the late eighties’ and only three member of the koumine subclass has ever of koumine

been synthetically prepared. A plausible reason for the apparent difficulty of their synthesis may be
the cage-like structure of these natural products, a particularly challenging motif in synthetic organic
chemistry. If we take a closer look at the structure of koumine on Figure 3, we can see the cage
formed by the bottom of the isoquinuclidine core and flanked by the tetrahydropyran motif. From
another point of view, a [3.3.1] bicyclic system serves as the core of the skeleton, interlinked by
aminomethylene and oxymethylene units (Figure 3). This pattern is unique to the koumine subclass
of Gelsemine alkaloids and there is no other known compound features the above mentioned bicy-
clic system. The reason for choosing koumine as target roots in these structural features and our

motivation was further increased by the lack of efficient synthetic route at the time.

Figure 3 - Representation of the koumine skeleton from different angles. The cage-like structure renders the scaffold
an exceptionally challenging target for synthetic organic chemists.

2.1.1 Bioactivity

The genus Gelsemium, comprises three species in Asia (Gelsemius elegans) and North America (G.
rankinii and G. sempervirens), has been utilized for centuries in traditional Chinese medicine and
folk medicine for the treatment of migraines, sciatica, neuralgia, various types of sores and cancer.*?

Despite their known healing properties, their toxicity has also been recognized and multiple cases

40 Chou, T. Q. Chinese J. Physiol. 1931, No. 5, 345.

41 3) Khuong-Huu, F.; Chiaroni, A.; Riche, C. Tetrahedron Lett. 1981, 22 (2), 733-734.; b) Liu, C.-T.; Wang, Q.-W.; Wang,
C.-H. J. Am. Chem. Soc. 1981, 103 (15), 4634-4635.; c) Liu, C.; Yu, Q. Acta Chim. Sin. English Ed. 1987, 5 (2), 181-187.

42 Xu, Y. K.; Yang, L.; Liao, S. G.; Cao, P.; Wu, B.; Hu, H. Bin; Guo, J.; Zhang, P. J. Nat. Prod. 2015, 78 (7), 1511-1517.
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of intoxication from extracts of Gelsemium elegans has been reported, resulting in dizziness, diffi-
culty of respiration and even coma.*® Renewed interest in these alkaloids has led to the discovery
of more efficient chromatographic separation methods of the crude plant extract enabling detailed
studies of the bioactivity of the isolated alkaloids.3*#* It has been shown that koumine (2.1) has
moderate toxicity with an LDsg = 99 mg/kg (i.p. injection, mice), in stark contrast with many other
Gelsemium alkaloids.*® Pharmacological studies have shown the analgesic, antianxietic and anti-
stress effects of 2.1 at 0.28-2 mg/kg, 0.4 mg /kg and 2.4 mg/kg in mice, respectively.3® The anti-
tumour activity of koumine was examined against various cancer cell lines, however, the relatively
high minimal active concentration of koumine calls into question its potential as a therapeutic

agent.®

2.1.2 Biosynthesis

The koumine type Gelsemium alkaloids is thought to originate from strictosidine (2.7), the Pictet-
Spengler condensation product of tryptamine (2.8) and secologanin (2.9). B-Glucosidase mediates
the liberation of the aldehyde function of 2.7 and subsequent steps achieve a net reductive amina-
tion delivering geissoschizine (2.10), a Corynanthe-type alkaloid. Upon intramolecular bond for-
mation between C5 and C16 atoms and reduction of the ester function, E-koumidine (2.11), member
of the Sarpagine-type Gelsemine alkaloids is formed. Allylic oxidation of 2.11 and subsequent C/D
ring cleavage would give the hypothetic biogenetic precursor 2.13. Intramolecular Sy2’ substitution
connecting the C7 and C20 atoms would deliver koumine (2.1) (Scheme 25).%¢ Based on this pro-
posed biosynthetic route, 11-methoxykoumine was synthesized from the 11-methoxy analogue of
2.13 by Sakai et al.>?

4 3) Zhou, Z.; Wu, L.; Zhong, Y.; Fang, X.; Liu, Y.; Chen, H.; Zhang, W. Front. Neurol. 2017, 8 (May), 1-5. b) Fung, H. T.
Hong Kong J. Emerg. Med. 2007, 14 (4), 221-224.

4Su,Y.; Shen, J.; Xu, Y.; Zheng, M.; Yu, C. J. Chromatogr. A 2011, 1218 (23), 3695—3698.

4 Xu, Y.; Qiu, H. Q.; Liu, H.; Liu, M.; Huang, Z. Y.; Yang, J.; Su, Y. P.; Yu, C. X. Pharmacol. Biochem. Behav. 2012, 101 (3),
504-514. For comparison, koumine LDso value falls in the range of caffeine’s [LDso = 196 mg/kg (rat, oral)] and cocaine’s
[LDso = 96 mg/kg (mouse, oral)] toxicity.

46 3) Takayama, H. Chem. Pharm. Bull. 2020, 68 (2), 103-116.; b) Lounasmaa, M.; Koskinen, A. Planta Med. 1982, 44 (02),
120-121.
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Scheme 25 - The proposed biosynthesis of koumine.

2.1.3 Previous total syntheses

The first total synthesis of koumine (2.1) was reported by Magnus and co-workers in 1989.47 Alt-
hough the obtained alkaloid was antipodal to the natural product, it does not lessen the achieve-
ment, especially if we consider that their work constituted the first synthetic entry to the Gelsemium
alkaloid family. Based on the results of Yoneda and Cook, starting from natural (L)-tryptophan they
reach the bicyclic intermediate (+)-2.16 in seven steps.*® Debenzylation of (+)-2.16 under transfer
hydrogenation conditions, followed by decarboxymethylation under acidic conditions delivered (+)-
2.17. In the next phase of the synthesis the quinuclidine skeleton was elaborated. The obtained
ketone (+)-2.17 was N-propargylated and subsequent transformation to the acetylenic ester fur-
nished the precursor of the quinuclidine intermediate (+)-2.18. First, the silyl-enol ether was con-
verted to the ketone and the obtained product was subjected to a catalytic amount of pyrrolidinium
trifluoroacetate in refluxing benzene. The intramolecular Michael addition yielded the desired (+)-
E-2.20 and its geometric isomer as a minor product. The carbonyl group of (+)-£-2.20 was homolo-
gated via Tebbe olefination and hydroboration. Reduction of the ester and N-debenzylation deliv-
ered the key intermediate of the synthetic route ((+)-2.21). Fragmentation of (+)-2.21 by treatment
with methyl chloroformate generated intermediate (+)-2.22 bearing a benzylic carbocation stabi-
lized by the indole moiety. The incipient charged specie was trapped by the hydroxyl group to form
(+)-2.23. Treatment of (+)-2.23 with LiAlH4 furnished 18-hydroxytaberpsychnine ((+)-2.24). (+)-2.24
was then converted to (+)-koumine ((+)-2.1) by treatment with SeO,/H,0,. The complete sequence

is shown of Scheme 26. The last transformation of the total synthesis starting from (+)-2.24 has a

47 3) Magnus, P.; Mugrage, B.; DeLuca, M.; Cain, G. A. J. Am. Chem. Soc. 1989, 111 (2), 786—789. b) Magnus, P.; Mugrage,
B.; DelLuca, M. R.; Cain, G. A. J. Am. Chem. Soc. 1990, 112 (13), 5220-5230.
8 3) Yoneda, N. Chem. Pharm. Bull. 1965, 13, 622 and 1321; b) Cook, J. M. Heterocycles 1988, 27, 2795
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pivotal role in the sequence and can be considered as the key step of the work. Actually, Liu and co-
workers reported in 1986 the semi-synthesis of koumine from (+)-taberpsychnine (18-deoxy-2.24)
by its treatment with SeO; in acidic conditions.*® Magnus also intercepted (+)-taberpsychnine as an
intermediate towards (+)-koumidine and mentions that the formal total synthesis of 2.1 is achieved.
However, as they were able to access (+)-2.24, which can be considered as the transient intermedi-
ate of Liu’s semi-synthesis, by applying Liu’s selenium mediated conditions to (+)-2.24 they accessed
koumine. Magnus’ synthesis from (+)-18-hydroxytaberpsychnine ((+)-2.24) is somewhat better than
the route from (+)-taberpsychnine in terms of overall yield, but in all likelihood the primary reason
behind pursuing this alternative route was to establish this work as the first total synthesis of (+)-

koumine ((+)-2.1).

* Liu, Z.; Yu, Q. Youji Huaxue 1986, 6, 36.
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Scheme 26 - The first total synthesis of (+)-koumine ((+)-2.1) reported by Magnus et al.

The formal total synthesis of 2.1 was disclosed by Takayama featuring a gold (I) catalysed 6-exo-dig
cyclization as key step.>® The systhesis is described from azabicyclononane (+)-2.27, which was pre-
pared in four steps from cyclooctadiene as reported by Rassat.’! The substrate ((-)-2.28) of the key
cyclization reacton was accessed in six steps. In their initial investigation of the 6-exo-dig cyclization,
the propargyl alcohol group on (-)-2.28 was masked as a methoxymethyl ether and performing the
gold (1) carbene complex catalysed cyclization process yielded significant quantity of the undesired
7-endo-dig product. By changing the O-protecting group to the bulky trityl moiety ((-)-2.28), the
authors could isolate (-)-2.30 in 85% yield accompanied by 15% of the 7-endo-dig cyclization prod-

uct. Functional group interconversions delivered the bicyclic ketone (-)-2.31, which was converted

50 Kitajima, M.; Watanabe, K.; Maeda, H.; Kogure, N.; Takayama, H. Org. Lett. 2016, 18 (8), 1912-1915.
51 Michel, P.; Rassat, A. J. Org. Chem. 2000, 65 (8), 2572—2573.
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to (+)-2.32 via Fischer indole synthesis with 1-benzyl-1-phenylhydrazine, followed by hydroboration
and N-debenzylation. The obtained product ((+)-2.32) corresponds to the 11-demethoxy analogoue
of Sakai’s intermediate from which he accessed 11-methoxykoumine.>? Following Sakai’s procedure

from (+)-2.22, (-)-koumine can be obtained in 4 steps (Scheme 27).

OH OTIPS o
© 4 steps @ 6 steps ACO 2.29, AgBF, ACO
- = —_—
2.26

) MeCN : H,0 (10:1), 80 °C N
HO / TrO
(+)-2.27 6-exo-dig
. OTr (-)-2.30
85%
(-)-2.28
98%
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1) Fischer indole synthesis
2) 9-BBN; NaOH, H,0,

3)Na/NH, o
AN
R=COOMe HO AcO
(-)-2.33 (‘z"é;/“
75% °
1) LiAIH,
2) Ac,0O, Py

NaH, DMF, r.t.;
Pd(OAc),, PPh3, 90°C

B-hydride
elimination
-
(-)-2.1
(-)-koumine 2.36

74%

Scheme 27 - Formal total synthesis of (-)-koumine reported by Takayama and co-workers.

Recently, Kerr disclosed the racemic formal total synthesis of koumine.>3 They designed an efficient,
11-step synthetic route to access (197)-taberpsychine (2.47), which can be converted to koumine

according to the semi-synthetic studies reported by Liu in 1987.>* The synthesis commences with a

525akai, S.; Yamanaka, E.; Kitajima, M.; Yokota, M.; Aimi, N.; Wongseripatana, S.; Ponglux, D. Tetrahedron Lett. 1986, 27
(38), 4585-4588.

53 Kerkovius, J. K.; Kerr, M. A. J. Am. Chem. Soc. 2018, 140 (27), 8415-8419.

54 Liu, Z.-).; Yu, Q.-S. Acta Chimica Sinica 1987, 45, 359-364.
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hydrostannylation-Stille coupling sequence of alkyne 2.37. The obtained lactone is then converted
to hydroxylamine 2.42 in three steps. In situ Boc-deprotection and condensation of 2.43 delivered
nitrone intermediate 2.44, which upon heating underwent intramolecular [3+2] cycloaddition to
construct the bicyclic key intermediate (2.45) in 23% yield. Functional group interconversion deliv-
ered 2.46, which was the junction point in their divergent synthetic strategy to access four Gelse-
mine alkaloids. Treatment of 2.46 with boron trifluoride-ether complex, followed by reductive ami-
nation with formaldehyde furnished (192)-taberpsychine (2.47), precursor of koumine. Although the
authors did not disclose their procedure and spectrum of koumine, according to Liu, treatment of
2.47 with selenium dioxide in the presence of sulphuric acid yields the racemic mixture of 2.1.%*

oH o ° 1) LiAIH,

n-BuzSnH, Pd(PPhs), vinylmagnesium bromide, 2.40 2) PPh3, DIAD x

benzene, then 2.38 0 cat. Cu(OTf),, DMPU, TMSCI o Boc-NH-OBoc oB
| | Y
Me o ‘ DCM, -78 °C ) f ‘ yoBoc

OMe Me PF Me e
2.37 \ Me 6 2.42
2.39 2.4 76%

|
60% N N—""OH 85%
23 Me ) "o
Me
EtN, 2.43
2.40 N Na,SO,, DCM

Ts

1) Mg/MeOH
2) (COCI),, DMSO 2.43
then TEA, then (MeO);CH Ts T
7 /
OMe NH PPTS, MeOH, reflux N N
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MeO W HO ¥ " " "I HO ! N -
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H H o)
MeO OMe
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Scheme 28 - Formal total synthesis of (-)-koumine by Kerr.

The extremely limited synthetic access to koumine type Gelsemium alkaloids renders the above-
mentioned works remarkable achievements of the synthetic community. The temporal analysis of
the three synthesis highlights the philosophical evolution of synthetic organic chemists in the past
decades. Magnus’ initial report comprises of 19 steps to access the antipode of 2.1 from L-trypto-
phan. The overall yield of the sequence is 0.6%, labelling the feat a symbolic success rather than a
practical synthetic solution. The next synthetic entry, which waited almost three decades, was pub-
lished by Takayama and co-workers. The 23-step sequence to (-)-koumine (2.1) may be longer than
Magnus’ route, the achived synthetic efficiency compensates for its length. Starting from cyclooc-

tadiene the natural product was obtained in 3% overall yield, demonstrating the efficiency-centered
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mindset of chemists in the 215t century and the advancement of synthetic methods in the past dec-
ades. Finally, the 12-step sequence disclosed by Kerr is the closest to represent what we call today
an ideal synthesis. The sequence is short, scalable and the used materials are inexpensive. Although
the synthesis is racemic and the obtained overall yield falls short of Takayama’s with 1.5%, in prac-
tice the shorter sequence, hence higher attainable throughput compensates for the lower effi-

ciency.

Above the purely synthetic considerations, we would like to introduce the reader to our perspective
of the strategic advancement in the total synthesis of koumine. We witnessed the remarkable evo-
lution of the total synthesis of koumine type Gelsemine alkaloids in the past three decades. While it
is correct in the absolute sense, since there was no signifigant advancement in the construction of
the koumine skeleton, we challenge the statement. The key step in each of the previously described
total syntheses is actually the rearrangement from taberpsychine derivatives (2.24, 2.34 and 2-47)
to koumine described by Liu et al. in the 1980s. Therefore, the synthetic advancement described
above is mainly related to the construction of the taberpsychine framework and not of the distinct
koumine skeleton. Only Kerr’s work includes a genuinely new strategy toward the koumine skeleton,
albeit only saturated isodihydrokoumine derivatives can be accessed via that pathway. The discov-
ery of novel strategies for the construction of the koumine skeleton would enable us to access the
numerous members of the koumine type alkaloids that has never been made before. Moreover,
such strategy could potentially pave the way to the synthesis of new-to-nature secondary metabo-

lites bearing the koumine skeleton.

2.1.4 Retrosynthetic plan

Our synthetic strategy was based on the enantioselective formation of the isoquinuclidine core. To
this end, we dissected the [2.2.2] bicycle into a 1,2-dihydropyridine and a dienophile fragment. The
1,2-dihydropyridine fragment could be derived from a functionalized pyridine and an aniline deriv-
ative via cross coupling. Once the isoquinuclidine core is formed via enantioselective Diels-Alder
cycloaddition, functional group interconversions will lead to an isocyanide-, primary alcohol- and a
halide equivalent-bearing intermediate (2.49). The indolenine ring will be constructed by Fukuyama
indole synthesis and the obtained 2-stannyl indolenine would be coupled with the masked halide,
marked with X. Oxidative ring closure would form the tetrahydropyran moiety and deliver the nat-

ural product (Scheme 29).
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Scheme 29 - Our retrosynthesis of koumine, featuring Fukuyama indole synthesis and an enantioselective Diels-Al-
der cycloaddition as the key steps.
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2.2 Results and Discussion

This section is divided into three parts. In Section 2.2.1 we detail the route scouting up until the
phenylpyridine intermediates. In section 2.2.2 our study of the intermolecular Diels-Alder is pre-
sented. Finally, section 2.2.3 details the attempts toward the intramolecular Diels-Alder cycloaddi-

tions for the construction of the isoquinuclidine core of the target molecule.

2.2.1 Route scouting to the phenylpyridine intermediate

In this chapter we discuss the first phase of the total synthesis. The principal goal here is to design
a robust, scalable, short and inexpensive route to phenylpyridine 2.55. Such a route in hand enables
us to synthesize in sufficient amount the precursors for the key step of the total synthesis, the en-
antioselective Diels-Alder cycloaddition. It was important to design a flexible route that enables us
to obtain derivatives of the phenylpyridine, thereby increasing our freedom in finding the ideal sub-
strate for the cycloaddition (Figure 4).

cross coupling Y

NHR? 2.56
E—

(.= O
NHR' NR3R4
2.57

XX
| X
= S
: b~ = o)
2.55 | _ N
\ N
2.59

2.58

Figure 4 — Schematic synthetic plan of the desired phenylpyridine intermediate from commercially available starting
materials.

2.2.1.1 Synthetic route A

In the design of the first few steps of the total synthesis we kept in mind that implementing robust
reactions will pay dividents when the scale of these steps will have to be increased later on. There-
fore we examined a route starting from inexpensive phenylboronic acid (2.62) and 4-aminopyridine
(2.64) for the construction of the phenylpyridine intermediate 2.60. The retrosynthesis of 2.60 is

shown on Figure 5.

e B(OH), B(OH),
RHN i
NH; : 2.61 2.62
X X
® <
N X NH,
2.60 NN T #
| |
N N
\_ 2.63 2.64

Figure 5 - Retrosynthetic plan of phenylpyridine 2.60, starting from inexpensive starting materials.
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Nitration of phenylboronic acid (2.62), catalyzed by urea is an extremely vigorous, nonetheless reli-
able reaction reported by Johnson.> The reaction proved to be reproducible and scalable. The de-
sired coupling partner 2.67 was obtained under iron-mediated reduction from 2.66.°® The relative
simplicity of these reactions would suggest that compound 2.67 is an easily accessible, commercial
reagent. However, purification of the crude mixture obtained from the reduction of 2.66 proved to
be surprisingly difficult. After careful examination we found that the mixture of compounds ob-
tained after the reduction are the dimer, trimer and oligomer of 2.67. The mixture was used as is in

the following steps.

HNOg, urea (cat.)

B(OH
(OH)2 Ac,0, -15°C

B(OH B(OH
(OH)z Fe powder, cc.HCI (OH)z
OoN HoN
54% EtOH , H,0, 50°C
45%
2.62 2.66 2.67

The preparation of the pyridine coupling partner commenced with pivaloylation of 2.64 and subse-
guent directed ortho-lithiation of 2.68. The organometallic intermediate (2.69) was quenched with
DMF and subsequent hydrolysis furnished aldehyde 2.70.%7 Wittig olefination and basic hydrolysis
delivered the precursor of the desired coupling partner (2.71).°%°° To our dismay, we were not able
to convert 2.71 to 4-halogeno-3-vinylpyridine in good yield. After surveying the literature, we found
that 4-chloro-3-vinylpyridine is reported to be extremely prone to decomposition and has to be
prepared right before use.®® Other 4-halogeno-3-vinylpyridines are not reported in the literature,

which may be another indicator of their surprisingly high sensitivity.

55 Seaman, W.; Johnson, J. R. J. Am. Chem. Soc. 1931, 53 (2), 711-723.

6 Youjun, Z.; Feng, Z.; Wei, L.; Jia, L.; Shana, C. Patent number: CN1032144898B

>7 Janiak, C. Synthesis (Stuttg). 1999, (6), 959-964.

28 Miller-Moslin, K.; Peukert, S.; Jain, R. K.; McEwan, M. A.; Karki, R.; Llamas, L.; Yusuff, N.; He, F.; Li, Y.; Sun, Y.; Dai, M.;
Perez, L.; Michael, W.; Sheng, T.; Lei, H.; Zhang, R.; Williams, J.; Bourret, A.; Ramamurthy, A.; Yuan, J.; Guo, R.; Matsu-
moto, M.; Vattay, A.; Maniara, W.; Amaral, A.; Dorsch, M.; Kelleher, J. F. J. Med. Chem. 2009, 52 (13), 3954—3968.

59 Kubo, T.; Matsumoto, K.; Nishizawa, M.; Hirao, Y.; Kurata, H. Heterocycles 2014, 88 (1), 175.

80 vermeulen, N. A.; Karagiaridi, O.; Sarjeant, A. A.; Stern, C. L.; Hupp, J. T.; Farha, O. K.; Stoddart, J. F. J. Am. Chem. Soc.
2013, 135 (40), 14916-14919.
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Scheme 30 - Synthetic sequence to obtain the desired 4-halogeno-3-vinylpyridine coupling partner. Unfortunately
the last step only provided the product in traces, therefore the route was abandoned.

2.2.1.2 Synthetic route B

Motivated by the potential rapid access to phenylpyridine 2.74, we devised a route leveraging that

pyridinephosphonium salts can act as pseudoarylhalides in cross coupling reactions. The method to

obtain heteroarylphosphonium salts and their uti

lity in cross coupling reactions was developed by

McNally and co-workers.®262 The synthetic plan to access 2.74 in delineated on Figure 6.
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| |
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Figure 6 - Retrosynthetic plan of phenylpyridine 2.74.

First, we synthesized boronic acid 2.75 from anil

ine. According to reported procedures, 2.75 was

prepared by directed ortho-lithiation of Boc-protected aniline (2.79) and subsequent quenching

61 Hilton, M. C.; Dolewski, R. D.; McNally, A. J. Am. Chem. So

c. 2016, 138 (42), 13806—138009.

62 Zhang, X.; McNally, A. Angew. Chem. - Int. Ed. 2017, 56 (33), 9833-9836.
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with trimethyl borate.®? Although the reaction was robust and reproducible, the purification of the
crude reaction mixture posed a significant challenge on gram scale. From the crude mixture the
reaction yield was estimated to be around 60%, upon flash column chromatography it dropped be-
low 10% and the remaining mass could not be recovered. Various solid phases and eluents were
examined to improve the purification by chromatography without success. Eventually, our attention
was drawn to the work of Hall, describing the “phase-switching” synthesis of boronic acid tagged
molecules.®* The method exploits the ability of sorbitol to complex and transfer boronic acids re-
versibly from an organic solvent to water by varying the pH. Applying the reported procedure for
the isolation of 2.75 we were already able to double the isolated yield (22%). After successful opti-
mization of the purification procedure with special regard to the acidification step, we were able to

isolate 2.75 in 52% yield at multigram scale.

M Me O
NH €
2 Boc,0, sonicator Me>|\OJ\NH
quant.
up to 100 gram scale
2.76

2.79

Purification method:

Me ; . ) . Me
BuLi [2.48 M Me_|_Me 1) extraction with basic, aqueous sorbitol Me | _Me
tBuLi [2. | 2) sequential acidification-extraction
©/NHBOC B(OMe), OYO of the aqueous phase OYO

Et,0, -10°C NH . NH
X X
B(OH), B(OH),

crude mixture 52% on 50 g scale

2,75

Figure 7 - Scalable process for the synthesis of boronic acid 2.75 from aniline.

The preparation of 2.77 commenced with Wittig olefination of 2.78 to obtain 2.80 in 80% vyield.
Subsequent activation of 2.80 with triflic anhydride and treatment with triphenylphosphine deliv-
ered 2.77. These steps leading 2.80 and 2.77 were scalable without the deterioration of the yield.

63 a) Amira, A. Monatsh Chem 2014 509-515.; b) Stanetty, P.; Roller, H.; Mihovilovic, M. J. Org. Chem. 1992, 57 (25),
6833-6837.; c) Popowycz, F. European J. Org. Chem. 2017, 2017 (3), 600-608.
64 Mothana, S.; Grassot, J. M.; Hall, D. G. Angew. Chem. - Int. Ed. 2010, 49 (16), 2883-2887.
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MePPh,Br PPh,OTf
0 KOtBu XX Tf,0, PPh,, DBU
| — | N
~ — |
N Et,0, 0°C N DCM e
2.78 80% 2.80 -78°Ctort.
67% 2.77

Conversion of 2.77 to 2.74 could be performed in two ways.®%-62 Nickel-mediated cross coupling with
an arylboronic acid partner could deliver the desired phenylpyridine 2.74. Alternatively, a nucleo-
philic attack on the phosphor atom by an organolithium compound and subsequent ligand coupling
would also furnish the desired compound. In order to assess these options we synthetized the nec-

essary SIPr-HCl ligand (2.84) in 3 steps according to a reported procedure (Scheme 31).%2

glyoxale 40% (aq.)
NH, HCOOH (cat.) L'A'H4
\/\ ~"N
MeOH, 30% THF, r.t. H

ZT

87%

2.81
2.83
HC(OEt); (2.5 equiv.) c1©
H NH,CI (1.1 equiv.) J\e
N\/\N o
H 120°C, 95%
2.83 SIPreHCI

2.84

Scheme 31 - Synthesis of the SIPr-HCl ligand.

Disappointingly, when we applied the reported conditions to our substrate (2.77) and boronic acid
partner (2.75) we could not observe the formation of the desired product (2.74).5? We hypothesized
that the ortho substituents on the aryl rings may impede the reductive elimination to occur. To test
this idea, p-tolylboronic acid was subjected to the reaction conditions as it was the authors’ primary
choice of substrate and bears no ortho substitutents. In either case we did not observe the for-
mation of the desired products. Perhaps the vinyl moiety coordinating to the nickel complex ren-

dered the process unproductive (Scheme 32).
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Ni(COD), (10 mol%)
2.84 (10 mol%)

Ph 'IDhPh NaOtBu (11 mol%) M\
P © K4PO, (2 equiv.) ©
® TfO <Lt quiv. BocHN N\7N Cl
NN +  BocHN @
| B 4A MS (750 mg/mmol) Z
P HO" "~ “OH o |
N THF, 40-100°C SN
2.75
2.77 2.74 2.84 = SIPreHCI
Ni(COD), (10 mol%)
2.84 (10 mol%) Me
Phoi’Ph o Me NaOBu (11 mol%)
“P% TfO K4PO, (2 equiv.)
+
X
fj/\ 4A MS (750 mg/mmol) PPN
N B(OH), THF, 70°C -
2.77 2.85 N
2.86

Scheme 32 - Attempted cross coupling reactions to form phenylpyridines from pyridinephosphonium salt 2.77.

Nucleophilic attack on the P-center of arylphosphonium salt followed by ligand coupling to form
C(sp2)-0, C(sp2)-S and C(sp2)-C bonds was reported by McNally and co-workers.®! They demon-
strated the breadth of the scope with regard to alcoholate and thioalcoholate nucleophilic coupling
partners, however, only two examples were reported with organolithium coupling partners for the
construction of carbon-carbon bonds. We prepared aryllithium intermediate 2.87 and attempted its
addition to 2.77. A variety of solvents, temperatures, addition rates and concentrations were exam-
ined, our results are summarized in Table 3. When the reported procedure was followed and the
temperature was kept under -40 °C we observed minimal conversion and the desired product was
not formed (Table 3, Entry 1 and 2). We detected the formation of 2.74 when highly diluted stock
solutions were used and the temperature was elevated above -10 °C. By following a reverse addition
order at room temperature in high dilution, we could obtain full conversion and the desired product
was isolated in 10% yield (Table 3, Entry 7). However, when reverse addition was used the starting
material was consumed even at lower temperatures, indicating a side reaction which was absent
when the normal addition order was followed (Table 3, Entry 5 and 6). Futher variations of the con-

ditions did not improve the yield of 2.74, therefore we abandoned this synthetic strategy.
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*PPh,OTf
XX
Me P
Me\i/Me
NHBoc tBuLi [2.48 M] O. _OLi 2.77 BocHN
Cr r
Et,0,-10°C, 3 h N | X
2.79
2.87 2.74
Entry# T(°C) Concentration of added solution Addition order Result
1 -78°C 0.1M Normal* no conversion
r
low conversion, product
2 -40°C thenr.t. 0.1M Normal was not deter:)ted
3 -10°C 0.01M Normal traces of 2.74
4 -78°Cthenr.t. 0.01M Reverse, slow traces of 2.74
5 -78°C 0.01M Reverse, slow decomposition
6 -78°C 0.0024 M Reverse, slow decomposition
R , slow, until
7 rt. 0.0024 M everse, siow, untl 10% yield of 2.74

brown color appears
*=add phosphonium salt to organilithium solution

Table 3 - Summary of efforts to couple 2.87 with the phosphonium salt's (2.77) pyridine ligand.

2.2.1.3 Synthetic route C

The potencial rapid access to 2.74 motivated us to attempt the synthesis of the pyridine coupling
partner via deprotonation at the C4 position of pyridine derivatives. First, we attempted the selec-
tive deprotonation of 2.80 with three different bases and quenched the obtained intermediates
with deuterium oxide at cryogenic temperatures. Deprotonation with LDA lead to non-selective
deprotonation on the aromatic ring.5> Treatment of 2.80 with Lochmann-Schlosser base induced the
rapid decomposition of the starting material, perhaps via Chichibabin type oligomerization as it is a
common side reaction in pyridine metalation reactions.®® When 2.80 was treated with boron triflu-
oride-ether complex, to activate the aromatic ring and block the coordinating nitrogen lone pair,

and TMPMgCI, partial deprotonation at the C2 position was observed (Scheme 33).%’

85 Glingér, T.; Marsais, F.; Queguiner, G. J. Organomet. Chem. 1981, 215 (2), 139-150.
%6 Shi, G.; Takagishi, S.; Schlosser, M. Tetrahedron 1994, 50 (4), 1129-1134.
57 Jaric, M.; Haag, B. A.; Unsinn, A.; Karaghiosoff, K.; Knochel, P. Angew. Chem. Int. Ed. 2010, 49 (32), 5451-5455.
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1) Base, -78°C .
S 2)D,0quench D_./ﬁ/\ LDA BuLi - KOtBu BF4*OEt, /| TMPMgCI
£)Pp0quench
N” SN 06 06 11
H H H H
2.80 d-2.80 05 ] By 1 1
S5H | X H decomposition H | X H
Pz H1 Z H1
H” N" H H”°N” H
0.5 0.5 1 0.8

Scheme 33 - Attempts for the selective para-deprotonation of 3-vinylpyridine.

We turned our attention to Knochel’s one-pot metalation-cross coupling sequence for the arylation
of pyridine derivatives.®® Starting from 3-cyanopyridine or ethyl-3-picolinate, we were not able to
isolate the desired compounds in good yield (Equation 6). It is worth to mention, that the quality of
the freshly made TMP-MgCl is essential to effect the metallation step. To this end, we surveyed
different preparation and titration methods and we found that Knochel’s preparative procedure
combined with the reverse Watson-Eastham titration is the best method to obtain high quality TMP-

MgCl solution with accurately determined concentration.®®

1) BF3°OEt,, TMPMg or TMPZn, -40°C

2) ZnCl,
3) Pd(dba),, P(2-furyl)s,
H 2.89, 12 h, rt R2
R! oS et N ! NHR?
N H R1 | |
| _ X '
N | _
N
2.88
R! = CN, COOEt 2.90 R2 = H, Boc, Piv
R'=CN, COOEt 2.89
R2 = H, Boc, Piv

Equation 6 - Survey of substrates for Knochel’s one-pot metalation-cross coupling sequence. Although the meta-
lation of the heterocycles was successful, we were not able to effect the subsequent cross-couling step with 2.89.

2.2.1.4 Synthetic route D

After these initial failures we better understood the reactivity of the pyridine and the aniline com-
pounds and we devised a synthesis that overcomes the weaknesses of the previous routes. On the
one hand, we have already developed a large scale synthesis of boronic acid 2.75. Since it was a
promising substrate for the planned cross coupling reaction we did not modify this part of the syn-
thesis. On the other hand, the synthesis of the pyridine fragment was more problematic. We learned
that 4-halogeno-3-vinylpyridines are notoriously unstable, therefore we wanted to form it in a fast
reaction under mild conditions. We also experienced that the installation of the halogen or metal at

the para position of pyridine is particularly difficult. We hypothesized that starting from a 4-

8 Chen, Q.; du Jourdin, X. M.; Knochel, P. J. Am. Chem. Soc. 2013, 135 (13), 4958-4961.

69 a) Krasovskiy, A.; Krasovskaya, V.; Knochel, P. 2006, 2958-2961. b) Original Watson-Eastham titration: Watson, S. C.;
Eastham, J. F. J. Organomet. Chem. 1967, 9 (1), 165-168. c) Another excellent method we used for titrations: Blumberg,
S.; Martin, S. F. Tetrahedron Lett. 2015, 56 (23), 3674-3678. d) The procedure of the reverse Watson-Eastham titration
was provided by Rockwood Lithium GmbH and is available upon request.
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halogeno pyridine and subsequent installation of the functionality at the 3-position of the aromatic
ring may overcome the instability issues we faced earlier. Meta-deprotonation of 2.91 with LDA,
followed by trapping with DMF and aqueous work-up delivered 2.92. As we knew that the olefina-
tion of the aldehyde function would furnish an unstable product and 2.92 is an excellent electro-
philic substrate for Suzuki-Miyaura coupling, we decided to first form the biaryl intermediate. Under

standard Suzuki-Miyaura coupling conditions we obtained 2.93 in 85% yield in the hemiacetal form.

NHBoc
(HO),B
2.75
Pd(0AG), (2.5 mol%)
0,
cl LDA (2.4 equiv) Cl ipgé“o m;"\/;)
(‘j THF, -78°C, 1.5 h NS 2C03(aq,) [2 M] BocHN OH
-
N©  then add DMF (2.1 equiv) NG DME, reflux, 16 h 7 TOH
80% 85% N/
2.91 2.92
2.93

Scheme 34 - Revised route to phenylpyridine 2.93.

Olefination of 2.93 would deliver the desired phenylpyridine 2.74. To this end, Wittig- and Petasis-
Tebbe olefination proved to be the best methods, however, even in forced conditions, we were not

able to surpass 60% conversion and 50% vyield.

MePPhBr éTi:nM/lz
BocHN OH KHMDS BocHN % (3equiv)  BocHN OH
XX X
| oA toluene | toluene/THF, reflux | OH

7 Z 24 h =

N reflux, 10 h N N

55% conversion 2.74 60% conversion

2.93 40% yield 49% yield 2.93

Scheme 35 - Wittig olefination of 2.93 proved difficult, however, Petasis-Tebbe olefination provided us with a tem-
porary solution.

In order to support the front end of the synthesis the Petasis-Tebbe olefination served as a tempo-
rary solution, but it was evident that a better answer had to be found for this problem. It was logical
to exchange the order of steps: first convert 2.92 to 4-chloro-3-vinylpyridine (2.94) by Wittig ole-
fination and only then perform the Suzuki-Miyaura coupling. Wittig olefination of 2.92 delivered
2.94 smoothly, which was immediately subjected to cross coupling after purification. By applying
standard Suzuki-Miyaura coupling conditions to 2.94 and 2.75 we could not isolate 2.74 in good
yield (Table 4, Entry 1). Part of the reason may be the less electron poor pyridine ring, compared to
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2.92, impeding the oxidative addition of Pd°. The steric hindrance constituted by the two ortho-
substituents of the coupling partners (2.94, 2.75) may hamper the reductive elimination process. Fu
and Buchwald independently developed phosphine ligands that enables the oxidative addition to
electron rich aryl chlorides and allows the coupling of ortho-substituted aromatic rings.”® Their lig-
ands were surveyed for the cross coupling of 2.94 and 2.75 and we found that performing the reac-
tion in the presence of 0.5 mol% Pd.dbas, 1 mol% tri-cyclohexylphosphine and 3 equivalents of po-
tassium fluoride in THF leads to the formation of 2.74 in 80% yield (Table 4, Entry 7). In comparison
with other ligands, we assume that tri-cyclohexylphosphine has the optimal balance between elec-
tronic and steric requirements for the cross coupling. As a strong electron donor and bulky ligand,
it favors the dissociation from palladium to form highly reactive monophosphine complex, which
readily undergoes oxidative addition with 2.94. At the same time, the cyclohexyl unit is not too bulky
to hinder the transmetalation-reductive elimination sequence joining the two ortho-substituted aryl
units. The most electron-rich and sterically hindered ligand, tri-tertbutylphosphine, was also evalu-
ated and fell short in performance compared to PCys (Table 4, Entry 5). At last, the catalyst to ligand
ratio was fine-tuned. We found that when higher ligand-to-metal ratio was used palladium black
formed over prolonged reaction times, whereas when only a slight excess of ligand was used the

system remained stable and delivered the product in good yield (Table 4, Entry 7).

NHBoc

(HO),B
o
cl ®PPh3Me Br cl 2.75
KOtBu conditions BocHN
XYoo —MmMm™> xR —
| — THF, 0°C, 78% | P XX
N N | P

2.92 2.94

70 3) Littke, A. F.; Dai, C.; Fu, G. C. J. Am. Chem. Soc. 2000, 122 (17), 4020-4028. b) Barder, T. E.; Walker, S. D.; Martinelli,
J. R.; Buchwald, S. L. J. Am. Chem. Soc. 2005, 127 (13), 4685-4696.
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Entry Pd-source (2.5mol%) Ligand (5mol%) Base Solvent Temperature Result
1* Pd(OAc), PPh3 K,CO; DME / H,0 100°C low conversion
2 Pd(OAc), JohnPhos KF EtCN / H,0 (1:1) 100°C 40% conv., 20% yield
3 Pd(OAc), SPhos K;PO, THF/H,0 (4:1) 65°C 72% conv., 41% yield
4 Pd(OAc), CyJohnPhos KF DMSO 60°C 60% conv., 30% yield
5 Pd,dba; PtBus KF THF 60°C 70% conv. in 3 days; 50% yield
6 Pd,dba; PCy; KF THF 65°C 82% conv., 60% yield
7** Pd,dba; PCys KF THF 65°C 100% conv., 80% yield

* =10 mol% ligand ** = 0.5 mol% Pd,dbas; 1.2 mol% PCy;

Table 4 - Optimization summary of the Suzuki-Miyaura cross-coupling reaction.

It is worth to mention that with our method, 2.94 can be obtained from 4-chloropyridine in 62%
overall yield, which is a significant improvement compared to the best reported yield (21%) in the
literature.®® With this efficient and scalable route to 2.74 in hand, we proceeded to the second phase
of the total synthesis., i.e. the preparation of 1,2-dihydropyridines and their examination as sub-
strates for the Diels-Alder cycloaddition will be detailed in the following two sections.
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2.2.2 Synthesis of 1,2-dihydropyridine derivatives and the investigation of the intermo-
lecular Diels-Alder cycloadditon

2.2.2.1 Synthesis of 1,2-dihydropyridines

The first synthesis of a dihydropyridine was reported by Hantzsch in 1882, but the surge of interest
in the scaffold waited until the isolation of NADH and the discovery of its biological role in oxidation-
reduction reactions.’”! From the five theoretically possible isomers of dihydropyridine, the 1,2- and
the 1,4- structures are the most prevalent in the literature with an emphasis on the latter. They can
be synthesized “bottom-up” from smaller molecules or “top-down” by reducing pyridine deriva-
tives.”? It is difficult to summarize the promiscuous reactivity and selectivity patterns in the reduc-

tion of activated pyridines, but there are five major factors observed by us and others:

1. 1-electron and 2-electron reduction process give 1,4- and 1,2-reduction, respectively.

2. Hard nucleophiles prefer to attack the C2 position, whereas soft nucleophiles attack the C4
position of the pyridine ring.

3. N-acylpyridinium and N-carbamoylpyridinium salts are equally reactive, a large activating
group may prevent reaction at the C2 position.

4. Bulky nucleophiles and reducing agents preferentially give 1,4-reduction product.

5. Pre-existing substituents on the pyridine can alter the site of attack and the substituent’s

electronic effects typically outweight sterical considerations.

With this information in mind we focused on hard, hydridic reducting agents and compact activating
groups. Therefore we examined the methods disclosed by Fowler and Sundberg, using methyl chlo-
roformate as activating agent.”>’* When sodium borohydride or lithium borohydride was used we
obtained 2.95 as a single product (Table 5, Entry 1 and 2). Lithium tri-tertbutoxyaluminum hydride
gave low conversion and the 1,4-reduction product (2.96) was preferentially formed (Table 5, Entry
3). The latter compound proved to be too air sensitive for isolation, therefore it was assigned relying
on the benchmark NMR values published by Sundberg.”* In our hands, the conditions shown in Table
5, Entry 1 were reproducible, however, performing the reaction on gram scale was problematic.

Solubility issues and a tendency for runaways were the main obstacles in obtaining 2.95 in good

" Hantzsch, A. Justus Liebigs Ann. Chem. 1882, 14, 1058

72 Bull, J. A.; Mousseau, J. J.; Pelletier, G.; Charette, A. B. Chem. Rev. 2012, 112 (5), 2642-2713.
73 Fowler, F. W. J. Org. Chem. 1972, 37 (9), 1321-1323.

74 Sundberg, R. J.; Hamilton, G.; Trindle, C. J. Org. Chem. 1986, 51 (19), 3672—3679.
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yield. We found that adding chloroform as a co-solvent eliminates the solubility issue, but also prop-
agates the formation of the 2.96. Minimizing the amount of chloroform and by designing an air-free

work-up protocol, we were able to obtain gram quantities of 2.95 in a reproducible manner.

reductant

BocHN CICOOMe BocHN
-, X
XX solvent, -78°C | H
| — N H
N O)\OMe
2.74
2.95 2.96
Entry Reductant Solvent / T(°C) Yield of 2.95 Yield of 2.96
1 NaBH, MeOH / THF, -78 °C 75% -
2 LiBH, MeOH / THF, -78 °C 70% -
3 Li(OtBu);AIH MeOH / THF, -78 °C traces 30%
4 NaBH, MeOH / CHCI5(1:1), -78°C 60% 13%
5° NaBH, MeOH / EtOAc (1:1), -78 °C 45% 18%
6 NaBH, MeOH / CHC|3/ Et,0 (4:1:1), -78 °C 85% 4%
a = reactions performed on atleast 500 mg scale

Table 5 - Summary of the development of a scalable synthesis of 1,2-dihydropyridines.

In the literature, Diels-Alder cycloaddition between N-carbamoyl-1,2-dihydropyridines and dieno-
philes is well documented, but an important drawback is that generally the reaction requires high
temperatures and gives moderate to good yields.”> To overcome this potential limitation we desired
to prepare N-alkyl-1,2-dihydropyridines, highly electron rich dienes. These compounds are scarcely
represented in the literature, perhaps due to their notoriously air-sensitive and reactive nature. To
this end, we based our initial study on the work of Fowler, who was able to isolate N-methyl-1,2-
dihydropyridine by reducing N-carbamoyl-1,2-dihydropyridine with LiAlH4.”® After multiple at-
tempts, by varying the solvent, temperature and mode of addition we were not able to observe the
formation of 2.97 or 2.98 (Equation 7).

75 Krow, G. R.; Huang, Q.; Szczepanski, S. W.; Hausheer, F. H.; Carroll, P. J.; V, T. U.; Pennsyl, V. J. Org. Chem. 2007, 72,
3458-3466.
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NHBoc . .Me
LiAIH, NHBoc N

NN —— H

| H AN or AN
NS LT, |

41\ ’\ul H ’\ul

0~ ~OMe CHj CHg
2.95 2.97 2.98

Equation 7 - Our attempts to convert 2.95 to N-alkyl-1,2-dihydropyridines was unsuccessful following Fowler's
method.
We revised our strategy and decided to activate the pyridine by N-methylation and attempt the
selective 1,2-reduction of the obtained pyridinium salt. We examined reported activation conditions
with methyl iodide, methyl triflate and Meerwein’s salt at various temperatures, eventually the lat-
ter reagent dissolved in DCM at 0 °C successfully transformed 2.74 to the pyridinium salt 2.99.76 We
reduced 2.99 to the corresponding 1,2-dihydropyridine 2.97 in excellent yield and purity, by apply-
ing Kutney’s reduction method in basic media.”” The key to success was the rigorously inert condi-

tion combined with an elaborate air-free work-up procedure developed by us.

. NaBH,
Me;O BF, NHBoc NaOH,q_ [2.1M], Et,0, MeOH NHBoc
NHBoc :
o XX BF NN
| r X DCM, 0°C | 4 rt., 5 min | H
—

N quant. ol 90% ’\|l H

CHg CHg
2.74 2.99 2.97

Scheme 36 - The conversion of 2.74 to the highly reactive 2.97 in two steps in 90% yield. The key to success in the
reduction process was the rigorous exclusion of air and the development of an inert work-up procedure.

2.2.2.2 The intermolecular Diels-Alder cycloaddition

There were multiple possibilities to effect the desired Diels-Alder cycloaddition and these options
are schematically presented on Scheme 37. In order to obtain the correct adduct, the ideal dieno-
phile would be an electron deficient cis alkene (2.104) which undergoes polarity matched, endo
cycloaddition. Alternatively, trans-alkenes (2.101) are an amenable option, if polarity matched, exo
cycloaddition is effected and the stereocenter bearing the wrong configuration in the product
(2.102) is epimerized at a later stage. In this work we did not pursue the latter option, but we kept

in mind the concept while analyzing our reactions. As a third alternative, ynals (2.105) can also be

76 a) Roelens, S. J. Am. Chem. Soc. 1998, 120 (48), 12443-12452. b) Fraser, P. J.; Roper, W. R.; Stone, F. G. A. J. Chem.
Soc. Dalt. Trans. 1974, No. 7, 760.

77 Kutney, J. P.; Badger, R. A.; Cullen, W. R.; Greenhouse, R.; Noda, M.; Ridaura-Sanz, V. E.; So, Y. H.; Zanarotti, A.; Worth,
B. R. Can. J. Chem. 1979, 57 (3), 300-303.
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used as dienophiles in the planned cycloaddition, as the formed bicyclic enone (2.106) can be regi-
oselectively reduced to the desired product (Scheme 37).

3
RWO 2.102 H epimerization at C16
2.101 polarity matched,
exo addition
WO
NHR! R3
2.104
X
N polarity matched, endo addition
N
R2
2.100
XN regioselective
R3 4 o NHI? \ reduction
2.105 O RS R3
Y
O
2.106

Scheme 37 - Analysis of the possible scenarios in the Diels-Alder cycloaddition.

The cyclic dienophile 2.109, reported by Tsuji, was prepared in two steps starting from d-valerolac-
tone (2.107).78 The linear Z-dienophile (2.114), reported by Jacobi, was prepared in four steps from

homopropargyl alcohol (Scheme 38).7°

78 Minami, |.; Takahashi, K.; Shimizu, I.; Kimura, T.; Tsuiji, J. Tetrahedron 1986, 42 (11), 2971-2977.
79 Jacobi, P. A.; Brielmann, H. L.; Cann, R. O. J. Org. Chem. 1994, 59 (18), 5305-5316.
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OTMS
2 LDA, THF, -78°C Pd(OAC), (10 mol%)
é) TMSCI Z>0 methylallylcarbonate (2 equiv)
_—
dry QW;‘);'('UP MeCN, reflux, 3 h
° o,
2107 2108 94%
TBSO
TBSCI
HO TEA, DCM TBSO BulLi, H,CO

— gz
7

= 0°C = THF

0,
91% -78°C tor.t. OH
2.110 2111 2.112
TBSO
H, / Lindlar cat. = OTBS
FZ
HO
OH 2112 2.113

Scheme 38 - Synthesis of the dienophile partners 2.109 and 2.115

With 2.109 and 2.114 in hand, we attempted the cycloaddition under thermal-, Lewis acid- and
Brgnsted acid-catalysed conditions. We screened thermal conditions from 18 °C up to 175 °Cin a
broad range of degassed solvents, but all we could observe was lack of reactivity or slow decompo-
sition of 2.95. The Lewis- and Brgnsted-acids were in part chosen based on previous reports and the
following selection was surveyed: MgCl,, MgBr,, Mg(OTf),, AlCls, TEN[ Al(Me)Cl] 2, AlEt,Cl, Al(OTf)3,
Sc(OTf) 3, TiCla, TiOiPra, FeBry, FeCls, NiBr2, Ni(OTf)2, ZnClz, ZnBry, Zn(OTf),, GaCls, Ga(OTf)s, Y(OTf)3,
ZrCl4, InBrs, SnCl4, Sn(NTf2)s, La(OTf)s, CeCls, Ce(OTf)3, Yb(OTf)3, Lu(OTf)s, Hf(OTf)4, Bi(OTf)s, tri-
fluoroacetic acid, triflic acid, dry hydrochloric acid, triflimide, triflamide, camphorsulfonic acid, PTSA,
3,5-dinitrobenzoic acid, chiral phosphoric acids 2.117, 2.118 and finally chiral phosphoramide
2.119.8° These catalysts were screened at 10 mol% loading, in degassed DCE, toluene and xylene,
between 18 °C and 80 °C. If we observed conversion at 18 °C we attempted the reaction at cryogenic
temperatures. If we observed partial or low conversion at 80°C, we elevated the temperature until
a reaction took place. Following this protocol, we screened the above-mentioned catalysts, how-

ever, we could not isolate adducts of 2.95 with the dienophiles (Scheme 39).

80 3) Krow, G. R.; Huang, Q.; Szczepanski, S. W.; Hausheer, F. H.; Carroll, P. J.; V, T. U.; Pennsyl, V. J. Org. Chem. 2007, 72,
3458-3466.; b) Nicolaou, K. C.; Snyder, S. A.; Montagnon, T.; Vassilikogiannakis, G. Angew. Chem. Int. Ed. 2002, 41 (10),
1668-1698.. c) Yanai, H.; Takahashi, A.; Taguchi, T. Tetrahedron 2007, 63 (49), 12149-12159.; d) Saito, A.; Ito, H.;
Taguchi, T. Org. Lett. 2002, 4 (26), 4619-4621.
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Boc.\ 4y COOMe

thermal conditions,
BocHN 2.109 Bronsted-acids
Lewis-acids

|\ X * or
X i
(0] OMe | H
2.95
TBSO
2.114

2.116 2.116
The surveyed chiral phosphoric acids and phosphoramide:

2.118 2.119

Scheme 39 - The attempted Diels-Alder cycloaddition between 2.95 and dienophiles 2.109 and 2.114 under and ther-
mal and catalytic conditions.

We turned our attention to ynal dienophiles, as they are more reactive than their olefin counter-
parts, furthermore they allow us the use of iminium catalysis, as the isomerization of cis double
bond is not a concern with ynals. We prepared 2.120 by the oxidation of 2.112 with Dess-Martin
periodinane. The preparation of propiolaldehyde (2.122) was much more difficult. The procedure
described in the trustworthy Organic Synthesis journal was not feasible for us, due to the safety
regulation imposed by EPFL on the use of chromium (VI) oxide.8! Preparaton of the needed CrOs;
could have been an option, if the precursors would have not been excessively regulated by the same
body. After all, we attempted the deprotection of commercially available 2.123 under reported con-
ditions, without success — although propiolaldehyde was not isolated, but used in situ in these

cases.®?2 We also tried the oxidation of propargyl alcohol with PDC and modified Swern-conditions,

81 Sauer, J. C. Org. Synth. 1956, 36 (September), 66.
82 3) Dubey, A.; Kandula, S. R. V.; Kumar, P. Synth. Commun. 2008, 38 (5), 746—753.; b) Durand, M. H. Bull. Soc. Chim. Fr.
1961 2387-2392
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reported by Corey and Kumar, respectively.®® In our hands, none of these procedures yielded pro-
piolaldehyde (2.122). Eventually, 2.122 was prepared by iron catalysed aerobic oxidation reported

by Ma.8* The method is economical and reproducible even on larger scales (Scheme 40).

2.112
PDC, Swern oxidation acidic deprotection OJ
X
/\OH /\O /\ N
=z 0
2421 2122
2123
TEMPO
Fe(NO3)3* 9 H,0O
O,, NaCl
X
= oH = Yo
p-xylene, r.t.,, 4 h
2121 2.122

~50% yield
obtained as a 40 w/w% solution in xylenes

Scheme 40 - Preparation of dienophile 2.120 and 2.122.

With ynal 2.120 and 2.122 in hand, we moved on to attempt the Diels-Alder cycloaddition. We
screened non-catalysed conditions between 18 °C and 60 °C in toluene using an excess of the ynals,
but we could not observe the formation of adducts. The Lewis-acids we surveyed included: MgCl,
MgBr,, Mg(OTf),, AlCI3, Al(OTf)s, Sc(OTf)s, TiCls, FeBra, FeCls, NiBra, Ni(OTf) 2, ZnClz, ZnBry, Zn(OTf) 5,
GaCls, Ga(OTf)s, Y(OTf)s, ZrCla, InBrs, SnClas, Sn(NTf,) 4, La(OTf)s, CeCls, Ce(OTf)s, Yb(OTf)s, Lu(OTf)s,
Hf(OTf)s and Bi(OTf)s. These catalysts were screened at 10 mol% loading, in degassed DCE and tolu-
ene, between -20 °C and 60 °C. Following the previously described screening protocol, we could not
isolate adducts of 2.95 and the dienophiles. At this point, we turned our attention to iminium catal-
ysis developed by Macmillan and Nakano and we also tested activated oxazaborolidine catalysts

reported by Corey.?> After the successful preparation of the organocatalysts, following the original

8 a) Corey, E. J.; Schmidt, G. Tetrahedron Lett. 1979, 20 (5), 399-402.; b) Dubey, A.; Kandula, S. R. V.; Kumar, P. Synth.
Commun. 2008, 38 (5), 746—753.

84 Liu, J.; Ma, S. Synth. 2013, 45 (12), 1624-1626.

85 a) Ahrendt, K. A.; Borths, C. J.; MacMillan, D. W. C. J. Am. Chem. Soc. 2000, 122 (17), 4243-4244.; b) Northrup, A. B.;
MacMillan, D. W. C. J. Am. Chem. Soc. 2002, 124 (11), 2458-2460; c) Wilson, R. M.; Jen, W. S.; MacMillan, D. W. C. J.
Am. Chem. Soc. 2005, 127 (33), 11616—-11617; d) Suttibut, C.; Kohari, Y.; Igarashi, K.; Nakano, H.; Hirama, M.; Seki, C.;
Matsuyama, H.; Uwai, K.; Takano, N.; Okuyama, Y.; Osone, K.; Takeshita, M.; Kwon, E. Tetrahedron Lett. 2011, 52 (37),
4745-4748.e) Sakuta, Y.; Kohari, Y.; Hutabarat, N. D. M. R.; Uwai, K.; Kwon, E.; Okuyama, Y.; Seki, C.; Matsuyama, H.;
Takano, N.; Tokiwa, M.; Takeshita, M.; Nakano, H. Heterocycles 2012, 86 (2), 1379-1389.f) Kohari, Y.; Okuyama, Y.;
Kwon, E.; Furuyama, T.; Kobayashi, N.; Otuki, T.; Kumagai, J.; Seki, C.; Uwai, K.; Dai, G.; Iwasa, T.; Nakano, H. J. Org.
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procedues, we examined the Diels-Alder cycloaddition using dihydropyridine 2.95 and ynals 2.120
and 2.122.8>8% Aminoalcohol 2.126, 2.127 correspond to Nakano's first generation- and 2.128 cor-
respond to Nakano’s second generation organocatalysts. These aminoalcohols were developed to
promote enantioselective Diels-Alder cycloaddition between 1,2-dihydropyridines and o, [3-unsatu-
rated aldehydes. Macmillan’s first and second generation organocatalysts (2.129, 2.130, 2.131),
shown on Scheme 41, are benchmark organocatalysts for enantioselective Diels-Alder reaction and
has been featured in several total synthesis.®’” Running the reaction under the originally reported
conditions did not yield product in any case. Increasing the concentration, temperature or catalyst

loading led to the decomposition of the ynal partners (Scheme 41).

Chem. 2014, 79 (20), 9500-9511. g) Corey, E. J.; Shibata, T.; Lee, T. W. 2002, 3808-3809. h) Liu, D.; Canales, E.; Corey, E.
J. J. Am. Chem. Soc. 2007, 129 (6), 1498-1499.

86 Samulis, L.; Tomkinson, N. C. O. Tetrahedron 2011, 67 (23), 4263-4267.

87 a) Jones, S. B.; Simmons, B.; MacMillan, D. W. C. J. Am. Chem. Soc. 2009, 131 (38), 13606—13607. b) Horning, B. D.;
MacMillan, D. W. C. J. Am. Chem. Soc. 2013, 135 (17), 6442—-6445.
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Scheme 41 - The attempted Diels-Alder cycloadditions between 2.95 and ynals were unsuccessful. We believe that
the low electron density in the diene system is the source of low reactivity of 2.95.

After running hundreds of unsuccessful attempts for the cycloaddition of 2.95 and various dieno-
philes, we went back to the drawing board. The main issue was not the mere absence of the desired
product. We were concerned by the low reactivity of 2.95 and the lack of informative feedback from

the many experiments we ran. In other words, the above presented reactions did not produce any
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side products that show informative chemical shifts in NMR analysis of the reaction mixture, there-
fore we could not determine where the side reactions lead in the rare case when 2.95 reacted at all.
Having said that, the path to be followed was clear. The reactivity of 2.95 had to be increased in
order to better understand its chemistry and subsequently find conditions that deliver the cycload-
duct. Accordingly, we prepared the electron rich diene 2.97 (described in Section 2.2.2.1), which not
only proved to be more reactive, but also challenged my practical skills during the preparation and
the following test reactions. When a,-unsaturated aldehyde 2.114 and lactone 2.109 were tested
under thermal-, Lewis acid- and Brgnsted-acid-catalysed conditions we observed the rapid decom-
position of 2.97 or the isomerisation of the enone double bond to the E-configuration. No adduct
was formed in either case. When we surveyed ynal 2.120 and 2.122 as dienophile partners in similar
conditions, vigorous reaction leading to decomposition was observed. Out of the frying pan into the
fire, now the diene partner 2.97 had too high reactivity, preventing us from drawing conclusions
from the experiments. Nevertheless, we still had hope in the organocatalysts developed by Macmil-
lan and Nakano. Eventually we gained control on the reactivity and when catalytic amount of 2.131
was used at -78 °C in toluene, we observed the formation of the Michael-adduct 2.135 which was
isolated in 23% vyield. Similarly, we were able to catalyse the reaction between 2.97 and 2.122, how-
ever in this case the formed product was too sensitive for isolation and the structure was postulated

from the crude mixture (Scheme 42).

(e}
R NHBoc | I
° NHB:
NHBoc 2.131 (20 mol%), toluene O OTBS | oc
heh ' // m TBSO X
| -78 °C to 40 °C over 24 hours |

N 4 N VH
i H OTBS o Ny
€t . CH,

2.120 not isolated
297 2.134 23% yield

2135

NHBoc | C|> Qo
e, /
NHBoc Q2131 (20 mol%) O H | NHBoG P e

h ~ ' / - A X HN\/N\
| H ~ Et,0, -50°C ) ) 5

N =

H S y

CHy 2.122 b AN

2.97 not isolated 2131
? 2.136 observed by NMR

2.137

Scheme 42 - Under iminium catalysis the 1,2-dihydropyridine 2.97 acted as an enamine nucleophile and delivered a

Michael adduct with 2.120 and 2.122.

On the one hand, we were glad to have isolated a meaningful product after several months of effort;
on the other hand, the structure of 2.135 and 2.137 suggested that Diels-Alder cycloaddition be-

tween the desired carbon atoms is not likely to occur with these substrates. This result promted us
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to devise a new strategy featuring an intramolecular cycloaddition, where such side reaction could

be prevented by appropriate design.

2.2.3 The intramolecular Diels-Alder cycloadditon

After the failure with the intermolecular Diels-Alder strategy, we planned to tether the diene and
dienophile together, thereby disabling the non-productive Michael addition witnessed in the Sec-

tion 2.2.2.2. Our retrosynthetic plan is delineated on Scheme 43.

Diels-Alder BocHN O  Michael NHBoc
N Me cycloaddltlon oc addltlon
o |
N o ~ Ny
NH Boc \

N OMe
MeO 3
O
o
21 L —
38 2.139
2x anti-Bredt double bond
2.140
(e}
BocHN
BocHN oc // + ")LOE'[
B(OH), +'|\f
N
2.143 2.144 2.145

2.146
2141 2.142

Scheme 43 — Revised synthetic strategy toward koumine, featuring and intramolecular Diels-Alder cycloaddition.

2.2.3.1 Synthesis of tetherable 1,2-dihydropyridines

Having 2.74 in hand, we originally planned to execute a simple hydroboration-oxidation of the dou-
ble bond, thereby temporarily masking the vinyl moiety as a tether for the attachment of the dieno-
phile. We surveyed borane-DMS, borane-THF, borane-trimethylamine, catecholborane and 9-BBN
for the hydroboration reaction. We found that reacting 2.74 with 9-BBN followed by oxidation with
hydrogen peroxide lead to the desired product 2.141. However, we faced reproducibility issues on
larger scale and more importantly we were not able to identify conditions for the purification of
alcohol 2.141. Despite all our efforts, we could not continue the synthesis with the obtained mixture

and had to find another route to access 2.141 (Equation 8).
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1) 9-BBN, THF, reflux “

NHBoc ~ 2)NaOH/H0, NHBoc m
HO +
= A X

| _ inseparable
N N impurity

2.74 2141

Equation 8 - Hydroboration of 2.74 delivered the desired alcohol, however the difficult purification procedure led us
to abandon this route of accessing 2.141.

In order to access 2.141 the alcohol tether can also be installed prior to the formation of phenylpyr-
idine 2.74. Knowing that 2.94 is notoriously difficult to handle, we ruled out its hydroboration as an
option. We synthesized 2.148 by the homologation of 2.92 in 2 steps. Benzoyl protection of the
alcohol 2.148 and Suzuki coupling delivered the desired phenylpyridine intermediate 2.150. Basic
hydrolysis of the benzoyl ester delivered 2.151 quantitatively. Applying our previously developed
method for the selective 1,2-reduction of activated pyridines we obtained 2.152 in 40% yield
(Scheme 44).

TFA-DCM, then

Cl + -
Ph3|<POtCBH2?\|ﬁ ° i OMe NaBH,, MeOH, 0°C i OH
~ 0,
N 85% N” 6% N
2.92 2.147 2.148

2.75 (1.5 equiv)

BzClI (1.05 equiv) Pd,dbas (6 mol%)
i TEA (2.9 equiv) cl PCyj3 (6.2 mol%)
o DMAP (20 mol%) o5 KF (3.3 equiv) BocHN
A AN Z
| | . N 0Bz
N7 DCM, rt. NG THF, 80°C |
98% 55% N
2.148 2.149
2.150
BocHN
BocHN KOH BocHN NaBH,4, CICOOMe oH
- 45
N OBz N OH | N
H,0, MeOH, r.t. MeOH:CHCI3:Et,0 (4:1:1) N H
“ quant = -78°C tor.t. to 40°C H
N N 40% O)\OMe
2.150 2.151
2.152

Scheme 44 - Synthetic sequence leading to 2.152. The obtained diene is now equipped with a tether which will be
used for linking the dienophile partner. The tether also functions as the masked vinly group of the natural product.
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2.2.3.2 Preparation of the tethered diene-dienophile Diels-Alder precursors

Our next task was the preparation of the dienophiles and their subsequent attachment to 2.152. To
this end, we set 2.153, 2.154 and 2.155 as target compounds (Scheme 45).

Structure of the target molecules

HO.__O HO. O
o}
|
| T)? veo.
o
OPG o

2153 2.154 2.155

Scheme 45 - Structure of the targeted dienophiles, equipped with an attachment point for their tethering to 2.152.

2.156 was prepared according to the protocol disclosed by Fu and co-workers .28 2.156 was obtained
alongside an inseparable allene side-product, which was carried on, as it did not interfere with the
following transformations. The obtained alkyne was converted to the corresponding cis-alkene via
hydrogenation with Lindlar catalyst. The partial hydrogenation was not an obvious transformation
and in the single successful condition we found, the desired product 2.158 readily lactonized to
2.159 upon concentration. The attempted hydrolysis of 2.159 lead to non-desired alkene isomeri-

zation to form the thermodynamically stable 2.160 (Scheme 46).

cull
R " > COOEt COOEt
Z oH (P cookt / K/\
N MeCN, rt., 16 h
2.145 2.146 OH OH
70% 8%
2.156 2.157
EtO__0O
o o)
H,, Pd/CaCO;(1.5 mol%) A
= % OEt + Ij + NOB
EtOH 0”0
o HO HO
2.156 50% 40% 5%
2.158 2.159 2.160

Scheme 46 - Synthetic effort toward our first targeted dienophile 2.153. Disappointingly, spontaneous lactonizations
of 2.158 prevented us from moving forward to 2.153.

88 Suarez, A.; Fu, G. C. Angew. Chem. Int. Ed. 2004, 43 (27), 3580-3582.
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Although the result was discouraging, we devised another plan to access 2.154 and 2.155. Hydrolysis
of 2.161 to glutaconic acid (2.162), followed by treatment with boiling acetic anhydride and subse-
quent methanolysis delivered 2.163.%° Although the obtained monoester was utilized earlier by sev-
eral research groups, none of them could assign the exact position of the double bond. Since it was
of decisive importance to us, we analysed the product by single crystal X-ray diffraction and found
that the double bond is in conjugation with the carboxylic acid function. For our purposes, this result
meant that the obtained compound had the double bond at the wrong position, as we could not
directly couple it to 2.152 (Scheme 47).

MeOOC/E
W HOOC
Ac,0, 150°C o 20%

OY\/\H/OMe NaOH / H,0, r.t. O OH 25 min N 2.163
—_—  m O
OMe (o] 82% OH o]

o) sublimation
2.161 2.162 \ o
crude mixture ﬁ
(¢}

_CH 5
o} 3 P
j\/(g 0 = R§ "=
HO™

2.163 g

Scheme 47 - Synthesis of the cyclic unsaturated anhydride 2.154 and their methanolysis to afford 2.163.

From another point of view, the X-ray crystallographic analysis proved that the nucleophilic attack
of an alcohol selectively occurs at the saturated side of 2.154, meaning that if we use alcohol 2.152
we could, in principle, directly attach the diene and dienophile. We were able to isolate 2.154 as a
white crystalline solid via sublimation from the crude reaction mixture. With the anhydride 2.154
and alcohols 2.152, 2.151 in hand, we attempted their linking under various conditions. Initially,
thermal conditions were tested without success. We observed the rapid decomposition of the an-
hydride when 2.151 was used as substrate or the reaction was run in the presence of a catalytic
amount of 4-dimethylaminopyridine. Control experiments showed that pyridine alone catalyses the
decomposition of 2.154, therefore we converted 2.151 to its hydrochloride salt before submitting
it to the reaction conditions. Trauner et al. reported the selective opening of a similar cyclic anhy-

dride using HOBt as activating agent, however, in their protocol the alcohol partner was used in

8 Briggs, S. P.; Davies, D. I.; Newton, R. F.; Reynolds, D. P. J. Chem. Soc., Perkin Trans. 1 1981, 146—149.
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large excess. To our dismay, the use of HOBt or HOAt as activators yielded no product (Table 6, Entry

4 and 5).%°
BocHN © ©
(NN X
O)\OMe °

BocHN

(0]
2.154
2.164
conditions
or —_— X or
o0
BocHN BocHN
| X OH | N \
N” -« Hel N
* HCI 0
2.151 « HCI
2.165
Entry Anhydride 2.154 Catalyst Temperature Conversion
1 2 equiv - r.t. to 100°C 0%

2 10 equiv - r.t. to 100°C 0%
3 2-50 equiv DMAP 5% r.t. to 50°C 0%
4 10-50 equiv. HOAt (5-200 mol%) -20°Cto 50 °C 0%
5 10-50 equiv. HOBt (5-200 mol%) -20°Cto 50 °C 0%

Table 6 - Summary of our attempts to acylate 2.152 with 2.154.

Although our efforts to acylate 2.152 and 2.151-HCI with 2.154 in thermal and catalytic conditions
proved futile, we believed that increasing the nucleophilicity of the hydroxyl group of the dienes
may be a solution to this problem. Treatment of 2.151 with sodium hydride and subsequent addition

of 2.154 surprisingly did not result in product formation nor in observable conversion (Equation 9).

% Terwilliger, D. W.; Trauner, D. J. Am. Chem. Soc. 2018, 140 (8), 2748-2751.

95



Chapter 2 - Synthetic Studies Toward the Total Synthesis of Koumine

1) NaH 0.0
BocHN 2)2.154, -78 °C to 50° BocHN
X OH A \
| 2 Meo
N7 N
2.151 2.165

Equation 9 - Formation of the alcoholate of 2.151, followed by treatment with anhydride 2.154 did not result in acyl-
ation to our surprise.

We suspected that the methylene group of 2.154 bears significant acidity, and it may be deproto-
nated by the alcoholate and exist as the enolate form in the reaction conditions. To test our hypoth-
esis, we dissolved 2.154 in methanol-ds and monitored the solution by NMR spectroscopy. Indeed,
the methylene protons fully exchanged with deuterium in the course of hours at neutral pH, proving

that the aciditiy of these protons falls in the range of the pKa of methanol.

Finally, we designed a sequence starting form 2.163 to attempt “switching” between the ester and
carboxylic acid functionality. 2.163 was treated with alkylating agent 2.166 in the precence of cata-
lytic amount of boron trifluoride — ether complex to furnish 2.167. Attempts to selectively hydrolyse
the methyl ester 2.167 resulted in the isomerization of the double bond to its E-configuration, which

rendered the molecule useless for us (Scheme 48).

O+_OMe ) o o)
O OMe Cl Cl hydrolysts
I BF30Et, (0.5 mol%) conditions OtBu OtBu
+ _ > +
0" NH |
| on Cy, THF, rt. O Me Z
Me
I Me, 1Me 55% O Me 07 OH 07 OH
2.163 2.166 2.167 2.168 2.169

Scheme 48 - Attempt on the synthesis of tetherable dienophile 2.155.

As it is often the case in organic chemistry, the simplest looking compounds can be the hardest to
make and it appeared to be the case in the synthesis of the dienophile partners. The above described
difficulties related to the tethering process eventually led us to abandon the intramolecular Diels-

Alder strategy.
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2.3 Conclusion

In summary, we developed an efficient and flexible route to functionalized N-carbamoyl-1,2-dihy-
dropyridines and N-alkyl-1,2-dihydropyridines. Our study provides an insight into the underexplored
reactivity of these compounds and the peculiar nature of the intermediates leading to them. Disap-
pointingly, we were not able to effect the key Diels-Alder cycloaddition between the above men-
tioned 1,2-dihydropyridines and o, 3-unsaturated carbonyl compounds. Although our synthetic bat-
tle to conquer the natural product was fruitless, the journey has been an indispensable experience
for my development as a chemist. We hope that this study will help researchers in the future to
avoid the pitfalls we encountered and will serve as an important lesson to those who aspire to syn-

thesize the elusive natural product, koumine.
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Chapter 3 Towards the Total Synthesis of
Voacafricine A and Voacafricine B

3.1 Introduction

Voacafricine A (3.1) and voacafricine B (3.2) were isolated in 2018 from the fruits of Voacanga afri-
cana (Apocynaceae), a small tree native to tropical Africa.®! The plant has been a source of a large
number of alkaloids, most of them belonging to the /boga family, such as ibogaine, voacangine,
voacristine and 19-epi-voacristine among others. Voacafricines A and B have unique architecture.
Their 6/5/6/5/6/5 skeleton embedding five heterocycles is unprecedented among natural products.
Moreover, 3.1 and 3.2 exist in zwitterionic form of a carboxylate and a quaternary ammonium moi-
ety. Alkaloids bearing a quaternary ammonium centre are rare in nature, however, many alkaloids
have been transformed to their ammonium salts via N-alkylation and used successfully as catalysts
in enantioselective transformations.’? The total synthesis of quaternary ammonium bearing alka-
loids often exhibit unique challenges and many of them has been in the crosshairs of organic chem-

ists.?3

MeO

B D =
N =
n A
O ol
3.1, R = H, voacafricine A 3.1, R = H, voacafricine A
3.2, R = OH, voacfricine B 3.2, R = OH, voacfricine B

Figure 8 - The structure and numbering of voacafricine A and voacafricine B.

3.1.1 Bioactivity and biosynthesis

The naturally occurring alkaloids bearing quaternerized nitrogen atom often display antibacterial
activity. The extract of plants harboring berberine, chelerythrine and ageloxime D have been used
in traditional and folk medicine for centuries against bacterial infections and other diseases.®* In

Ivory Coast the extracts of Voacanga africana is traditionally used to treat ulcers, carious teeth,

%1 Ding, C. F.; Ma, H. X.; Yang, J.; Qin, X. J.; Njateng, G. S. S.; Yu, H. F.; Wei, X,; Liu, Y. P.; Huang, W. Y.; Yang, Z. F.; Wang,
X. H.; Luo, X. D. Org. Lett. 2018, 20 (9), 2702-2706.

92 Ha, M. W.; Park, H. In Sustainable Catalysis: Without Metals or Other Endangered Elements, Part 2; 2015; 77, 82—134.
9 a) Jarret, M.; Tap, A.; Kouklovsky, C.; Poupon, E.; Evanno, L.; Vincent, G. Angew. Chem. Int. Ed. 2018, 57 (38), 12294—

12298.; b) Li, G.; Xie, X.; Zu, L. Angew. Chem. Int. Ed. 2016, 55 (35), 10483-10486.; c) Kalshetti, M. G.; Argade, N. P. ACS
Omega 2018, 3 (5), 5308-5316. ; d) Yu, F.; Cheng, B.; Zhai, H. Org. Lett. 2011, 13 (21), 57825783
% Tang, J.; Feng, Y.; Tsao, S.; Wang, N.; Curtain, R.; Wang, Y. J. Ethnopharmacol. 2009, 126 (1), 5-17.
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diarrhea, microbial infection and the extracts of the seeds are used to cure gonorrhea and tooth
decay in Cameroon.®>?® Most medical applications of the plant is related to its antimicrobial activ-
ity.%” The natural abundance of voacafricines is fairly low. Luo and co-workers could isolate 105 mg
of 3.1 and 7.5 mg of 3.2 starting from 3 kg of dried and powdered fruit of Voacanga africana. The
authors tested these compounds against four bacterial strains: Staphylococcus aureus, Escherichia
coli, Salmonella typhi and Bacillus subtilis. In comparison with two known, naturally occuring anti-
microbial agent, berberine and fibrauretine, 3.1 and 3.2 showed higher activity against Staphylococ-
cus aureus with a minimum inhibitory concentration (MIC) of 3.12 ug/mL. Moreover, 3.2 efficiently

suppressed the growth of Salmonella typhi at a MIC value of 078 ug/mL (Table 7).

Sample Staphylococcus aureus Escherichia coli Salmonella typhi Bacillus subtilis
3.1 3.12 >100 6.25 25
3.2 3.12 50 0.78 50
berberine 6.25 25 3.12 12.5
fibrauretine 25 25 3.12 25

Table 7 - Antibiotic activity of voacadfricine A and voacafricine B against various bacterial strains. Comparison with
berberine and fibrauretine highlights the potency of voacafricine alkaloids against S. aureus and S. typhi.

The common biogenetic precursor of voacafricine A and B (3.1, 3.2) is believed to be 19-epi-voac-
ristine (3.3), which is the major alkaloid of Voacanga africana.”>?8 3.3 undergoes dehydration to
forge a C-C double bond between C19 and C20 atoms. Hydration of the alkene moiety and oxidation
at the C18 position delivers the hypothetical intermediate 3.5. Indole-assisted cleavage of the C16-
C21 bond and subsequent trapping of the conjugated iminium cation by the N4 atom furnishes 3.7.
Epoxidation of the enamine double bond, followed by cycloetherification constructs the F ring of
the natural products. Saponification of the ester moiety of 3.9 delivers 3.2, which undergoes reduc-
tion at the C20 position to furnish 3.1 (Scheme 49).

% Bouquet, A., Debray, M., Office de la Recherche Scientifique et Technique d’Outre Mer (ORSTOM) 1974, (165), 11.

% Adjanohoun, J.E., Aboubakar, N., Dramane, K., Ebot, M.E., Ekpere, J.A., Enow-Orock, E.G., Focho, D., Gbile, Z.0., Ka-
manyi, A., Kamsu-Kom, J., Keita, A., Mbenkum, T., Mbi, C.N., Mbiele, A.L., Mbome, L.L., Mubiru, N.K., Nancy, W.L.,
Nkongmeneck, B., Satabie, B., Sofowora, A., Tamze, V., Wirmum, C.K.,. Traditional Medicine and Pharmacopoeia: Con-
tribution to Ethnobotanical and Floristic Studies in Cameroon. Organization of African Unity Scientific, Technical and
Research Commission. Centre Nationale de Production de Manuels Scolaires, Porto-Novo, 1996, pp. 63.

97 a) Glick, S. D.; Gallagher, C. A.; Hough, L. B.; Rossman, K. L.; Maisonneuve, |. M. Brain Res. 1992, 588, 173-176. (b)
Popik, P.; Layer, R. T.; Skolnick, P. Pharmacol Rev. 1995, 47, 235-253.

%8 Perera, P.; Samuelsson, G.; van Beek, T. A.; Verpoorte, R. Planta Med. 1983, 47, 148-150.
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Scheme 49 - The proposed biosynthetic pathway to voacafricine A and voacafricine B.

3.1.2 Retrosynthetic plan

When we embarked on the total synthesis of voacafricine A and B, we desired to build a strategy
that would allow us to access both alkaloids (3.1, 3.2) from a common intermediate. Such strategy
would be ideal if it allows enantioselective synthesis and avoids the handling of highly polar quater-
nary ammonium intermediates. Along these lines, we devised the following plan. In a retrosynthetic
sense, the C3-N4 bond of the natural products is broken first, eliminating the issues related to the
handling of charged intermediates. The F ring of the alkaloids can be constructed from a 7-mem-
bered a-ketolactam (3.12). Key compound 3.12 is the common intermediate towards voacafricine
A and voacafricine B and it can be synthesised from 3.13 via opening of the enamine ring with a
suitable nucleophilic reagent, followed by lactamization between C21 and N4. The synthesis of op-
tically active 3.13 can be performed via enantioselective Pictet-Spengler reaction between 5-meth-
oxytryptamine and 3.15, followed by in situ condensation. As the two carbonyl groups of 3.15 are
prochiral, successful desymmetrization of the molecule would result in the correct installation of
two stereocenters into 3.13. The C2-symmetric diketone can be accessed in one step from inexpen-

sive chemicals, according to Tanaka and co-workers (Scheme 50).%°

% Chouthaiwale, P. V.; Tanaka, F. Chem. Commun. 2014, 50 (94), 14881-14884.
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Scheme 50 - Retrosynthetic analysis of the Voacafricine alkaloids.
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3.2 Results and Discussion

This section is divided into three parts, in accordance with the synthetic strategy delineated on
Scheme 50. In section 3.2.1, the route until the key a-ketolactam intermediate 3.12 is described.
There, the emphasis is on the Pictet-Spengler reaction and the liberation of the a-keto moiety of
the key intermediate 3.12. The following two sections detail the routes toward the two voacafricine

alkaloids starting from o-ketolactam 3.12.

3.2.1 Route to the key intermediate

3.2.1.1 Initial phase: cascade cyclization via Pictet-Spengler reaction

According to the synthetic plan shown in section 3.1.2, we began the project with the synthesis of
diketone 3.15. Building on Tanaka’s reported procedure for the construction of dihydropyrans from
secondary aldehydes and pyruvate esters, we set compound 3.20 and 3.24 as our first targets.”®
Following Brindle’s method we prepared aldehyde 3.18 and submitted it to Tanaka’s conditions us-
ing ethyl pyruvate as reaction partner.!®® We could not isolate the desired product (3.20), but the
self condensation products of 3.19 (3.21, 3.22). We hypothesized that a-unsubstituted aldehydes
may not be suitable for this transformation due to their low steric bulk around their carbonyl group,
hence having a higher propensity to condense with the catalyst and rest in their corresponding
enamine form. To address this issue, we prepared the analogue of 3.18 with the large tert-butyldi-
phenylsilyl O-protecting group (3.23), according to Reisman and Matsuoka.'%%192 The obtained
bulky, primary aldehyde 3.23, was submitted to Tanaka’s conditions using ethyl pyruvate as reac-
tant. Self-condensation products of 3.19 accounted for the majority of the isolated mass, however
the desired diketone (3.24) was also isolated in 14% vyield. The linear and cyclic forms of 3.24 were
in rapid equilibrium and their co-existence compromised their accurate assignment by NMR spec-
troscopy, but mass spectrometric analysis confirmed their identity (Scheme 51 ). Due to the ineffi-
cient synthesis of 3.24 and its cumbersome analysis we decided to switch to a-branched aldehydes

as substrates for the construction of the desired diketone.

100 Boucher, M. M.; Furigay, M. H.; Quach, P. K.; Brindle, C. S. Org. Process Res. Dev. 2017, 21 (9), 1394-1403.

101 poremba, K. E.; Kadunce, N. T.; Suzuki, N.; Cherney, A. H.; Reisman, S. E. J. Am. Chem. Soc. 2017, 139 (16), 5684—
5687.

102 | ethu, S.; Ano, H.; Murata, M.; Matsuoka, S. European J. Org. Chem. 2018, 2018 (2), 235-239.
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Scheme 51 - - Initial attempts for the synthesis of diketone 3.20 and 3.24 from primary aldehydes.

To our delight, when commercially available 2,2-dimethoxyacetaldehyde (3.25) was reacted with

3.19 in the presence of catalytic amount of (S)-B-proline, the desired dihydropyran was obtained in
85% vyield (Equation 10).

MeO OMe
MeO._-OMe
MeO.__OMe o (S)-p-Pro (6 mol%) | oH — \/OMO\/

IR N . o e
X0 MeCN, rt., ~72 h o o o)

o 85% (o) o]
1 equiv. 3 equiv. Mr
3.25 3.19 ® 326 3.26

Equation 10 - Successful synthesis of the diketone equivalent dihydropyrone 3.26 from 2,2-dimethoxyacetaldehyde
and ethyl pyruvate.

With the diketone equivalent 3.26 in hand, we moved forward to the Pictet-Spengler cyclization
between 3.26 and 5-methoxytryptamine (3.14). As a starting point, we tested conditions for the
Pictet-Spengler reaction developed in our lab and conditions reported by others for similar cycliza-
tions (

Table 8).103104 The condition developed in our laboratory, shown in Table 8, Entry 1, provided 3.28

in similar efficiency to Jacobsen’s conditions (

103 3) Piemontesi, C.; Wang, Q.; Zhu, J. J. Am. Chem. Soc. 2016, 138 (35), 11148-11151.; b) Piemontesi, C. Alkaloids ,
Macrocycles and Heterocycles : Interplay between Methodological Development and Total Synthesis, Ecole Polytech-
nique Federale de Lausanne, 2018.

104 3) Klausen, R. S.; Kennedy, C. R.; Hyde, A. M.; Jacobsen, E. N. J. Am. Chem. Soc. 2017, 139, 12299-12309. b) Magnus,
P.; Gazzard, L.; Hobson, L.; Payne, A. H.; Rainey, T. J.; Westlund, N.; Lynch, V. Tetrahedron 2002, 58 (17), 3423-3443.; c)
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Table 8, Entry 2). Furthermore, we measured 10% enantiomeric excess in the product, which was a
promising preliminary result. The Pictet-Spengler reaction resulted mainly in the formation of the

anti-diastereoisomer, when the starting materials were refluxed in hexafluoroisopropanol (

Table 8, Entry 5). In order to elucidate the relative stereochemistry of 3.27 and 3.28 we conducted
'H-H nuclear Overhauser effect spectroscopical measurements. Unfortunately, the observed NOE
effects could not allow us to distinguish these two diastereomers. Eventually, their relative config-

uration was established later by analysing the single crystals of 3.43 by X-ray diffraction spectros-

copy.

MeO
NH,
MeO + +
N
N H
: A
3.14 MeO OMe
3.28
Entry Condition Conversion Yield 3.27 Yield 3.28 CF,4
X R Me Me
1 ”I) toluene, MS 4 A, reflux 100% 7% 60% 'Yle \=/ s
ii) 3.29, BzOH, toluene, r.t. N L
2 Bn~ N N CF
2 3.29, BzOH, DCE/toluene, MS 4 A, r.t. 90% 8% 75% n o H H 3
3 AcOH, r.t. to 60 °C - - - 3.29
4 TFA (0.1 equiv), DCM, 33°C 90% traces <20%
5 HFIP, reflux 95% 60% 10%
6 3.14-HCl salt, MeOH, reflux

Table 8 - Evaluation of reported methods for the Pictet-Spengler cyclization.

Of mechanistic importance, we wondered whether 3.27 and 3.28 arose from each other or they are
formed via distinct reaction pathways. If one of the products is the precursor of the other, then the
epimerization can occur via formation of the conjugated enolate of the a,[3-unsaturated ester moi-
ety, alternatively via enamine/iminium tautomerization and followed by ring-opening and subse-

guent transannular cyclization (Scheme 52).

Wang, L.-N.; Shen, S.-L.; Qu, J. RSC Adv. 2014, 4 (58), 30733-30741.; d) Fokas, D.; Wang, Z. Synth. Commun. 2008, 38
(21), 3816-3822.
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Scheme 52 - The two possible epimerization mechanisms between 3.27 and 3.28: a) epimerization via the formation

of an extended enolate; b) transannular ring opening-closing pathway.
To test this possibility, we ran the control experiments shown on Scheme 53. While 3.28 could not
be transformed to 3.27, we could isolate 3.28 when 3.27 was subjected to a catalytic amount of
benzoic acid in toluene. According to the prevalence of transannular ring opening of similar struc-
tures in the literature of alkaloid chemistry, the epimerization likely occurs via that mechanism;
however, the mechanism shown on Scheme 52/a, cannot be ruled out. If the enantiopure 3.27 and
3.28 is isolated, then by epimerizing enantiopure 3.27 in the presence of catalytic amount of benzoic
acid in toluene, it would be possible to deduce which is the operating mechanism. This finding also
shows that the kinetic product of the Pictet-Spengler reaction is 3.27 and the thermodynamic prod-
uct is 3.28.

MeO

HFIP, reflux

MeO

BzOH, tolene, r.t.

Scheme 53 - Control experiments show that 3.28 can arise from the epimerization of 3.27.
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Of strategic importance, compound 3.27 has the relative configuration matching with the natural
products’, however we chose to continue with 3.28 for multiple reasons. First of all, compound 3.28
was obtained in higher yield and the C14 stereocenter can be epimerized later on in the synthesis.
Furthermore, we desired to obtain the natural products enantioselectively. The conditions affording
3.28 feature apolar media and lower temperatures, in stark contrast with the conditions that yielded
3.27. High temperatures and polar solvents, such as HFIP, are generally detrimental for the devel-
opment of asymmetric transformations. Finally, we were aware of one of the potential shortcom-
ings of our proposed synthetic plan, namely the stereocontrol over the nucleophilic addition onto
the ketone of 3.30 for the introduction of the F ring of the natural products. A 1,3-repulsive interac-
tion between the incoming nucleophile and the up-facing dimethoxyacetal substituent in 3.30 could
hamper the desired Si-face attack on the ketone. Having the R-configuration at C14 could actually
help in attaining good stereocontrol during the installation of ring F (Figure 9). From another point
of view, if organometallic nucleophiles will be used, chelation to the methoxy group may direct the

nucleophilic addition from the Si-face of ketone 3.30.

MeO o Re-face attack

MeO o)
Nu

A\( Si-face attack
OMe \ 1,3-interaction

(148)-3.27 3.30

Figure 9 - Although compound 3.27 has the correct relative configuration towards the natural products, one of the

potential pitfalls is shown above. The stereocontrol over the planned 1,2-addition onto the ketone moiety can be

compromised by the upward pointing dimethoxyacetal group, preventing the desired Si-face attack of the nucleo-
phile.

3.2.1.2 Enamine ring opening and synthesis of a-oximinolactams

The next important milestone to reach was the construction of the 7-membered lactam ring (as in
3.12). Although the apparent stability of the enamine ring of 3.28 was somewhat worrying, a brief
screening of reported methods for the transamination of stable enamines provided us with a con-
dition to access 3.34.1% Lehn and co-workers demonstrated that the rate of transimination cata-

lysed by lanthanide ions increases linearly with a decrease in ionic radius, making scandium(lll) the

105 Newkome, G. R.; Fishel, D. L. Org. Synth. 1970, 50, 102.; b) Gupta, R. B.; Franck, R. W. J. Am. Chem. Soc. 1987, 109
(18), 5393-5403.; c) Giuseppone, N.; Schmitt, J.-L.; Schwartz, E.; Lehn, J.-M. J. Am. Chem. Soc. 2005, 127 (15), 5528—
5539.; d) Giuseppone, N.; Schmitt, J.-L.; Schwartz, E.; Lehn, J.-M. J. Am. Chem. Soc. 2005, 127 (15), 5528-5539.; e) Zhuo,
C.-X.; Flrstner, A. J. Am. Chem. Soc. 2018, 140 (33), 10514-10523.
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most efficient catalyst in the group. Based on their results, we examined the enamine ring opening
with various amines in the presence of catalytic amount of scandium(lll) triflate and found that hy-
droxylamines are excellent reactants for the transimination process (Table 9, Entry 5). Brgnsted
acid-catalysed transimination resulted in less clean reaction and modest yields (Table 9, Entry 4),
while hydrazines and hydrolytic conditions failed to open the 6-membered enamine cycle (Table 9,
Entry 1-3).

MeO MeO

conditions

MeO/:\OMe
3.28 3.34 R = OMe
Entry Condition T(°C) Result
1 Hydrazine, MS 4 A, MeOH r.t.to 65°C no conversion
2 MeOH, DOWEX 50x8 r.t.to65°C no conversion
3 N,N -dimethylhydrazine, MeOH, AcOH (20 mol%) r.t. to 65°C no conversion
4 NH,0Me*HCl, MeOH, MS 4 A 65 °C full conversion, <40% yield
5 NH,0OMe*HCl, Huenig's base, Sc(OTf); (15 mol%), CHCl, 65 °C 90% conv., 60% yield

Table 9 - Summary of the surveyed conditions for opening the enamine ring of 3.28.

Formation of the 7-membered lactam ring necessitated the activation of the a-oximinoester group.
The activation may be done in situ or can be performed on the free carboxylic acid after saponifica-
tion. First, we attempted the direct lactamization between the ester and amine. After surveying the
literature we found that thermal and Brgnsted acid-catalysed methods are the most utilized, how-
ever, just a handful of cases dealt with hindered amines and a-oximino esters. In our hands, these
conditions led to decomposititon of the starting material (Table 10, Entry 1-3). Aubé reported the
synthesis of twisted amides by employing cesium carbonate in acetonitrile as solvent; their method
did not yield our desired product.'% Watson developed a catalytic system for the amidation of un-
activated esters, using trifluoroethanol, however under their conditions we could not observe the

consumption of 3.34.1%7 A variety of nucleophilic activators were tested, such as potassium cyanide,

106 Szostak, M.; Aubé, J. Org. Lett. 2009, 11 (17), 3878-3881.
107 McPherson, C. G.; Caldwell, N.; Jamieson, C.; Simpson, |.; Watson, A. J. B. Org. Biomol. Chem. 2017, 15 (16), 3507—
3518.
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sodium azide, L-hydroxyproline (HYP), 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), 4-dimethylamino-
pyridine (DMAP) and N-hydroxysuccinimide (NHS).1° Among these, to our surprise, HYP, DMAP and
NHS catalysed the reverse transimination and we were able to isolate enamine 3.28, the precursor
of our starting material (Table 10, Entry 8, 10 and 11). Porco and co-workers developed a catalytic
system for the preparation of amides from simple esters and amines under group IV metal catalysis.
They found that Zr(OtBu)s gives the best results when used in conjunction with a catalytic amount
of additive, such as HOBt, HOAt or HYP.1%° Their method was thoroughly examined for our purposes;

however, our efforts to convert 3.34 to lactam 3.35 remained fruitless (Table 10, Entries 12-14).

MeO MeO

conditions
- =

3.34 3.35
Entry Condition T(°C) Conversion Result

1 Toluene, MS4A 110°C ~80% conv. decomposition

2 Dioxane, PTSA, . (30 mol%) 60 °C 10-20% acetal deprotection, decomposition
3 Dioxane, HCl,, (30 mol%) 60 °C 10-20% acetal deprotection, decomposition
4 Cs,C0O3, MeCN 60 °C 0% -

5 CF3CH,OH, K5PO,, THF reflux 0% -

6 KCN (1eq.), MeCN r.t.-60 °C 0% -

7 NaN;, EtOH 70°C 0% -

8 HYP, DCE 50°C 40% 3.28 forms slowly

9 TBD, THF 60°C 0% -

10 DMAP, DCM reflux 40% 3.28 forms slowly

11 NHS, DCE 50°C full conversion 50% yield of 3.28
12 Zr(OtBu),/ HOAt, toluene 80°C full conversion decomposition
13 Zr(OtBu), / HOB, toluene 80°C full conversion decomposition
14 Zr(OtBu), / HYP, toluene 80°C <20% -

Table 10 - Summary of the surveyed conditions for the direct lactamization of 3.34:

108 Sabot, C.; Kumar, K. A.; Meunier, S.; Mioskowski, C. Tetrahedron Lett. 2007, 48 (22), 3863—-3866.
109 Han, C.; Lee, J. P.; Lobkovsky, E.; Porco, J. A. J. Am. Chem. Soc. 2005, 127 (28), 10039—10044.
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We turned our attention to the more conventional route to the desired lactam via selective ester
hydrolysis of 3.34 and activation of the resulting carboxylic acid for lactamization. Standard hydro-
lytic methods employing alkali and alkaline earth metal hydroxydes failed to deliver 3.37.120 Lithium
hydroperoxyde, a strong nucleophilic agent, failed to convert 3.34 to the free (peroxo)acid. ! We
examined methods to access the carboxylic acid via nucleophilic substitution. Tin-based reagents
were explored next for the liberation of the carboxylic moiety. Trimethyltinhydroxide and bis(tribu-
tyltin) oxide (BBTO), reported by Nicolaou and Mascaretti, respectively, are capable of displacing
non-hindered alkyl groups from ester function.'2%13 Eventually, heating a mixture of 3.34 in the
presence of 2 equivalents of BBTO in toluene yielded 3.36 in good yield. The obtained tributyltin
acetate did not lactamize when treated with peptide coupling reagents and the removal of the tin

residue was not a trivial task (Scheme 54).

MeO MeO
BBTO NH %
-
toluene, 50 °C,
2 days ;
3.34 3.36 3.37

Scheme 54 - Compound 3.34 was hydrolysed by treatment with BBTO in refluxing toluene. The obtained stannyl ace-
tate could not be converted to the corresponding acid via trivial transformations.

Treatment of 3.36 with trimethylaluminum or sodium hydroxide did not result in Sn-O bond cleav-
age.''* Commercially available fluoride sources alone, such as KF, TBAF, TASF, CsF, HF-amine com-
plexes and HF, were unable to liberate the free acid either. After numerous attempts and careful
analysis, we were able to identify that Olah’s reagent buffered with potassium fluoride is capable of
cleaving the tin-oxygen bond. Neutralization of the excess hydrogen fluoride by pyridine, followed

by solvent exchange and addition of HOBt and EDCI at O °C resulted in the formation of the desired

110 Greene, T. W.; Wuts, P. G. M.; Protective, O. F. a; Groups, P.; Edition, T.; Greene, T. W.; Wuts, P. G. M. Greene’s
Protective Groups in Organic Synthesis; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 1999; Vol. 9.

111 Boger, D. L.; Yohannes, D.; Zhou, J.; Patane, M. A. J. Am. Chem. Soc. 1993, 115 (9), 3420-3430.

112 3) Nicolaou, K. C.; Zak, M.; Safina, B. S.; Lee, S. H.; Estrada, A. A. Angew. Chem. Int. Ed. 2004, 43 (38), 5092-5097.; b)

Nicolaou, K. C.; Safina, B. S.; Zak, M.; Estrada, A. A.; Lee, S. H. Angew. Chem. Int. Ed. 2004, 43 (38), 5087-5092.; c)
Nicolaou, K. C.; Nevalainen, M.; Zak, M.; Bulat, S.; Bella, M.; Safina, B. S. Angew. Chem. Int. Ed. 2003, 42 (29), 3418—
3424.

113 3) Salomon, C. J.; Mata, E. G.; Mascaretti, O. A. Tetrahedron Lett. 1991, 32 (34), 4239-4242.; b) Salomon, C. J.; Mata,
E. G.; Mascaretti, O. A. J. Org. Chem. 1994, 59 (24), 7259-7266.

114 Renaud, P.; Lac6te, E.; Quaranta, L. Tetrahedron Lett. 1998, 39 (15), 2123-2126.
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product 3.35 in moderate yield. Reaching lactam 3.35 was a bittersweet victory, because the tedious

procedure and poor scalability of the method eventually led us to abandon this pathway (Scheme
55).

TEA (1.15 equiv), DMF

MeQ KF (3 equiv), MeO MeQ
HF+Py [7:3] (6 equiv) EDCI (1.1 equiv),
THF; then pyridine, DMF; HOBt (1 equiv)
NH </—/ evap. THF

n

H 3 O’S
EtO B I\ [e] \\\\
MeO~] N

MeO  MeG

0°C tor.t., 1day

EtO
MeO—\
[e]

Me

3.36 3.37 40% on 10 mg scale

17% on 100 mg scale
3.35

Scheme 55 - Meticulous optimization of the destannylation allowed us to obtain the free acid 3.37, which was con-
verted to the desired lactam under peptide coupling conditions. Unfortunately, the method did not prove scalable.

The optimization of the conversion of 3.36 to lactam 3.35 was underway, when we began the
preparation of the methyl ester derivative of 3.34 (3.41). We hoped that the methyl a-oximinoes-
ter 3.41 yields to standard, basic hydrolytic conditions and allows us the preparation of the seven-
membered lactam (3.49) in a more efficient and scalable manner. The synthesis of 3.41 was per-
formed without event, except that the catalyst loading at the transimination step had to be de-

creased to 5 mol% to prevent side reactions (Scheme 56).

MeO\[OMe \ﬂj\ (S)-p-Pro (6 mol%)
+
OMe
N MeCN, r.t.
o) e , T

(0]
81%
1 equiv. 3 equiv.
3.26 3.38
MeO MeO

NH;OMe* CI" (4 equiv)

3.39 BzOH (20 mol%) Huenig base (4 equiv)
toluene, r.t., MS 4 A Sc(OTf); (5 mol%) |
* N NH - coome
2% o7 MeOH, 65°C Moot W

MeO NH, ° 78% © : OMe

N MeO” “OMe MeO” “OMe

N

H 3.40 3.41

Scheme 56 - Synthesis of the dimethylester 3.41.
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As expected, the hydrolysis of the methyl ester 3.41 was significantly easier and after a brief screen-
ing of conditions we found that lithium hydroxide in a four-to-one mixture of methanol and water
at 0 °C can hydrolyse the a-oximino ester of 3.41 selectively. The obtained amino acid was freeze-
dried and subjected to the next step without further purification. In order to obtain the best possible
yield for the lactamization step, we surveyed systems that were successfully utilized on similar scaf-
folds or known to be beneficial when hindered amines were to be coupled.!'> After a series of
screenings, we found that TATU, HATU and COMU coupling reagents are essentially interchangeable
for the lactamization, when the reaction was run in the presence of an excess amount of Huenig’s
base in DMF as solvent. Moreover, we found that lowering the temperature to 0 °C was crucial for
obtaining yields between 65-70% over two steps. Recrystallization of 3.43 provided us with single
crystals eligible for X-ray diffractional analysis. The measurements confirmed the relative configu-
ration the the two C(sp?) stereocenters and the geometry of the oxime double bond. As shown on
Scheme 57, the seven-embered lactam ring bears a bent, boat-like shape, positioning the oxime
moiety parallel to the ester function. The oxime’s C=N double bond is 74° off-phase from the lactam

carbonyl’s m-bond (Scheme 57).

MeO MeO

LiOH (2.5 equiv)

MeOH-H,0 (5:1)
0°C;

HATU (1 equiv)
Huenig's base (2 equiv)

DMF, 0 °C

NaHS0, (2.5 equiv), 68% on 300 mg scale

freeze-dry

MeO

L=
00
Me (I:H3 L

3.43 R =CH(OMe), bt

Scheme 57 - Brief optimization allowed us to access the seven-membered lactam 3.43 from 3.41 in 68% yield. Single
crystal X-ray diffraction analysis showed the peculiar conformation of the obtained product, confirmed the relative
configuration the the two C(sp?) stereocenters and the geometry of the oxime double bond.

115 3) Carpino, L. A.; lonescu, D.; EI-Faham, A. J. Org. Chem. 1996, 61 (7), 2460-2465.; b) EI-Faham, A.; Albericio, F. Chem.
Rev. 2011, 111 (11), 6557-6602. c) Albericio, F.; Bofill, J. M.; EI-Faham, A.; Kates, S. A. J. Org. Chem. 1998, 63 (26), 9678—
9683.; d) Dunetz, J. R.; Magano, J.; Weisenburger, G. A. Org. Process Res. Dev. 2016, 20 (2), 140-177.
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3.2.1.3 Studies on the conversion of a.-oximino lactams to a-ketolactams: deoximation of oximes
and oxime ethers

With the seven-membered a-oximino lactam 3.43 in hand, we proceeded to the unmasking of the
latent ketone from the oxime moiety. A myriad of methods are reported to effect deoximation and
these are categorized into three groups: hydrolytic, reductive and oxidative deoximation. The scope
of the reported methods predominantly cover alkyl- and aryl-substituted aldoximes and ketoximes.
O-alkyloximes are less represented in the three categories, while O-acyloximes are known sub-
strates for reductive methods. Oximes in conjugation with olefins and carbonyl groups are scarcely
represented as substrates, due to their increased stability. Nevertheless, we remained optimistic
that deoximation of 3.43 could be performed and the key intermediate (3.44) toward the Voacafri-

cine alkaloids would be isolated.

Hydrolytic methods were first examined. We tested various sacrificial aldehydes to effect transoxi-
mation, but our starting material’s oxime function remained untouched under these conditions (Ta-
ble 11, Entries 1-5).11® Transition metal-catalysed hydrolytic deoximation was reported by Shi and
Liu, with copper(ll) chloride and ruthenium(lll) chloride respectively; these conditions were unable
to unmask the latent ketone function (Table 11, Entries 6 and 7).1'7 In a number of cases, we had
observed the conversion of the dimethoxyacetal function to aldehyde; these conditions were later

revisited (see Scheme 58). A summary of the examined conditions are presented in Table 11.

116 3) Oppolzer, W.; Hauth, H.; Pfaffli, P.; Wenger, R. Helv. Chim. Acta 1977, 60 (5), 1801-1810.; b) Szabo, L.; Kalaus, G.;
Szantay, C. Arch. Pharm. (Weinheim) 1983, No. 17, 629-638.; c) Chavan, S. P.; Soni, P. Tetrahedron Lett. 2004, 45 (15),
3161-3162.

117 3) Quan, N.; Shi, X. X.; Nie, L. D.; Dong, J.; Zhu, R. H. Synlett 2011, No. 7, 1028-1032.; b) Liu, Y.; Yang, N.; Chu, C.; Liu,
R. Chinese J. Chem. 2015, 33 (9), 1011-1014.
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MeO MeO

hydrolytic conditions

3.43 3.44
Entry Aldehyde Catalyst Conversion Results

1 formalin (37%, aqg., 20 equiv) PTSA (10 mol%) 0%

2 formalin (37%, aqg., 20 equiv) HCI (10 mol%) <40% at 80 °C decomposition

3 4-nitrobenzaldehyde (10 equiv) PTSA (10 mol%) 0%

4 4-nitrobenzaldehyde (10 equiv) Sc(OTf)3 (5 mol%) 0%

5 glyoxalic acid (50% aqueous solution) - 0%

6 MeCN-water 4:1 CuCl, 100% acetal deprotection
7 DMA-water 1:1 RuClI3 10 mol%, PTSA 60mol% <30% decomposition

Table 11 - Hydrolytic conditions did not yield the targeted ketone 3.44.

A broad range of reported, reductive deoximation methods was surveyed. Low-valent metals, such
as zing, titanium(lll) and molybdenum, are able to reduce oxime to the corresponding imine via
SET processes. Spontaneous hydrolysis of the imine intermediate delivers the desired ketone.!®
The original reported methods and their variations were survey on 3.43, however, we could not
observe the formation of the desired product. Raney nickel is another strong reductant, capable of
cleaving the N-O bond of oximes. Curran and co-workers reported the selective transformation of
oximes to ketones using Raney nickel. Unfortunately, their conditions left 3.43 intact even when
the highly active, freshly prepared W6 and W7 variants of Raney nickel were employed (Table 12,
Entries 6-9). Hydrogenation under high pressure and temperature could not effect the sought-af-
ter transformation, therefore we deemed 3.43 a dead-end of the total synthesis (Table 12, Entry
11).

118 3) Ryu, |.; Kuriyama, H.; Miyazato, H.; Minakata, S.; Komatsu, M.; Yoon, J.-Y.; Kim, S. Bull. Chem. Soc. Jpn. 2004, 77
(7), 1407-1408.; b) Stepanov, A. V; Veselovsky, V. V. Russ. Chem. Bull. 2002, 51 (2), 359-361.; c) Nitta, M.; lino, Y. Bull.
Chem. Soc. Jpn. 1986, 59 (7), 2365—-2367.
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MeO MeO

reductive conditions

3.43 3.44
Entry Condition Solvent Result
1 Zn, (5-50 equiv), r.t.-60 °C AcOH no conversion
2 Zn, (5-50 equiv), r.t.-60 °C NH,CI - THF acetal deprotection
3 Zn, (5-50 equiv), r.t.-60°C MeOH no conversion
4 TiCl; / buffered to pH=1, 3, 6 THF / water no conversion
5 SnCl,, TiCl;, NaOH THF-water 1:1 no conversion
Raney(l:;(Zﬁ;:ﬁiﬁgtzngid:;:izv')HaBos THF:MeOH:water 7:7:1 no conversion
Raney N;Cg\:iljilc:crsz)::j(j); :;;:3)803 (57 THF:MeOH:water 7:7:1 no conversion
8 Raney Ni (W6, freshly prepared) / H, THF:MeOH:water 7:7:1 no conversion
9 Raney Ni (W7, freshly prepared) / H, THF:MeOH:water 7:7:1 no conversion
10 Pd/C-H,(1bar) AcOH / water 9:1 acetal deprotection
11 Pd/ C- H,(80 bar, H-Cube reactor), 80 °C EtOH no conversion
12 Mo(CO)s, r.t. - 80°C ACN with 2% water decomposition

Table 12 - Summary of the surveyed reductive methods for the deoximation of 3.43.

Deprotection of the dimethoxyacetal function of 3.43 was a common issue with the above pre-
sented attempts for the deoximation, therefore we converted 3.43 to 3.46 in two steps to overcome
this chemoselectivity issue. The obtained alcohol 3.46 was then subjected to the conditions that
resulted in acetal deprotection or decomposition, however, 3.46 resisted and the desired product

was not formed (Scheme 58).
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MeO MeO MeO

CuCl, + 2 H,0 (2 equiv) NaBH, (1.2 equiv)

MeCN : H,0 (4:1)
75°C, 1 h

MeOH, 0°C, 1.5 h

3.43 3.45

87% yield over two steps
(single diastereoisomer.)

3.46

Zn/H* or
Mo(CO)gor
formalin / HCI or
RuCl; / DMA-H,0

3.46

Scheme 58 - Synthesis of alcohol 3.46 and its examination for deoximation with reductive and hydrolytic conditions.

The unsuccessful deoximation attempts prompted us to move toward other oxime derivatives. De-
oximation starting from simple oximes has more widespread literature, therefore we set 3.49 as
target compound. When we performed the synthetic sequence that delivered 3.43, by swithing O-
methylhydroxylamine to hydroxylamine we found that the hydrolysis of intermediate 3.48 was not
feasible. Perhaps the deprotonated oxime rendered the conjugated system electron rich or the for-
mation of the dianionic product was not favored, either way, 3.49 could not be prepared via the

same synthetic sequence (Scheme 59).

MeO
NH;OH"* CI" (4 equiv)
Huenig base (4 equiv)
Sc(0Tf); (5 mol%) |
N NH  coome
MeOH, 65°C MeO\ SN
78% 0 '
o : OH
MeO” “OMe
3.40 3.48

Scheme 59 - The synthetic sequence leading to oxime ether 3.43 could not be recycled for the preparation of 3.49.

With the linear oxime 3.48 in hand, we Boc-protected the secondary aliphatic nitrogen and run a
quick survey of conditions to see if deoximation could occur on 3.48 as a test substrate. To our

surprise, when 3.48 was reduced with zinc in acidic media, enamine 3.40 was isolated. It may meant
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that deoximation occurred, but due to concurrent Boc-deprotection the resulting ketone cyclized
back to the enamine form. Another possibility is that Boc-deprotection occurred first and transimi-
nation resulted in the formation of 3.40. We surveyed conditions for the unmasking of the ketone
while preventing the deprotection of the amine, but we were not able to observe the desired acyclic
ketone even in trace amounts (Scheme 60).

MeO

| Boc,O Zn (50 equiv)
H N " qo0oMe DCM AcOH : H,0 (4:1)
MeO’\(\) s A N sonicator 0°C2: .
MeO/:\OMe OH quant. 15%
3.48 3.50 3.40

Scheme 60 - When we subjected linear oxime 3.48 to zinc mediated reduction under acidic conditions, we observed
the formation of enamine 3.40 in low yield. The formation of 3.40 is more likely to demonstrate a Boc-deprotection-
transimination sequence, than true deoximation.

Changing the hydroxylamine source to 3.53 allowed us to synthesize 3.49 by adding only one step
to the sequence. We chose para-methoxybenzyl protecting group, because it gave us a broader
choice of deprotection methods, than simple benzyl group. Initially we followed the procedure of
Yang, to access the hydroxylamine 3.53, but we found that the formation and expansion of a poly-
meric side product rendered the method dangerous to run above 3 gram scale.'*® When hydrazine
was replaced with N-methylhydrazine, the polymeric product was not observed and 3.53 could be
synthesized on multigram scale. The debenzylation of 3.56 was first examined via reductive meth-
ods and we found that ethylsilane in combination with Pearlman’s catalyst delivers 3.49 in quanti-
tative yield. Performing the reaction above milligram scale necessitated the dilution of the reaction
mixture to allow complete dissolution of the starting material. 3.56 was examined for deoximation
and to this end we tested the conditions presented in Table 11 and Table 12, but we were not able

to detect the formation of the desired ketone (Scheme 61).

119 Ding, S.; Dai, R.; Wang, W.; Cao, Q.; Lan, L.; Zhou, X.; Yang, Y. Bioorg. Med. Chem. Lett. 2018, 28 (2), 94-102.
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o PMBCI, o)
K,COj3, DMSO, r.t. @OMQ H,N-NHMe, EtOH, reflux
N-OH N-O ﬁ@o"/‘e
H,N-O
o o} 87% over 2 steps
3.51 3.52 3.53

MeO

H,NOPMB (1.2 equiv)

Sc(OTf); (5 mol%) LIOH [1 Nl,q. (2.5 equiv)

MeOH, 65°C, 12 h
65%

MeOH : H,0 (5:1), 0°C;
NaHSOy, freeze-drying

HATU (1.2 equiv)
Huenig's base (3 equiv)
DMF, 0°C to r,t,

MeO,

Pearlman's cat. (100 mol%)

b4

H & =N TES (10 equiv)
\o/lcl) . OH "
3 MeOH:THF [0.05M], 50°C
MeO 1o Moo <
MeO OMe
quantitative up to 800 mg scale 1.1 g scale - 70% over 2 steps
3.49 3.56

Scheme 61 - Synthesis of lactam 3.49.

We began to examine the deoximation of 3.49 with hydrolytic methods. Oppolzer and Szantay re-
ported methods for the hydrolysis of a-oximinolactams to a-ketolactams by treatment with reflux-
ing formalin in the presence of Brgnsted acid catalyst.??° Deoximation can also occur by treatment
with CS; in the presence of Barton’s base.'?! Unfortunately, neither of these methods furnished the
desired ketone (Table 13, Entries 1-3). The reductive deoximation methods, which were discussed
earlier in Table 12, were examined on oxime 3.49. Delightfully, we were able to reduce the starting
material, however, an unexpected dilactam (3.57) was isolated as the single product in most cases.
A reasonable explanation for the formation of 3.57 can be that the C=N double bond of the oxime
moiety is reduced first and the hydrogen atoms were delivered exlusively on the Si-face of the ox-
ime. The face selectivity of the reduction is in accord with our initial analysis shown on Figure 9.The
resulting amine (or hydroxylamine) readily lactonized with the proximal ester group to form 3.57.

Oxidative methods lead to decomposition of the starting material (Table 13, Entries 10, 11 and 12).

120 3) Oppolzer, W.; Hauth, H.; Pfaffli, P.; Wenger, R. Helv. Chim. Acta 1977, 60 (5), 1801-1810.; b) Szabo, L.; Kalaus, G.;
Szantay, C. Arch. Pharm. (Weinheim) 1983, No. 17, 629—-638.; c) Desmaéle, D.; Mekouar, K.; D’Angelo, J. J. Org. Chem.
1997, 62 (12), 3890-3901.

121 Jy, M.; Guan, W.; Schomaker, J. M.; Harper, K. C. Org. Lett. 2019, 21 (22), 8893-8898.
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MeO

conditions

MeO™\

OMe L
3.44
Entry Condition Temperature Result
1 formalin,, / HCl. (7:2) 70°C decomposition
2 PTSA, paraformaldehyde, AcOH 70°C decomposition
3 CS,, Barton's base, MeCN 0°C-70°C no conversion
Raney Ni (W2, freshly prepared), H,, H3BO; (5.7 equiv), .
4 yNi( y.p P ) Ha, HBOs { quiv) 18°C 3.57, single product
acetone (2.7 equiv), THF/MeOH/water (7:7:1)
Raney Ni (W2, freshly prepared), H,, H3BO; (5.7 equiv), .
5 yNi( y.p P ) Ha, HBOs ( quiv) 18°C 3.57, single product
acetone (2.7 equiv), THF/MeOH/water (7:7:1)
R Ni (W6, freshl d), H,, H3BO5 (5.7 iv), .
6 aney Ni ( reshly prepared), H,, H80; (5.7 equiv) 18°C-60°C no conversion
acetone (2.7 equiv), THF/MeOH/water (7:7:1)
7 TiCl;, NH,OAc buffered to pH=5 18°C 3.57, single product
8 Zn*, AcOH:THF:water (3:1:1), 37°C 37°C 3.57, single product
9 CAN, MeOH -30°C decomposition
10 DMP, wet DCM 0°C no conversion

The preparation of multigram quantities of a-oximinolactam 3.49 relied on the scalable preparation
of O-PMB protected hydroxylamine 3.53 (Scheme 61). Gabriel synthesis using hydrazine for the lib-
eration of 3.53 was not scalable, due to the formation of a polymeric, sponge-like side product,
which disabled stirring and cooling of the reaction mixture. In order to overcome this issue, we ran
Gabriel synthesis with different hydrazine derivatives and parallel to that, we examined commer-
cially available O-benzylhydroxylamine to substitute 3.53. Eventually, we found that the preparation

of 3.53 via Gabriel synthesis with N-methlyhydrazine is scalable and O-benzylhydroxylamine is a

Table 13 - Summary of conditions surveyed for the deoximation of 3.49.

good alternative to 3.53 for the enamine ring opening (Scheme 62).
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. MeO
BnONH, (4.5 equiv)

Sc(OTf); (10 mol%)

1) LiOH, MeOH-water
MeOH [0.1 M], reflux

2) TATU, Hiinig's base, DMF

o ;
MeO™\
MeO”™ "OMe OMe OMe

3.40 3.58 60% over 3 steps
3.59

Scheme 62 - Synthesis and structure of the O-benzyloximinolactam 3.59.

The excessive use of palladium for the conversion of 3.56 to 3.49 prompted us to seek a safer and
economic synthesis. With 3.59 in hand, we set up a rapid screening of conditions for debenzylation
(Table 14). We found that the conditions used for the debenzylation of 3.56, provided 3.49 in quan-
titative yield from 3.59 (Table 14, Entry 1). The vigorous reaction between triethylsilane and the
catalyst led us to try 1,4-cyclohexadiene (1,4-CHD), a safer hydrogen donor, for the deoximation.
The expected oxime (3.49) was obtained in reduced yield, but the formation of a side product raised

our curiosity and upon isolation we found that the coveted a-ketolactam 3.44 was obtained.

MeQO MeO MeO
conditions
—_—
Entry Catalyst Reductant Temperature Conversion Result
1 Pearlmann's catalyst TES 50°C 100% quant., 3.49
2 Pd/C TES 50°C 100% quant., 3.49
3 Pearlmann's catalyst 1,4-cyclohexadiene 50°C 100% 3:2 ratio between 3.49 and 3.44

Table 14 - A short survey of reductive conditions for the debenzylation of 3.59. Unexpectedly, with the conditions at
Entry 3 we were able to isolate the sought-after a-ketolactam 3.44.

Immediately after this finding, we set up a control experiment to understand whether the N-O bond
or the O-C bond is cleaved first in 3.59. We submitted 3.49 to the same conditions and repeated the
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deoximation of 3.59 on the same scale, parallelly. Oxime 3.49 remained intact under these condi-
tions leading us to the conclusion that the N-O bond was cleaved first upon the deoximation of 3.59
and 3.49 is not an intermediate toward 3.44 (Scheme 63).

MeO MeO MeO

Pearlman's cat. (1 equiv)
1,4-CHD (10 equiv)

MeOH, 65 °C
Y Y
MeO OMe MeO OMe
3.59 41% 17%
3.49 3.44

MeOQO

Pearlman's cat. (1 equiv)
1,4-CHD (10 equiv)

MeOH, 65 °C

2 2
MeO OMe MeO OMe

3.49 3.44

Scheme 63 - Control experiments determined that oxime 3.49 is not an intermediate in the formation of ketone 3.44
from 3.59.

In the optimization our task was to identify conditions that favor the cleavage of the N-O bond ver-
sus the O-C bond. While keeping the catalyst we surveyed a variety of hydrogen donors, such as 1,3-
CHD, cyclohexene, tetralin, diphenylsilane, phenylsilane, ethylsilane, polymethylhydrosiloxane, so-
dium formate and ammonium formate, but none of these reductants delivered 3.44 even in trace
amount. Similar results were obtained upon the screening for alternative catalyst and solvent sys-
tems. We found that the catalyst loading could not be lower than 70 mol%, the pressure must be
kept as high as possible and the optimum temperature of the deoximation is 110 °C. Due to these
restrictions, the method was not scalable due significant yield-loss and finding appropriate, repro-
ducible conditions to run the reaction at larger scales was a tedious task. Using a sealed vessel in a
microwave reactor allowed us to obtain a detailed image of the reaction’s pressure profile and have
control over the remaining parameters. The major difficulties included the spontaneous and unpre-
dictable pressure rises in the vessel, inconsistent yields and low throughput caused by the low ca-
pacity of the microwave reactor. Eventually, after a series of trial and errors we found a condition
which consistently keeps the pressure below the limit of our microwave reactor (20 bar), thereby
preventing auto-shutdown of the reaction. Another important factor was the fast temperature ramp
to 110 °C using microwave irradiation at 300 Watts. We found that the majority of the side product
(3.49) is formed in the period of the ramping, between 60-100 °C. In this particular case, to reach
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an even faster ramp, a microwave flow reactor may have been an excellent choice to avoid the
issues related to slow temperature build-up. Pre-stirring the mixture was crucial to ensure even
dispersion of the four-phase system before irradiaton, thereby preventing rapid pressure build-up,
runaway reaction and explosion.?? The headspace of the sealed vessel was maximized by using the
minimal amount of solvent in the reactor. The measure had to be taken due to the occasional pres-
sure jumps occurred during the reaction. A larger headspace served as a safety volume, mitigating
the effects of rapid hydrogen generation and pressure build-up. Finally, we paid great attention to
the inertization of the headspace and the proper cleaning of glassware after each reaction. Eventu-
ally, the obtained method served as the major source of 3.44 and proved reproducible and safe after

dozens of runs (Equation 11).

MeO MeO

Pearlman's catalyst (0.7 equiv)
1,4-CHD (11 equiv)

MeOH [5.3 M]
1 min pre-stir 3
110°C, 300W, MeO™ Nope
1h 15 min
12-18 bar 27%

3.44

Equation 11 - The optimized conditions for the synthesis of the key intermediate 3.44.

3.2.1.4 Studies on the conversion of a-oximino lactams to o-ketolactams: deoximation of O-
acyloximes

By reducing 3.59 under transfer hydrogenation conditions to a-ketolactam 3.44 we had access to
the key intermediate of the total synthesis, however, the low yield and time-consuming procedure
motivated us to seek a better alternative for the synthesis of ketolactam. To this end, we synthesized
various O-acyloxime derivatives whose weak N-O bond can be cleaved and subsequently converted

to carbonyl compounds (Equation 12).

122 The four-phases were 3.59, methanol, Pearlman’s catalyst and 1,4-CHD. 3.59 was only soluble in boiling methanol at 5.3 M con-
centration. 1,4-CHD is immiscible with methanol.
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MeO MeO
Cl R DMAP (0.1 equiv), TEA (1.5 equiv)
N §
(0] DCM, r.t.
i 0
MeO OMe
3.49 3.61,R=Me 3.66, R = Me
3.62, R = CgHj5 3.67, R = CgH5
3.63, R = 4-CF3CgH, 3.68, R = 4-CF3CgH,
3.64, R = Bu 3.69, R ={Bu
3.65, R = C¢Fs5 3.70, R = C¢F5

Equation 12 - Synthesis of O-acyloxime derivatives 3.66-3.70.

O-acyloximes can be converted to organometallic species by oxidative addition, iminyl radicals can
be obtained by single electron transfer (SET) process and upon two consecutive SET process iminato
metal intermediates can be obtained. 123124 When O-acetyloxime 3.66 and O-benzoyloxime 3.67
were subjected to the conditions that resulted in the reduction of oxime 3.49 to 3.57 (Table 13) the
same bicyclic lactam 3.57 was obtained as the single product. We examined iron pentacarbonyl and
dicobalt octacarbonyl for the reduction of 3.66 and 3.67, according to the reports of Nitta and
Mukai, however, the ketone was not formed under these conditions.?> Corey reported the deoxi-
mation of ketoximes with in situ generated chromium(ll) acetate, unfortunately we were not able
to observe the removal of the oxime using their protocol.'?® Submitting 3.66-3.68 to transfer hydro-
genative conditions resulted in the formation of bicyclic lactam as the sole product. We hypothe-
sized that increasing the electron withdrawing effect of the O-acyl group decreases the BDE of the
N-O bond of the oxime, thereby facilitating its cleavage. Copper and iron catalyzed double SET pro-
cesses are capable of converting O-acyloximes to iminato metal complexes, which can be hydrolyzed
to ketones. Based on reported procedures and our own in-house experience, we screened copper
and iron salts that are known to catalyze such transformations.123124m Copper(ll) triflate,

tetrakis(acetonitrile)copper(l) tetrafluorophosphate, copper(l) iodide, copper(l) bromide, copper(ll)

123 Contribution to the field by our group: a) Li, Z.; Torres-Ochoa, R. O.; Wang, Q.; Zhu, J. Nat. Commun. 2020, 11 (1), 1-
7.; b) Torres-Ochoa, R. O.; Leclair, A.; Wang, Q.; Zhu, J. Chem. - A Eur. J. 2019, 25 (40), 9477-9484.
124 Oxidative addition to O-acyloxime N-O bond: a) Tsutsui, H.; Narasaka, K. Chemistry Letters. 1999, pp 45-46.; b)

Kitamura, M.; Narasaka, K. Chem. Rec. 2002, 2 (4), 268-277.; c) Tsutsui, H.; Kitamura, M.; Narasaka, K. Bull. Chem. Soc.
Jpn. 2002, 75 (7), 1451-1460. ; d) Kitamura, M.; Suga, T.; Chiba, S.; Narasaka, K. Org. Lett. 2004, 6 (24), 4619-4621. ; e)
Huang, H.; Cai, J.; Deng, G. J. Org. Biomol. Chem. 2016, 14 (5), 1519-1530.; f) Race, N. J.; Hazelden, I. R.; Faulkner, A.;
Bower, J. F. Chem. Sci. 2017, 8 (8), 5248-5260. SET process: g) Zard, S. Z. Chem. Soc. Rev. 2008, 37 (8), 1603. ; h) Walton,
J. C. Acc. Chem. Res. 2014, 47 (4), 1406-1416. ; i), S. Bull. Chem. Soc. Jpn. 2013, 86 (12), 1400-1411. ; j) Shan, X.-H.;
Zheng, H.-X.; Yang, B.; Tie, L.; Fu, J.-L.; Qu, J.-P.; Kang, Y.-B. Nat. Commun. 2019, 10 (1), 908.; Double SET process: k)
Zhao, M. N.; Ren, Z. H.; Yu, L.; Wang, Y. Y.; Guan, Z. H. Org. Lett. 2016, 18 (5), 1194-1197.; |) Guan, Z. H.; Zhang, Z. Y.;
Ren, Z. H.; Wang, Y. Y.; Zhang, X. J. Org. Chem. 2011, 76 (1), 339-341.; m) Ren, Z. H.; Zhang, Z. Y.; Yang, B. Q.; Wang, Y.
Y.; Guan, Z. H. Org. Lett. 2011, 13 (19), 5394-5397.

125 3) Nitta, M.; Sasaki, I.; Miyano, H.; Kobayashi, T. Bull. Chem. Soc. Jpn. 1984, 57 (11), 3357-3358.; b) Mukai, C. Syn-
thesis (Stuttg). 1999, 1999 (11), 1872-1874.
126 Corey, E. J.; Richman, J. E. J. Am. Chem. Soc. 1970, 92 (17), 5276-5277.
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acetate and iron(lll) chloride was surveyed with various solvents and additives, but to our dismay
the decomposition of the starting material or the lack of reactivity was observed in all cases. Nevado
and co-workers disclosed the generation of iminyl radicals from 4-trifluoromethylbenzoyloximes.?’
Applying their conditions to 3.68 resulted in the formation of a peculiar compound, which we were
not able to unambiguously assign by standard analytic methods and were not able to obtain single

crystals either. Our proposed structure is nevertheless shown below (Table 15).

MeO MeO
reductive
conditions
B —————
= 0 =
MeO OMe MeO OMe
3.66, R = Me 3.44
3.67, R = CgHs
3.68, R = 4-CF,CqH,
Entry Substrate Condition Result
1 3.66, 3.67 Fe(CO)s, heating or photoirradiation decomposition
2 3.66, 3.67 Co,(CO)sg, heating or photoirradiation decomposition
3 3.66, 3.67, 3.68 RaNi/H, or Zn/H" or Pd/H, 3.57, quant.
Ir , MeCN : H20 (4:1), AcOH ( 1 equiv), .
4 3.68 (Ppy)s (4:2) (1equiv) 3.71 as single product

Hatzsch ester (2 equiv)

Table 15 - Brief summary of the conditions tested for the deoximation of O-acyloximes 3.66, 3.67 and 3.68. Com-
pound 3.57 was the major product when Ni-, Zn- or Pd-mediated reduction was used, surprisingly under phororedox
conditions a presumed spirocyclic alpha-lactam was formed from 3.68.

Narasaka and co-workers reported the oxidative insertion of palladium to the N-O bond of per-
fluorobenzoyloximes and utilized it for the development of Heck type aminations, today called Na-
rasaka-Heck cyclization.'?*® Building on their seminal work, Firstner and Bower disclosed similar
methods for the synthesis of N-heterobicyclic scaffolds.'?*%128 As our purpose was not to carry out
Narasaka-Heck cyclization, but the hydrolysis of the intermediate organometallic complex, these
methods were examined using stoichiometric quantities of palladium for the deoximation of O-per-
fluorobenzoyloxime 3.70. When the reactions were run under 50 °C the starting material remained
intact in every case. Upon reaching 60 °C, the insertion of palladium rapidly took place followed by
vigorous reaction. Although the desired ketone (3.44) was detected in some cases (Table 16, Entry

1 and 3) we were not able to significantly increase the yield.

127.Shu, W.; Nevado, C. Angew. Chem. Int. Ed. 2017, 56 (7), 1881-1884.
128 Eiirstner, A.; Radkowski, K.; Peters, H. Angew. Chem. 2005, 117 (18), 2837-2841.
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"PdO-L"
S <
MeO OMe MeO OMe
3.64, R={Bu 3.72 3.44
3.65, R = C4Fs
Entry Substrate Condition Result
Ld
1 3.70 Pd,dbas (1 equiv), P(3,5-(CF3)2)CgHs)5 (1 equiv), TEA, DMF, 60 °C decomp., traces of 3.44
2 3.69, 3.70 Pd(OAc), (1 equiv), P(o-tolyl); (1 equiv), TEA, DMF, 60 °C decomposition
r
3 3.70 Pd,dba; (1 equiv), P(tBu); (1 equiv), TEA, DMF, 60 °C decomp., traces of 3.44
4 3.69,3.70 Pd,dbas, P(o-tolyl); (1 equiv), HCOONa, DMF, 60 °C decomposition

Table 16 - Surveyed conditions to perform oxidative insertion of palladium into the weak N-O bond of O-acyloximes
3.69 and 3.70.

Although we were not able to develop a method for the high-yielding synthesis of our key inter-

mediate 3.44, we were able to prepare it with sufficient throughput and continue our pursuit to

voacafricine A and voacafricine B. The following two sections detail our journey towards the two

natural products, starting from compound 3.44.
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3.2.2 Towards the total synthesis of voacafricine A

The synthetic plan leading to voacafricine A, starting from the key intermediate (3.44) and junction
point of the total synthesis, is shown on Scheme 64. First, we wanted to homologate the ketone unit
of 3.44 via Wittig olefination or Knoevenagel condensation. The obtained olefinic product is con-
verted to the protected alcohol 3.73 by sequential reduction of the C-C double bond and the ester
function. Selective, partial reduction of the lactam allows the in situ formation of an iminium inter-
mediate, which is trapped by the tethered alcohol to construct the F ring of 3.74. Conversion of the
acetal moiety to aldehyde function, followed by epimerization and reduction leads to the precursor
of the natural product. Saponification of the methyl ester and activation of the alcohol by sulfonyl-

ation leads to the quaternarization of the N4 nitrogen atom, delivering voacafricine A (Scheme 64).

MeO MeO

Wittig / Knoevenagel

OPG

lactam reduction

MeO MeO

acetal deprotection,
epimerization,
reduction

saponification,
MsClI

voacafricine A
341

Scheme 64 - Synthetic plan towards voacafricine A.

The homologation of the ketone group of 3.44 was first examined by Wittig olefination. To this end,
we synthesized 3.80 and 3.81 according to reported literature procedures.'?® Various bases and sol-
vents were surveyed for the generation of the phosphor ylides, however we could not convert 3.44
to the desired olefins with these reagents. We hypothesized that 3.44 may be deprotonated by the
phosphor ylides and rest in their enolate form under these conditions. To address this possibility,

we applied Masamune’s conditions and tried neutral phosphoranylidene reagents, but even under

129 3) Baidilov, D.; Rycek, L.; Trant, J. F.; Froese, J.; Murphy, B.; Hudlicky, T. Angew. Chem. Int. Ed. 2018, 57 (34), 10994—
10998.; b) Karatholuvhu, M. S.; Fuchs, P. L. J. Am. Chem. Soc. 2004, 126 (44), 14314-14315.
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refluxing conditions in methanol of THF, we could not detect the formation of the sought-after olefin
(Scheme 65).13¢

o o
@ 1
» o phyp OH ¢© EtB/F\)J\OEt
Wittig olefination tO
conditions 3.80
MeO™ Yome MeO™ “ome ! ®_._0TBS © Ph O
' Ph;P | '5\)]\
' P
344 3.76,R=COOEt, | 3.81 P OMe

3.77, R = COOMe
3.78, R = CH,0TBS
3.79, R = CH,OH

Scheme 65 - We were not able to homologate ketone 3.44 by Wittig olefination.

Knoevenagel condensation with Meldrum’s acid and monomethyl malonate was next attempted.
The classic conditions employing pyrrolidine acetate left 3.44 untouched. Running the reactions at
elevated temperatures resulted in the deprotection of the dimethoxy acetal function and when
Ti(IV)-mediated Knoevenagel condensation was attempted we observed only the decomposition of
the nucleophilic partners (Scheme 66).

130 Blanchette, M. A.; Choy, W.; Davis, J. T.; Essenfeld, A. P.; Masamune, S.; Roush, W. R.; Sakai, T. Tetrahedron Lett.
1984, 25 (21), 2183-2186.
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fo) 0 MeO
OMO
3.82 conditions or
+ or
OH OMe
(o) o
3.83
Entry Reagent Condition Result
1 Meldrum's acid (3.82) AcOH, NH,OAc, MS 4 A, toluene, r.t. - 90°C consumption of 3.82
2 Meldrum's acid (3.82) pyrrolidine, AcOH, toluene, MS 4 A, r.t.-90 °C acetal deprotection at 90 °C
3 Meldrum's acid (3.82) TiCl,, pyridine, THF, 0- 18 °C consumption of 3.82
4 Meldrum's acid (3.82) MeOH, NaOMe (cat.), r.t.-90 °C no conversion
5 3.83 AcOH, NH,OAc, MS 4 A, toluene, r.t.-90 °C no conversion
6 3.83 pyrrolidine, AcOH, toluene, MS 44, r.t.-90°C no conversion
7 3.83 TiCl,, pyridine, THF, 0°C condensation on acetal group

Scheme 66 - The homologation of ketone 3.44 was unsuccessful with Knoevenagel condensation

Another possible pathway towards voacafricine A is diastereoselective reduction of 3.44 to the al-
cohol, followed by Sn2 substitution to forge the bond between C20 and C19. Based on our previous
results on the reduction of a-oximino lactams and O-acyloximes (see Sections 3.2.1.3 and 3.2.1.4)
and the three-dimensional structure of 3.43 and 3.59 in their solid state (Scheme 57, Scheme 62)
we hypothesized that the ketone moiety of 3.44 would be selectively attacked by a hydride nucleo-
phile on the Si-face. Activation of the obtained alcohol by sulfonylation followed by nucleophilic
substitution, for example with dimethyl malonate, would furnish a promising intermediate towards

voacafricine A (Scheme 67).
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MeO MeO

diastereoselective

reduction O-activation
—_—_—
O O
MeOJ\@/U\OMe
MeO MeO MeO
decarboxylation
-—
voacafricine A
3.1
3.88 3.87

Scheme 67 - Revised synthetic plan towards voacafricine A.

When 3.44 was treated with sodium borohydride in dry methanol, we observed the formation of
hemiacetal 3.92. Under Luche reduction conditions, the same product was formed.*3! The structure
of 3.92 can be rationalized by initial formation of ketal 3.89 with trace amount of water, which un-
dergoes lactonization with the proximal ester group. The increased reactivity of the lactone yielded
towards sodium borohydride reduction furnishing 3.91. When ketone 3.44 was treated with sodium
borohydride in anhydrous THF or a one-to-one mixture of anhydrous DCE and MTBE, we observed

the formation of the same product albeit in reduced yield (3.92) (Scheme 68).

131 L uche, J. L. J. Am. Chem. Soc. 1978, 100 (7), 2226-2227.
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MeO : MeO

NaBH, / MeOH 1
or

Luche reduction

3.92

not observed
3.85

MeO

lactonization

Scheme 68 - Surprisingly, the reduction of 3.44 with sodium borohydride resulted in the formation of a bicyclic hemi-
acetal (3.92). The proposed mechanism presumes the presence of a trace amount of water in the reaction mixture.

Although Wittig-olefination, Knoevenagel-condensation and reduction with sodium borohydride
did not transform 3.44 to our target molecules, there is still a myriad of options to advance this
compound to the natural product. As the route discovery toward the other alkaloid, voacafricine
B, was carried out in a parallel fashion and we obtained encouraging results on that terrain, our
attention was drawn away from this pathway. In the following section, our synthetic battle with
voacafricine B is detailed, decorated with another collection of unexpected transformations and

uncommon chemical structures.
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3.2.3 Towards the total synthesis of voacafricine B

Starting from the key intermediate 3.44, there were multiple options to choose from towards the
synthesis of voacafricibe B (3.2). Reformatsky reaction performed on 3.44 and global reduction of
the obtained triester 3.93 delivers the pentacyclic intermediate 3.94 as shown on Scheme 69, Path
A. Oxidation of the primary alcohol (3.94), followed by acetal deprotection, epimerization and alde-
hyde reduction leads to the precursor of voacafricine B (3.96). Quaternarization of the aliphatic
amine is achieved by activation of the obtained alcohol by mesylation and subsequent intramolec-
ular nucleophilic substitution. Alternatively the F ring can be installed by 1,2-addition of a Grignard
reagent to 3.44, followed by selective lactam reduction-alcohol deprotection as shown on Scheme
69, Path B. The obtained pentacyclic intermediate 3.98 can be converted to the natural product

following the above described end-game strategy (Scheme 69).

deprotection,
epimerization,
reduction

global

reduction oxidation

Reformatsky / Mukaiyama aldol reaction MsCI

voacafricine B
3.2

saponification,
MsCl

acetal deprotection,
epimerization,
reduction

Scheme 69 - Synthetic plan towards voacafricine B. Path A and Path B differs only in the installation of ring F of the
natural product.

Following “Path A”, the Reformatsky reaction was examined first. When we subjected ketone 3.44

to ethyl bromoacetate in the presence of activated zinc in THF, we were able to observe the for-
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mation of the zinc enolate, but the reaction was sluggish and we could not isolate the desired prod-
uct. We examined different ways for the activation of zinc without success.*3? Fukuzawa and co-
workers reported the samarium (ll) diiodide-mediated Reformatsky reaction between a-bromo-
esters and aldehydes.*®> When we applied their protocol to 3.44, we could observe the scission of
the N4-C21 amide bond. To realize the 1,2-addition to ketone 3.44, Grignard reagents were next
surveyed. As an effort to increase the convergency of the synthesis we wanted to prepare 3.102
Grignard reagent. Although there is no reported procedure for the preparation of similar Grignard
reagent, we were surprised that haloether 3.102 underwent rapid decomposition upon oxidative

addition of elemental magnesium presumably via elimination of the OTBS group (Scheme 70).

TBSCI,
imidazole Mg, I, (cat.)
BI‘\/\ _ = Br\/\ —_— ¢ > Bng\/\
OH OTBS OTBS
quant. THF
3.100 3.101 3.102

Scheme 70 - Preparation of Grignard reagent 3.102 proved more difficult than expected. Eventually we switched to
a longer sequence to reach our targets.

After multiple attempts we opted for a longer, but theoretically feasible sequence: 1,2-addition of
vinylmagnesium chloride onto the ketone and subsequent hydration of the alkene could equally
give us access to the needed motif. When 3.44 was treated with vinylmagnesium bromide at cryo-
genic temperatures, the starting material simply underwent a-deprotonation and remained intact.
Imamoto and Knochel, in their seminal works, detailed the preparation of organolanthanide rea-
gents for selective 1,2-addition onto carbonyl compounds bearing acidic protons.'3413> When the
exact protocol of Imamoto was utilized, we did not observe the consumption of the starting material
(Table 17, Entry 1). Increasing the equivalents or using a one-to-three ratio between the cerium (ll1)
and vinylmagnesium bromide furnished spiro compound 3.105 in good yield. Knochel’s method de-
livered the same product (Table 17, Entry 5), when the temperature was decreased 3.44 remained
untouched (Table 17, Entry 4).

132 3) Fiirstner, A. Angew. Chem. Int. Ed. English 1993, 32 (2), 164—189.; b) Krasovskiy, A.; Malakhov, V.; Gavryushin, A.;
Knochel, P. Angew. Chem. Int. Ed. 2006, 45 (36), 6040—6044.
133 3) Fukuzawa, S. |.; Tatsuzawa, M.; Hirano, K. Tetrahedron Lett. 1998, 39 (38), 6899-6900. b) Fukuzawa, S. I.; Matsu-

zawa, H.; Yoshimitsu, S. I. J. Org. Chem. 2000, 65 (6), 1702—-1706.

134 3) Imamoto, T.; Hatajima, T.; Ogata, K.; Nishiura, M. Appl. Organomet. Chem. 1995, 9 (5-6), 449-456.; b) Imamoto,
T.; Takiyama, N.; Nakamura, K. Tetrahedron Lett. 1985, 26 (39), 4763-4766.; c) Imamoto, T.; Takiyama, N.; Nakamura,
K.; Hatajima, T.; Kamiya, Y. J. Am. Chem. Soc. 1989, 111 (12), 4392—-4398.

135 Krasovskiy, A.; Kopp, F.; Knochel, P. Angew. Chem. Int. Ed. 2006, 45 (3), 497-500.
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MeO MeO

conditions
+ BrMg s —

3.103
3.105
3.104

Entry Condition Temperature Result

1 CeCl; (1.5 equiv), vinylMgBr (1.5 equiv) -78°C-r.t. no conversion

2 CeCl; (3 equiv), vinylMgBr (3 equiv) -78°C 3.105

3 CeCl; (3 equiv), vinylMgBr (9 equiv) -78°C 3.105

4 LaCl; * 2 LiCl (1.1 equiv), vinylMgBr (1.1 equiv) -78°C no conversion

5 LaCl; * 2 LiCl (1.1 equiv), vinylMgBr (1.1 equiv) r.t. 3.105

Table 17 - Summary of the attempted 1,2-additions of vinylmetal reagents to 3.44. An unexpected rearrengemt de-
livered compound 3.105 as the single product.

A plausible mechanistic explanation for the formation of 3.105 is shown on Scheme 71. The lantha-
nide salt promotes the enolization of the ketone moiety, which initiates transannular Dieckmann
condensation with the proximal ester group. The formed bicyclic diketone cannot enolize as it would
be against Bredt’s rule. The lanthanum salt forms a coordination complex with the 1,2-dicarbonyl
unit and subsequent attack of the vinyl nucleophile results in the formation of intermediate 3.108.
Retro-aldol reaction fragments the bicyclic system delivering the isolated product 3.105 (Scheme
71).
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MeO

vinylmagnesium bromide, Ce'" or La

MeO MeO

Scheme 71 - The proposed mechanism for the formation of 3.105.

The allylation of ketone 3.44 is another alternative to introduce the required two-carbon unit for
the construction of ring F. Treatment of 3.44 with allylmagnesium chloride in THF led to the allyl
derivative of the previously isolated spiro compound 3.105 (3.111) (Table 18, Entry 1). When the
reaction was run according to Imamoto’s protocol the same product was isolated (Table 18, Entry
2).13% Ishihara reported a practical zinc-catalyzed 1,2-addition of Grignard reagents to ketones and
aldimines.'3¢ The zinc-catalyzed 1,2-allylation of 3.44 lead to complex reaction mixture and the de-

sired product could not be detected (Table 18, Entry 3 and 4).

136 Hatano, M.; Suzuki, S.; Ishihara, K. J. Am. Chem. Soc. 2006, 128 (31), 9998-9999.

134



Chapter 3 - Towards the Total Synthesis of Voacafricine A and Voacafricine B

MeO MeO

P conditions
+ ClMg/\/ B —

3.109
3.1
3.44
Entry Condition Result
1 allyl-MgCl (1.5 equiv), THF, 18 °C clean conversion to 3.111
2 CeCl; (1.5 equiv), allyl-MgCl (1.5 equiv), THF, 18 °C clean conversion to 3.111

3 ZnCl,(1.1equiv), allyl-MgCl (1.1 equiv), THF, 18 °C complex mixture obtained

4 ZnCl, (0.1equiv), allyl-MgCl (1.3 equiv), THF, 18 °C low conversion, complex mixture

Table 18 - Summary of Grignard allylation conditions surveyed for the preparation of 3.110.

Allyltrimethylsilane, allyltributyltin and allylpinacolboronate are well known, mild reagents used for
1,2-allylmetalation of aldehydes. The ketone function of 3.44 is activated by the neighboring amide
group and the reactivity of such carbonyl unit is comparable with aldehydes’. We examined 3.112,
3.113 and 3.114 for the allylation reaction under thermal conditions and in the presence of catalytic
amount of Lewis acids between -78 °C and 40 °C in chloroform. The surveyed catalysts included
TiCla, SnCla, Mg(OTf) 2, Sc(OTf)s, In(OTf)s, TF,NH and Montmorrilonite K10. To our dismay, none of
these conditions furnished the 1,2-allylation product 3.110 (Equation 13).

MeO 3.112 MeO

‘,3 Lewis acid catalysts
+  Me o)
Me -78 °C to 65 °C

(nBu)sSn™ N

3.114

Equation 13 — The allylation of 3.44 was unsuccessful when 3.112, 3.113 and 3.114 reagents were used.

As the efforts towards the installation of the F ring via the originally outlined Reformatsky and Gri-

gnard reaction failed, we turned our attention to Mukaiyama aldol addition using ketene acetals for
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the implementation of the two-carbon unit onto 3.44. We prepared ketene acetal 3.115 according
to a reported procedure and screened a variety of Lewis acid catalysts for the Mukaiyama aldol
reaction (Table 19).137138 The selected catalysts, presented in Table 19, were examined between —
60 °C to 18 °C and we found that scandium triflate, indium triflate and boron trifluoride ether com-
plex were capable of catalyzing the transformation. Among these, scandium (lll) triflate delivered
3.117 with the highest yield as a single diastereoisomer, however, simultaneous acetal deprotection

could not be prevented (Table 19).

MeO OTBS MeO = -

MeO
oiPr
3.115
Lewis acid
THF, T(°C)
Entry Lewis acid (20 mol%) Temperature Result
1 BF; OEt, (2.5 equiv) -60°Cto 18°C no conversion
2 BF3 OEt2 (4.5 equiv) 18°C 20% yield of 3.117
3 ZnBr, -60°Cto 18°C no conversion
4 Cu(OTf), -60°Cto 18°C decomposition of 3.44
5 CuCl, -60°Cto 18°C acetal deprot.
6 Sc(OTf); 18°C 70% yield of 3.117
7 In(OTf); 18°C 15% yield of 3.117
8 Mgl, -60°Cto 18°C no conversion
9 SnCl, -60°Cto 18°C decomposition

Table 19 - The survey of Lewis acid catalysts for the Mukaiyama aldol reaction led us to identify scandium () tri-
flate as an efficient catalyst, however, deprotection of the acetal function could not be prevented.

To our surprise, the expected silyl shift from the ketene acetal to the formed [3-alcoholate did not
take place, instead, the alcoholate trapped the carboxonium ion forming the rare oxetane-ortho-
ester compound 3.120 as shown on Scheme 72. Perhaps the relatively large —OTBS group prevented

the arrangement to the six-membered transition state, thereby allowing the formation of the ox-

137 Wenzel, A. G.; Jacobsen, E. N. J. Am. Chem. Soc. 2002, 124 (44), 12964-12965.

138 Reviews on the Mukaiyama aldol reaction: a) Matsuo, J.; Murakami, M. Angew. Chem. Int. Ed. 2013, 52 (35), 9109—
9118.; b) Kan, S. B. J.; Ng, K. K. H.; Paterson, |I. Angew. Chem. Int. Ed. 2013, 52 (35), 9097-9108.; Mukaiyama aldol reac-
tions with B-ketoesters as substrates: c) Le Engers, J.; Pagenkopf, B. L. European J. Org. Chem. 2009, No. 35, 6109-6111.;
d) Ma, G.-Z.; Li, P.-F.; Liu, L.; Li, W.-D. Z.; Chen, L. Org. Lett. 2017, 19 (9), 2250-2253.e) Guang, J.; Guo, Q.; Zhao, J. C. G.
Org. Lett. 2012, 14 (12), 3174-3177.f) Loh, T. P.; Huang, J. M.; Goh, S. H.; Vittal, J. J. Org. Lett. 2000, 2 (9), 1291-1294.
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etane moiety. Although an excess of ketene acetal was used, the unmasked aldehyde did not un-
dergo aldol condensation, showcasing the highly selective addition to the activated ketone function
(Scheme 72).

MeO

MeO

MeO

Scheme 72 — The proposed mechanism for the formation of 3.120 and illustration of the expected 1,5-silyl shift.

As we could not prevent the simultaneous acetal deprotection, we decided to prepare more reactive
ketene acetals to allow milder conditions, thereby sparing the dimethoxy acetal function. We hy-
pothesised that a smaller silyl protecting group may allow the formation of a six-membered transi-
tion state for the 1,5-silyl shift, therefore we prepared 3.121 according to a literature procedure.'®
Based on our previous results and literature precedents we selected an array of Lewis acids and
bases for our survey to find a potential catalyst.?3849 Scandium triflate was by far the most potent
catalyst for the Mukaiyama aldol reaction between 3.44 and 3.121 (Table 19), however, when 3.121
was utilized it proved ineffective. Among the other Lewis acids screened, magnesium bromide stood
out, but yttrium triflate, cerium triflate and indium triflate also catalyzed the transformation (Table
20, Entries 7-10). Our survey of reported Lewis base-catalyzed methods was fruitless (Table 20, En-
tries 11-13).14° We continued the optimization of the Mukaiyama aldol reaction by varying the coun-

teranion of the magnesium ion and we found that magnesium triflate and magnesium iodide are

139 Kholod, I.; Vallat, O.; Buciumas, A.-M.; Neels, A.; Neier, R. European J. Org. Chem. 2014, 2014 (35), 7865-7877.
140 | ewis base catalysed Mukaiyama aldol additions: a) Beutner, G. L.; Denmark, S. E. Angew. Chem. Int. Ed. 2013, 52

(35), 9086—9096.; b) Nakagawa, T.; Fujisawa, H.; Mukaiyama, T. Chem. Lett. 2003, 32 (8), 696—697. ; c) Fujisawa, H.;
Mukaiyama, T. Chem. Lett. 2002, 31 (2), 182-183. ; d) Nakamura, E.; Shimizu, M.; Kuwajima, I.; Sakata, J.; Yokoyama, K.;
Noyori, R. J. Org. Chem. 1983, 48 (7), 932-945. ; e) Noyori, R.; Yokoyama, K.; Sakata, J.; Kuwajima, |.; Nakamura, E.;
Shimizu, M. J. Am. Chem. Soc. 1977, 99 (4), 1265-1267.; f) Csuk, R.; Schaade, M. Tetrahedron 1994, 50 (11), 3333—-3348.
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equally potent catalysts, but on larger scale the triflate salt delivered more consistent results. Thor-
ough optimization of the remaining reaction parameters resulted in a method, which converts 3.44
in very good yield to 3.123 even on gram scale (Table 20, Entry 17). 3.123 was obtained as a single
diastereoisomer, but the relative geometry surrounding the oxetane moiety was difficult to assign.
Based on the observed exclusive Si-face selective attack on the oxime C-N double bond by various
reducing agents (see sections 3.2.1.3 and 3.2.1.4), we surmise that the oxygen in the oxetane ring
is pointing down as a result of the Si-face selective attack of ketene acetal reagent. Spin-spin corre-
lation between the methyl ether of 3.123 and the methylene hydrogens at C5 was measured using
nuclear Overhauser effect spectroscopy. Our analysis suggests the relative configuration of 3.123 is

Chapter 3 - Towards the Total Synthesis of Voacafricine A and Voacafricine B

as shown below.

MeQ, OTMS MeQ MeQ NOE correlation’ |
OMe 2
3.121 ‘ OMe
Lewis aciod MeHO/"s S
> CHCl3, T(°C) 0 Y
Meo/\OMe Meo/\OMe
3.44 ) 3.123 -
Entry Catalyst (20 mol%) Temperature Result

1 Sc(OTf); -60°Cto 18°C acetal deprotection
2 BF;*OEt, (1-6 equiv) -60°Cto 18°C decomposition
3 ZnBr, -60°Cto 18°C acetal deprotection
4 Cu(0Tf), -60°Cto 18°C no conversion
5 Zn(OTf), -60°Cto 18°C no conversion
6 Bi(OTf); -60°Cto 18°C no conversion
7 MgBr, 18°C 90% conversion, 80% yield of 3.123
8 Y(OTf)3 -60°Cto 18°C ~50% yield of 3.123
9 Ce(OTf); -60°Cto 18°C ~50% yield of 3.123 and acetal deprotection
10 In(OTf); -60°Cto 18 °C ~50% yield of 3.123
11 TBAF (10 mol%) THF, -78°Cto 18 °C no conversion
12 TASF (10 mol%) THF, -20°Cto 18°C no conversion
13 LiOAc (10 mol%) DMF/water (50:1), -45°C to 18 °C no conversion
14 MgCl, r.t. traces of 3.123
15 Mgl, r.t. full conversion to 3.123
16 Mg(OTf), r.t. full conversion to 3.123
17 XX (10 equiv), Mg(OTf), (30 mol%), CHCI;[0.2 M], 18 °C, 86% isolated yield of 3.123

Table 20 - Summary of the early catalyst screening and optimization of the Mukaiyama aldol reaction for the

synthesis of 3.123.
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The removal of the TMS protecting group of 3.123 and opening of the oxetane ring turned out to be
more difficult than expected. The silyl protecting group resisted to acidic conditions, even treatment
with 1 M hydrogen chloride solution did not result in deportection. Various fluoride sources were
surveyed and we found that tetrabutylammonium fluoride efficiently converts 3.123 to its open
chain form (3.122), however we were not able to isolate the formed product due to its high sensi-
tivity. The crude residue was highly contaminated with tetrabutylammonium residue and when it
was subjected to the next step, we routinely observed the decomposition of 3.122. Eventually, we
found that treatment of 3.123 with anhydrous cesium fluoride in DMF followed by aqueous work-
up delivered 3.122 in acceptable purity and good yield (~70-80%), although further purification was
not possible due to the sensitivity of the product. In an ideal scenario, global reduction of 3.122
delivers directly the pentacyclic product 3.124 as it was reported using similar scaffolds.'** When
3.122 was treated with DIBAL-H, LiBH4 or NaBHa4 spiro compound 3.128 was formed as the single
product.

MeO MeO
OMe h}{dnd:c
CsF reducing agents
OMe —M » H 3 o

L o DMF, r.t. .l
o OTMS  70-80% MeO™ 5 ™

N /_\

MeO/\OMe MeO OMe

3.123 3.122

Scheme 73 - Our attempts to reduce intermediate 3.122 with hydridic reagents were not successful.

A plausible explanation for the formation of 3.128 is shown on Scheme 74. The hydridic reducing
agent first deprotonates the free alcohol and the alcoholate initiates retro-Aldol reaction to furnish
3.44. Enolization followed by Dieckmann condensation with the proximal ester group leads to the
bicyclic diketone 3.107. Hydrolysis of the activated lactam and retro-Claisen condensation furnishes
the isolated product (3.128).

141 pandey, G.; Khamrai, J. Asian J. Org. Chem. 2016, 5 (5), 621-624.
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MeO MeQ

retro-Aldol

S

Dieckmann condensation

3.107

\ hydrolysis of activated lactam

MeO,

retro-Claisen

-dimethyl-oxalate

Scheme 74 - The proposed mechanism for the formation of 3.128.

Converting ester 3.122 to the free acid (3.129) via basic hydrolysis or nucleophilic substitution could
allow us to selectively reduce the free acid in the presence of the ester and amide functions. To this
end, we examined the hydrolysis of 3.122 with alkalimetal hydroxides, lithium hydroperoxide and
sodium propanethiolate (Scheme 75).11° Disappointingly the formation of the free acid was not ob-
served even at elevated temperatures; instead the rearrangement to spiro 3.128 was the prevalent

transformation that took place.
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LiOH,
NaOH,
Ba(OH),,  MeQ
LiOOH
CsF
DMF, r.t. CzH,S" Na* OH
—_— —_— N J
70-80% H o
MeO
o
N
MeO OMe
3.129

Scheme 75 - Disappointingly our efforts to hydrolyse the primary methyl ester of 3.122 resulted in a rearrangement
to 3.128.

Protection of the tertiary alcohol seemed to be the only viable way to proceed. Classic conditions
for the mild silylation of the hindered hydroxyl group did not yield the desired protected alcohol
(3.130), only the 2,6-lutidine-promoted rearrangement to 3.128 (as on Scheme 74) was observed

as shown in Table 21.

Entry Silylating reagent Condition Result
1 TMSOTf (1equiv)  2,6-lutidine (1.2 equiv), DCM,-78 °C major product is 3.128
2 TMSOTf (1.5 equiv) TEA (2 equiv), THF,-78 °C complex mixture was obtained

3 TMSCI (1 equiv) imidazole (2.5 equiv), DMF, 0°Ctor.t. complex mixture was obtained
4 TESOTf (1 equiv) 2,6-lutidine (1.2 equiv), DCM,-78 °C major product is 3.128

TESOTf (1 equiv) TEA (2 equiv), THF,-78 °C complex mixture was obtained

(6]

Table 21 - Our attempts for the protection of the in situ generated tertiary alcohol were fruitless. Rearrangement to
3.128 was observed when 2,6-lutidine was used as base.

The oxetane-orthoester function of 3.123 can be regarded as a protected surrogate of 3.122. Our
plan to leverage this function is as follows: selective, partial reduction of the lactam to hemiaminal
3.131 followed by the in situ oxetane ring opening/orthoester deprotection with cesium fluoride
leads to intermediate 3.132. Acidic treatment elicits the iminium intermediate 3.133, which is
trapped by the tethered methyl ester. Reduction of the lactone 3.134 leads to the formation of the

pentacyclic target compound as shown on Scheme 76.
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selective,

partial reduction CsF, DMF
—_—— —_—
H
gl
MeO 0 Y
-~
MeO OMe
3.132
reduction
- cyclization
- -—
3.135 3.134 3.133

Scheme 76 - Outline of our plan to leverage the oxetane-orthoester function in the construction of ring F.

Methods for the selective reduction of amides to aldehydes have been known for more than half-a-
century, but due to their lack of generality, typically a two-step activation-reduction protocol is fol-
lowed in total synthesis.'¥? We set out this latter strategy to follow for the synthesis of our target
molecule. After screening various activating agents, we found that triflicanhydride is able to activate
the hindered tertiary amide moiety of 3.123. Survey of the literature precedents pointed out that
2- and 3-substituted pyridines are especially well suited as bases for such a transformation and a
rapid screening uncovered that 2-chloropyridine and 3-cyanopyridine are excellent additives for the
studied reaction (Table 22, Entries 4 and 5).143

142 First examples of selective amide reduction: a) Weygand, F.; Eberhardt, G. Angew. Chem. 1952, 64 (16), 458—458.b)
Brown, H. C.; Tsukamoto, A. J. Am. Chem. Soc. 1964, 86 (6), 1089—-1095. Example for a two-step, activation-reduction
protocol in total synthesis: c) Medley, J. W.; Movassaghi, M. Angew. Chem. Int. Ed. 2012, 51 (19), 4572-4576.

143 3) Kaiser, D.; Bauer, A.; Lemmerer, M.; Maulide, N. Chem. Soc. Rev. 2018, 47 (21), 7899-7925.; b)
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MeQO

conditions

Entry Condition Result
1 Meerwein's salt (1 equiv), DCM, 0°C no conversion
2 MeOTf (1.1 equiv), DCM, 0°C no conversion
3 Tf,0 (1.1 equiv),DTBMP (1.2 equiv), MeCN, 0°C decomposition
4 Tf,0(1.1equiv), 3-CN-Py (1.2 equiv), MeCN, -20°C to 18 °C full conversion to 3.136
5 Tf,0 (1.1 equiv), 2-Cl-Py (1.2 equiv), MeCN, -20°C to 18 °C full conversion to 3.136
6 Tf,0 (1.1 equiv), 2-F-Py (1.2 equiv), DCM, -78 °Cto 0 °C 3.136is formed at lower yield

Table 22 - We found that the combination of triflic anhydride with 2-chloropyridine or 3-cyanopyridine in acetoni-
trile can convert 3.123 to the carboximidate 3.136.

Charette and co-workers developed protocols to reduce activated amides to aldehydes using triflic
anhydride as activator and ethylsilane as reducing agent.?** We tried to reduce 3.136 according to
their protocols, moreover, we surveyed other reducing agents, such as phenylsilane, sodium cyano-
borohydride and sodium borohydride. Using the latter reagent 3.136 was cleanly converted to a
mixture of two compounds whose structure was not assigned, but we could exclude them as poten-
tially interesting scaffolds. We also tried to trap the activated amide group with the in situ liberated
ester function and reduce the intermediate in situ. Unfortunately, this approach did not furnish the
desired product (Table 23).

144 3) Pelletier, G.; Bechara, W. S.; Charette, A. B. J. Am. Chem. Soc. 2010, 132 (37), 12817-12819.; b) Barbe, G.; Charette,
A.B.J. Am. Chem. Soc. 2008, 130 (1), 18-19.
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MeO - MeQ MeO
conditions
—_—
3.136 3.137 3.134
Entry Condition Result

1 TES, DCM no reaction

2 Hantzsch esterin DCM no reaction

3 NaBH;CN / THF no reaction

4 PhMe,SiH in DCM no reaction

5 NaBH, in MeOH full conv., 1:1 mixture of two products

6 CsFin DMF complex mixture

7 TBAF in THF complex mixture

Table 23 - Summary of surveyed conditions for the reduction of 3.136.

Aldehydes, enamines or hemiaminals can be obtained from tertiary amides by the catalytic hydros-
ilylation of amides in the presence of transition metals. Buchwald, Nagashima and Adolfsson re-
ported the titanium, iridium, molybdenum and potassium tert-butoxyde catalyzed hydrosilylation
of tertiary amides.?® Although the partial reduction of a tertiary amide bearing a quaternary carbon
centre adjacent to the nitrogen atom is not reported to date, we examined these reported proce-
dures; however, none of these methods were able to transform compound 3.123. Brown reported
the stoichiometric and partial reduction of amides to aldehydes using lithium tri-tert-butoxyalumi-
num hydride.*® Surprisingly, neither the commercial, nor the freshly prepared reagent was able to
reduce 3.123. Chiba and co-workers reported selective amide reduction using a mixture of sodium
hydride and sodium iodide as a suspension in THF at 40 °C. To our dismay, rapid decomposition of
3.123 ensued when Chiba’s conditions were employed. Finally, Georg reported the selective reduc-
tion of tertiary amides to aldehydes with Schwartz reagent.'*” Subjecting 3.123 to four equivalents

of Schwartz reagent in THF at 18 °C, cleanly afforded a new product (Table 13).

145 3) Bower, S.; Kreutzer, K. A.; Buchwald, S. L. Angew. Chem. Int. Ed. 1996, 35 (13-14), 1515-1516.; b) Motoyama, Y.;
Aoki, M.; Takaoka, N.; Aoto, R.; Nagashima, H. Chem. Commun. 2009, No. 12, 1574.; c) Tinnis, F.; Volkov, A.; Slagbrand,
T.; Adolfsson, H. Angew. Chem. Int. Ed. 2016, 55 (14), 4562—-4566.; d) Volkov, A.; Tinnis, F.; Adolfsson, H. Org. Lett. 2014,
16 (3), 680—683.

146 Brown, H. C.; Tsukamoto, A. J. Am. Chem. Soc. 1964, 86 (6), 1089-1095.

147 3) Spletstoser, J. T.; White, J. M.; Tunoori, A. R.; Georg, G. |. J. Am. Chem. Soc. 2007, 129 (11), 3408-3419.; b) White,
J. M.; Tunoori, A. R.; Georg, G. |. J. Am. Chem. Soc. 2000, 122 (48), 11995-11996.
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MeO MeO
conditions
or
3.123 3.138 3.139
Entry Conditions Result
1 Ti(OiPr), (1 equiv), Ph,SiH, or EtO5SiH (1,1 equiv) no conversion
2 Vaska's complex (0.1-50 mol%), TMDSO (1-4 equiv), toluene no conversion
3 Mo(CO)g (5 mol%), TMDSO (4 equiv), THF, r.t.-reflux no conversion
4 KOtBu (5 mol%), TMDSO (4 equiv), THF, reflux decomposition of 3.123
5 LiAIH(OEt); (1-10 equiv), THF, 0°Cto 40 °C no conversion
6 LiAlH, (0.5equiv), THF, 0°C low conversion to 3.128
7 LiAlH, (1 equiv), THF, 0°C full conversion to 3.128
8 NaH, Nal, THF, 40 °C decomposition of 3.123
9 ZrCp,(H)CI (2 equiv), THF, r.t. 30% conversion, 3.140is single product
10 ZrCp,(H)CI (4 equiv), THF, r.t. full conversion, 3.140 s single product
""""""""""""""""""""""""""""""""""""""""" /\o\
Isolated products: MeO
\ NH l
o
N P / NH
H < / H OH ([
N o 0]
s >1--' O]
o0\ TMS
rop SN
HO
\ O J
3.128

proposed structure of 3.140
(single diastereoisomer)

Table 24- Summary of the surveyed conditions for the partial reduction of 3.123. The proposed structure of the iso-

lated products 3.128 and 3.140.
Initially, we had a hard time to unambigouosly assign the structure of the major product of the
reduction with Schwartz reagent. After thorough inspection and much debate, we settled with the
structure shown in Table 24. It is important to note that we took this assignment with reserve, due
to some inconsistencies with chemical shifts and long range heteronuclear correlations. However,
mechanistically the assigned structure made the most sense among the initially proposed variants.
The assignment implies that Schwartz reagent reduced the tertiary lactam to the aldehyde and the
orthoester to alcohol, while the tertiary methyl ester was converted to orthoester. The oxidation
state of the carbon skeleton was perfect for our purposes. In theory, conversion of the orthoester
3.140 to the carboxylic acid 3.141, followed by hemiaminal formation hypothetically leads us to the
desired pentacyclic scaffold without the need to perform any additional redox transformation
(Scheme 77).
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K‘O ~ -0
desilylation
and | hemiaminal
< N |, NH hydrolysis N~ _NH formation
| H OH d H COOH —
0 o
' O1 OH .
TMS d :
X\ N MeO\
HO (o) HO OMe
A\ _J 0
3.141 3.135

proposed structure of 3.140
(single diastereoisomer)

Scheme 77 - Theoretical plan to convert 3.140 to the targeted pentacyclic scaffold.

Following our hypothesis, we surmised that subjecting 3.140 to acidic conditions may result in spon-
taneous desilylation-cyclization cascade, however, we could not realize this transformation. We be-
lieved that if we were able to reduce the labile hemiacetal group we obtain a compound which is
easier to characterize. Even better, if we subject 3.140 to the slightly acidic conditions of reductive
amination we may be able to initiate a cascade collapse of the orthoester unit followed by intramo-
lecular reductive amination. We were able to quickly identify such conditions to transform 1.140 to

another new product in high yield. The proposed structure of 3.142 is shown on Equation 14.

g N
Qj/\ NaBH;CN (1.2 equiv)
AcOH (1 quiv
2 " |,,,. NH N (1 quiv)
/' H OTMS
O OH DCE, rt.
we /o)
o
N
HO
\_ 21 (o) Yy,
3.140

Equation 14 - Reduction of the proposed intermediate 3.140 to 3.142.

Although the reduction of C21 was successful, we knew that the obtained product is not the sought-
after tetracyclic product. Therefore, we wanted to see whether collapsing the orthoester function
using a fluoride source leads us to 3.135. To our greatest surprise, treatment of the presumed or-
thoesters 3.140 and 3.142 with cesium fluoride in DMF or tetrabutylammonium fluoride in THF led
to the formation of the spirocyclic product 3.128 in both cases (Scheme 78).

—o0 ~
QﬂH CSsF in DMF CsF in DMF
< IN <o <

D ° (+)Ms

O\
L HO 0 D ‘ ‘3.1.28

quantitative in both cases
3.140 3.142

Scheme 78 - Treatment of 3.140 and 3.142 resulted in the formation of spirocyclic product 3.128.The obtained prod-
uct was a common side product in earlier investigations as well.
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Now we had clear evidence that the proposed structures of 3.140 and 3.142 were wrong. We pre-
pared a larger quantity of the presumed orthoesters and subjected those to further NMR experi-
ments, including nuclear Overhauser effect spectroscopy. On Scheme 79 we highlighted the ob-
served key NOE interactions and our revised structures of 3.140 and 3.142. The three dimensional
illustration of 3.142 in Scheme 79/c) demonstrates how the spiro-spiro ring system brings C18 and
C19 to the proximity of C5 and C6. The previously dubious chemical shifts and long range heteronu-
clear correlations are now in accordance with the proposed structures and the assignment is further
supported by the particularly intense NOE interactions of the highlighted protons. An additional
interesting observation was the slow shift of the trimethylsilyl group from the tertiary alcohol to the

hemiacetal’s hydroxyl group when 3.140 was kept as a CDCls solution (Scheme 79).
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MeQO
CpoZr(CI)H (4 equiv) NaBH3CN (1.2 equiv)
THF, r.t. i
o AcOH (1 quiv) NH
> o HO
DCE, r.t. \
S ¢}
MeO— OTMS
OMe
revised structure revised structure
3.140 3.142
‘ CsF, DMF \CsF, DMF
CDClj, rt. l
—o N
MeO
l/ NH
< | N 2<otms” oH OTMS
O OH
7..-~ o) e} o N
o HO MeO—\
N HO 3 o OMe
\_ (6] . Me
originally proposed originally proposed 3.143 3.128
structure structure
3.140 3.142

MeO

Scheme 79 — a) The corrected reaction equations with the revised structures of 3.140 and 3.142 b) The key NOE in-
teractions are highlighted on the revised structure of 3.142. c) Three dimensional representation of the molecule
demonstrates the close proximity of C5-C6 to C18-C19. C5 is highlighted in yellow.

In order to provide a reasonable explanation for the formation of 3.140, we first proof checked the
purity of the Schwartz reagent as it tends to convert to zirconocene dihydride upon standing. The
latter is a significantly stronger reducing agent, capable of reducing dichloromethane to methyl chlo-

ride.X*® Our bottle contained a small amount (<5%) of unidentified impurity, but it was absent from

148 Buchwald, S. L.; LaMaire, S. J.; Nielsen, R. B.; Watson, B. T.; King, S. M. Tetrahedron Lett. 1987, 28 (34), 3895-3898.
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zirconocene dihydride. In the literature the scope of reactivity of the Schwartz reagent is well doc-
umented. While it converts tertiary amides to aldehydes among other transformations, it cannot
reduce aromatic and aliphatic esters.'4° With this in mind, the following mechanism is proposed for
the formation of 3.140. In the first step, the lactam is reduced by one equivalent of Schwartz rea-
gent. Coordination of zirconium (IV) to the lone pairs of the adjacent oxygen mediates the retro-
[2+2] addition to liberate the ketene acetal. Enolization and Dieckmann condensation forges the
bicyclic diketone intermediate 3.147. Enolization of the ketone is prohibited as it would violate
Bredt’s rule, the activated carbonyl group undergoes Mukaiyama aldol addition with the previously
released ketene acetal to forge 3.148. The charged intermediate is reduced by Schwartz reagent
and the tertiary alcoholate initiates retro-aldol fragmentation of the bicyclic system to deliver inter-
mediate 3.150. Sequential ketalization leads to intermediate 3.152, which upon 1,5-silyl shift is con-
verted to the aldehyde 3.153. The aldehyde is reduced with the third equivalent of Schwartz reagent
and subsequent transacetalization delivers the isolated product 3.140. Subjecting 3.140 to one
equivalent of sodium cyanoborohydride in acidic conditions results in the reduction of the latent
aldehyde to furnish 3.142 (Scheme 80).

149 3) White, J. M.; Tunoori, A. R.; Georg, G. . J. Am. Chem. Soc. 2000, 122 (48), 11995-11996.; b) Spletstoser, J. T.; White,
J. M.; Tunoori, A. R.; Georg, G. . J. Am. Chem. Soc. 2007, 129 (11), 3408-3419
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MeO
Zr-mediated
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_ —_—
OTMS
OMe
OTMS MeO
OMe Dieck

H ieckmann
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N
MeO OMe
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MeO
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OMe
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Scheme 80 - Proposed mechanism for the formation of 3.140 and 3.142.

The above detailed mechanism may explain the formation of 3.128 upon the treatment of 3.123
with lithium aluminumhydride (Table 24, Entry 7). However, it remains difficult to explain the sur-
vival of the ketone unit. Most likely it stays in the (hemi)ketal form and only upon exposure to silica
gel or aqueous work-up is the ketone liberated. While the reduction with Schwartz reagent results
in the formation of a stable and isolable hemiketal (3.140), the hypothetic (hemi)ketal precursor of

3.128 could not be isolated or observed in any form.
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3.3 Conclusion

In our pursuit towards the voacafricine alkaloids we devised and followed a divergent and poten-
tially enantioselective strategy. We successfully developed a synthetic route to reach the key a-
ketolactam intermediate 3.44 in 5-steps. The sequence begins with a Pictet-Spengler cyclization fol-
lowed by spontaneous condensation to furnish 3.40. Our preliminary experiments indicated that
the transformation can be rendered enantioselective and further optimization can potentially lead
to reach high stereoselectivity. The robust sequence leading to the a-oximinolactam intermediate
(3.59) allowed us to access hands on a wide array of oxime derivatives and our studies on their
deoxymation led to identifying conditions for the unmasking of the elusive ketone 3.44. With this
key intermediate in hand we were able to explore its chemistry en route to voacafricine A and
voacafricine B. Despite our efforts, we were not able to construct ring F,.the last key motif in the

natural products (Scheme 81).
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BnONH, (4.5 equiv)

3.39 BzOH (20 mol%)
) Sc(OTf); (5 mol%)

toluene, r.t., MS4A

72% MeOH [0.1 M], reflux

H N
O Y 75%
NH :
MeO 2 BY
A\ MeO”~ ~OMe
N

H 3.40 3.57

LiOH [1 N],q, (2.5 equiv)
MeOH : H,0 (5:1), 0°C;
NaHSO, (2.5 equiv)
freeze-dry

MeO

Pearlman's cat. (0.7 equiv)
1,4-CHD (11 equiv)

HATU (1.2 equiv)
DIPEA (3 equiv)

-

MeOH [5.3 M] DMF, 0°C to rt,
110°C, 300w, N 60% over 3 steps
12-18 bar MeO™ Ngp1e
27% _
3.44 3.59
3.58
OTMS
OMe (10 equiv)
Mg(OTf), (30 mol%)
CHCI3 [0.2 M], 18 °C
85%
—_—
—
voacafricine A voacafricine B

3.123 31 3.2

Scheme 81 - State of the art synthetic sequence towards the voacafricine alkaloids.

We hypothesize that the boat conformation of the seven-membered lactam ring in 3.123 was the
major source of our troubles in installing the F ring. On the one hand, the boat conformation aligned
the a-keto unit proximal to the ester function, thereby facilitating reaction between the two func-
tional groups. On the other hand, upon Si-face selective 1,2-addition of nucleophiles onto the ke-
tone, the generated alcoholate ended up in a sterically inaccessible position, in a “cage”, preventing

any further transformation at the oxygen centre.
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MeO MeO
1) deprotection
2) epimerization
3) reduction

MeO

3.1, R = H, voacafricine A
3.2, R = OH, voacfricine B

MeO MeO

R = CH(OMe),
3.123

Scheme 82 - We hypothesize that controlling the conformation of the lactam ring is the key to progress with the to-
tal synthesis. Epimerization of the C14 stereocenter can potentially change the conformation of the lactam ring and
change the reactivity of the crucial oxetane-orthoester moiety.

We surmise, that control over the conformation of the lactam ring is predominantly governed by
the pseudo-axial dimethoxyacetal group. Liberation of the aldehyde followed by a-epimerization-
reduction sequence could potentially change the conformation and thereby the reactivity of the
molecule. Furthermore, the epimerization would set the C14 stereocenter to the correct configura-
tion, as observed in the natural products. Both conformation of the lactam ring can be leveraged, if
the epimerization step is performed on 3.123, as this compound is obtained as the exclusive dia-
stereoisomer of the Mukaiyama aldol reaction (Scheme 82). Work towards the total synthesis of
voacafricine A and voacafricine B are underway and may focus on the conformational manipulation
of the seven-membered lactam ring to allow the elaboration of the F ring and complete the synthe-

sis.
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Chapter 4 Experimental part

General Information

Reagents and solvents were purchased from commercial sources (Aldrich, Acros, Merck, Fluka and
VWR international) and preserved under argon. Sensitive compounds were stored in a desiccator or
glove box if required. Reagents were used without further purification unless otherwise noted. All
reactions were performed under argon (or nitrogen) unless otherwise noted. When needed, glass-

ware was dried overnight in an oven (T > 100 °C) or in vacuo with a heat gun (T > 200 °C).

When solvents are indicated as dry they were purchased as such, either distilled prior to use or were
dried by a passage through a column of anhydrous alumina or copper using a Puresolv MD 5 from
Innovative Technology Inc., based on the Grubb’s design. Flash column chromatography was per-
formed using Silicycle P60 silica: 230-400 mesh (40-63 um) silica. Reactions were monitored using
Merck Kieselgel 60F2:sa aluminum or glass backed plates. TLC's were visualized by UV fluorescence
(254 nm) then one of the following: KMnQ., Seebach’s reagent, phosphomolybdic acid, ninhydrin,
pancaldi, p-anisaldehyde or vanillin.

NMR spectra were recorded on a Briker Avance 111-400, Briker Avance-400, Bruker Avance 11-800
or Briiker DRX-400 spectrometer at room temperature. H frequency is at 400.13 MHz, 13C fre-
guency is at 100.62 MHz. Chemical shifts (6) were reported in parts per million (ppm) relative to
residual solvent peaks rounded to the nearest 0.01 ppm for proton and 0.1 ppm for carbon (ref :
CHCls [*H: 7.26 ppm, 13C: 77.16 ppm], CsDe [*H: 7.16 ppm, 3C: 128.39 ppm], MeOH [*H: 3.31 ppm,
13C: 49.0 ppm]). Coupling constants (J) were reported in Hz to the nearest 0.1 Hz. Peak multiplicity
was indicated as follows s (singlet), d (doublet), t (triplet), g (quartet), m (multiplet) and br (broad).
Attribution of peaks was done using the multiplicities and integrals of the peaks. When needed, a
COSY, HSQC and HMBC experiments were used to confirm the attribution.

IR spectra were recorded in a Jasco FT/IR-4100 spectrometer outfitted with a PIKE technology MIR-
acleTM ATR accessory as neat films compressed onto a Zinc Selenide window. The spectra are re-

ported in cm™. Abbreviations used are: w (weak), m (medium), s (strong) and br (broad).

Mass spectra were obtained by using a Waters ACQUITY H-class UPLC/MS ACQ-SQD by electron
ionization (El positive and negative) or a Finnigan TSQ7000 by electrospray ionization (ESI+). The
accurate masses were measured by the mass spectrometry service of the EPFL by ESI-TOF using a
QTOF Ultima from Waters.

Melting points are uncorrected and were recorded on a Stuart SMP30 melting point apparatus.
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GC-MS/FID experiments were performed on a Perkin ElImer Clarus 580 GC-FID instrument and Perkin

Elmer Clarus SQ 8 mass spectrometer. For quantitative measurements toluene was used as internal
standard.

For all general procedures the order of addition of reagents has to be respected.

When a rigorously inert and dry atmosphere was needed the reaction was carried out in a PurelLab

HE 4GB 2500 Glove-box System from Innovative Technologies inc.
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4.1 Experimental procedures and characterization data for
Chapter 1

4.1.1 Synthesis and characterization of diketimine ligands

2,6-dichloro-N-((2Z,4E)-4-((2,6-dichlorophenyl)imino)pent-2-en-2-yl)aniline (1.L1)

Sune

2,6-dichloro-N-((22,4E)-4-((2,6-dichlorophenyl)imino)pent-2-en-2-yl)aniline was prepared accord-

ing to a literature procedure.!
Yield: 62%, White solid

1H NMR (400 MHz, CDCls) § 12.15 (s, 1H), 7.32 (d, J = 8.0 Hz, 4H), 7.00 (t, J = 8.1 Hz, 2H), 5.07 (s, 1H),
1.84 (s, 6H).

13C NMR (101 MHz, CDCls) 6 162.8, 140.9, 131.5, 128.3, 125.9, 95.6, 21.1.

IR (Vmax, M%) 2955 (m), 1629 (s), 1548 (s), 1434 (s), 1370 (m), 1287 (m), 1191 (m), 1072 (w), 1024
(m), 908 (w), 876 (w), 846 (w), 817 (w), 778 (m), 729 (m), 681 (m), 656 (s)

HRMS (ESI/QTOF) m/z calcd for C17H15ClaN2* [M + H]* 386.9984; Found 386.9991.

2,6-dibromo-N-((2Z,4E)-4-((2,6-dibromophenyl)imino)pent-2-en-2-yl)aniline (1.L2)

Br Br
; IN HN ;
B B
I\rlle)\/l\Me r

1.L2

2,6-dibromo-N-((2Z,4E)-4-((2,6-dibromophenyl)imino)pent-2-en-2-yl)aniline was prepared accord-

ing to a literature procedure.!
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Yield: 69%, grey solid
Melting point: 95-96°C

1H NMR (400 MHz, CDCls) § 12.05 (s, 1H), 7.54 (d, J = 8.0 Hz, 4H), 6.86 (t, J = 8.0 Hz, 2H), 5.05 (s, 1H),
1.83 (s, 6H).

13C NMR (101 MHz, CDCl5) 6 162.6, 143.5, 132.1, 126.9, 121.6, 94.9, 21.2.
IRv (cm™) 2917 (w), 2358 (w), 1622 (s), 1543 (s), 1426 (s), 1275 (m), 1189 (m), 771 (m), 724 (s).

HRMS (ESI): m/z calcd for C17H1sBraN2* ([M + H]*): 562.7963; found: 562.7960.

N-((2Z,4E)-4-((2,6-diisopropylphenyl)imino)pent-2-en-2-yl)-2,6-diisopropylaniline (1.L3)

@W@

N-((2Z,4E)-4-((2,6-diisopropylphenyl)imino)pent-2-en-2-yl)-2,6-diisopropylaniline was prepared ac-
cording to a literature procedure.? The spectroscopic data were consistent with those previously

reported in the literature.?

4-methoxy-N-((2Z,4E)-4-((4-methoxyphenyl)imino)pent-2-en-2-yl)aniline (1.L4)

NH NI
Me)\/kMe

was prepared according to a literature procedure.REF The spectroscopic data were consistent with

those previously reported in the literature. REF

2-methoxy-N-((2Z,4E)-4-((2-methoxyphenyl)imino)pent-2-en-2-yl)aniline (1.L5)
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2-methoxy-N-((2Z,4E)-4-((2-methoxyphenyl)imino)pent-2-en-2-yl)aniline was prepared according
to a literature procedure.’3

All spectroscopic data matched with the reported values.?
Yield: 15%, yellow oil

1H NMR (400 MHz, CDCl3) & 12.72 (s, 1H), 7.06 — 6.95 (m, 4H), 6.94 — 6.84 (m, 4H), 4.93 (s, 1H), 3.78
(s, 6H), 1.98 (s, 6H).

13C NMR (101 MHz, CDCl3) & 160.1, 151.4, 135.5, 123.7, 123.2, 120.6, 111.5, 98.1, 55.9, 21.3.
IR v (em)2958 (w), 1596 (m), 1549 (s), 1481 (m), 1280 (s), 1143 (s), 1042 (m), 850 (m), 752 (m).

HRMS (ESI): m/z calcd for Ci9H23N20: ([M + H]*): 311.1759; found: 311.1757.

3-methoxy-N-((2Z,4E)-4-((3-methoxyphenyl)imino)pent-2-en-2-yl)aniline (1.L6)

OMe OMe
@NH ~.©
Me)\/kMe

1.L6

3-methoxy-N-((2Z,4E)-4-((3-methoxyphenyl)imino)pent-2-en-2-yl)aniline was prepared according
to a literature procedure.*

'H NMR (400 MHz, CDCl3) & 12.60 (s, 1H), 7.19 (t, J = 8.0 Hz, 2H), 6.62 (ddd, J = 8.3, 2.6, 1.0 Hz, 2H),
6.56 (ddd, J = 7.8, 2.0, 0.9 Hz, 2H), 6.52 (t, J = 2.2 Hz, 2H), 4.87 (s, 1H), 3.79 (s, 6H), 2.01 (s, 6H), 1.54
(s, 2H).

13C NMR (101 MHz, CDCls) 6 160.26, 159.70, 147.19, 129.63, 115.30, 109.00, 108.48, 97.62, 55.44,
21.09.
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IR: v (cm) 2958 (w), 1596 (m), 1549 (s), 1481 (m), 1280 (s), 1143 (s), 1042 (m), 850 (m), 752 (m).

HRMS (ESI): m/z calcd for ([M + H]*): 311.1754 ; found:311.1754.

N-((2Z,4E)-4-(phenylimino)pent-2-en-2-yl)aniline (1.L7)

©\NH N/©
oS we

N-((2Z,4E)-4-(phenylimino)pent-2-en-2-yl)aniline was prepared according to a literature proce-
dure.? The spectroscopic data were consistent with those previously reported in the literature.*

2-chloro-N-((2Z,4E)-4-((2-chlorophenyl)imino)pent-2-en-2-yl)aniline (1.L8)

@C' °'3©

1.L8

2-chloro-N-((2Z,4E)-4-((2-chlorophenyl)imino)pent-2-en-2-yl)aniline was prepared according to a
literature procedure.! The spectroscopic data were consistent with those previously reported in the

literature.”

2-bromo-N-((2Z,4E)-4-((2-bromophenyl)imino)pent-2-en-2-yl)aniline (1.L9)

@Bf BU@
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2-bromo-N-((2Z,4E)-4-((2-bromophenyl)imino)pent-2-en-2-yl)aniline was prepared according to a
literature procedure.! The spectroscopic data were consistent with those previously reported in the
literature. ®

4-(trifluoromethyl)-N-((2Z,4E)-4-((4-(trifluoromethyl)phenyl)imino)pent-2-en-2-yl)aniline (1.L10)

o, O
NH NI
Me)\/I\Me

1.L10

4-(trifluoromethyl)-N-((2Z,4E)-4-((4-(trifluoromethyl)phenyl)imino)pent-2-en-2-yl)aniline was pre-
pared according to a literature procedure.® The spectroscopic data were consistent with those pre-
viously reported in the literature.®

N-((2zZ,42)-1,1,1,5,5,5-hexafluoro-4-(phenylimino)pent-2-en-2-yl)aniline (1.L11)

A, I
F3C)\/kCF3

1.L1

TiCla (1.1 mL, 20 mmol) in 10 mL of toluene was added dropwise to a solution of aniline (7.3 mL, 80
mmol) in 50 mL of toluene. The resulting mixture was stirred at 90 °C for 30 min followed by the
addition of 1,1,1,5,5,5-hexafluoroacetylacetone (1,41 mL, 20 mmol). The reaction mixture was
stirred overnight, poured into dilute Na,COs solution, and extracted with methylene chloride. The
organic phase was dried over Na;SO4 and the volatiles were removed under vacuum. The residue
was dissolved in ether and treated with concentrated hydrochloric acid at 0 °C. Subsequently, the
white precipitate was removed by filtration. The filtrate was washed with dilute Na,COs solution,
dried over anhydrous Na;SOa, and evaporated. The crude product was purified by column chroma-

tography on silica gel with petroleum ether as the eluent.
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Yield: 20%, yellow oil
All the spectroscopic data matched with the reported values.*

1H NMR (400 MHz, CDCl3) & 12.07 (s, 1H), 7.35 (t, J = 7.9 Hz, 4H), 7.22 (t, 2H), 7.07 (d, J = 7.8 Hz, 4H),
5.90 (s, 1H).

13C NMR (101 MHz, CDCl3) § 149.2 (q, /= 29.8 Hz), 142.8,128.9, 125.9, 122.9, 119.2 (q, / = 283.6 Hz),
88.9 (sept, J = 4.8 Hz).

2-chloro-N-((2Z,42Z)-4-((2-chlorophenyl)imino)-1,1,1,5,5,5-hexafluoropent-2-en-2-yl)aniline
(1.L12)

@C' °'D©

1.L12

2-chloro-N-((2Z,4Z)-4-((2-chlorophenyl)imino)-1,1,1,5,5,5-hexafluoropent-2-en-2-yl)aniline was
prepared according to a literature procedure.” The spectroscopic data were consistent with those

previously reported in the literature.’

2,6-dichloro-N-((2Z,42)-4-((2,6-dichlorophenyl)imino)-1,1,1,5,5,5-hexafluoropent-2-en-2-yl)ani-

line (1.L13)
1) PMe;
NaNO,, HCI; cl N 2)1,1,1,5,5,5- Cl Cl
NaN3 0°C N,/N” hexafluoropentadione
S g
Cl Cl
cl F3C)\/kCF3

Step 1

To a mixture of 2,6-dichloroaniline (6.48 g, 0.04 mol) and 15% HCI (40 mL), NaNO; (3.31 g, 0.048
mol) in H20 (50 mL) was added dropwise at 0°C. After the completion of addition, the reaction mix-
ture was stirred at this temperature for 30 min. A solution of sodium azide (4.22 g, 0.065 mol in 15
mL H20) was added dropwise to the reaction mixture at 0°C. After addition the reaction mixture was
maintained at 0°C for 1 h. The product was extracted by using ethyl acetate followed by washing
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with water up to neutral pH. Organic layer was dried with anhydrous sodium sulfate and then con-
centrated by distillation to afford as yellow oil. The crude mixture was passed through silica gel
with hexane to obtain 6.9 g light yellow oil.

Step 2

Under a nitrogen atmosphere a chilled (-35°C) solution of 2,6-dichlorophenylazide (1 g, 5.32 mmol)
in 2 mL of THF was added slowly to a chilled (-35°C) solution trimethylphosphine (5.32 mL of a 1.0
M solution in THF, 5.32 mmol). Rapid gas evolution was observed. The yellow solution was allowed
to stand for 20 minutes at room temperature. All volatiles were removed from the crude product in

vacuo. The product was used as is for the following steps.
Step 3

Under a nitrogen atmosphere, the product of Step 2 in 3 mL toluene and 1,1,1,5,5,5- heaxafluoro-
pentadione (0.748 ml, 5.27 mmol) in 3 mL of toluene were added together inside a glass pressure
vessel. The pressure vessel was sealed and heated for 108 hours at 100 °C. The brown reaction was
concentrated to remove all volatiles. The brown remaining oil was purified via column chromatog-
raphy using 30:1 hexane:toluene as the mobile phase. The first, bright yellow fraction was collected.
Crystallization from methanol at -20 °C afforded bright yellow crystals in 6% yield over three steps
(269 mg; 0.543 mmol).

The spectroscopic data were consistent with those previously reported in the literature.?

N-((2Z,4E)-4-((2,6-dimethylphenyl)imino)-3-methylpent-2-en-2-yl)-2,6-dimethylaniline (1.L14)

Me Me
; NH NI
M M
lﬁe)ﬁ/l\Me ©

Me
1.L14

N-((2Z,4E)-4-((2,6-dimethylphenyl)imino)-3-methylpent-2-en-2-yl)-2,6-dimethylaniline was pre-
pared according to a literature procedure.” The spectroscopic data were consistent with those pre-

viously reported in the literature.’
Yield: 17% (white amorphous solid)
Melting point: 55°C

1H NMR (400 MHz, CDCls) § 7.02 (d, J = 7.5 Hz, 5H), 6.89 (t, J = 7.5 Hz, 2H), 2.02 (s, 12H), 1.76 (s, 6H),
1.59 (d, J = 7.0 Hz, 3H).
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13C NMR (101 MHz, CDCl3) 6 171.43, 148.64, 128.18, 128.13, 125.79, 122.97, 55.80, 18.69, 18.29,
18.24,15.72.93

IR: v (cm1) 2915 (w), 2360 (s), 1607 (m), 1531 (s), 1466 (m), 1268 (w), 1212 (w), 987 (w), 763 (s).

HRMS (ESI): m/z calcd for ([M + H]*): 321.2325 ; found: 321.2322.

4.1.2 General procedure A for the synthesis of the starting materials

Methyltriphenylphosphonium bromide (0.12 mmol) was added to a flame-dried round-bottom
flask, evacuated, backfilled with nitrogen three times, and suspended in Et,0 (0.30 M). To this vig-
orously stirred heterogeneous solution was added KOtBu (0.12 mmol) at 0°C and the reaction was
allowed to stir at room temperature for 30 min until a bright yellow heterogeneous mixture was
achieved. The resulting suspension was cooled to 0 °C, and the appropriate ketone/aldehyde (0.1
mmol) was added slowly so as to avoid flash boiling of the ethereal solvent. Upon complete addition,
the cooling bath was removed, and the reaction was allowed to stir for ~15 h before filtering
through Celite and concentrating. The crude material was purified by silica gel column chromatog-

raphy using hexane as eluent.
Prop-1-en-2-ylbenzene (1.89)

Me

o

Prop-1-en-2-ylbenzene was purchased from Sigma Aldrich.

1-methyl-4-(prop-1-en-2-yl)benzene (1.95b)
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Me

SO

1-methyl-4-(prop-1-en-2-yl)benzene was purchased from Sigma Aldrich.

1-methyl-3-(prop-1-en-2-yl)benzene (1.95c)

1-methyl-3-(prop-1-en-2-yl)benzene was prepared according to general procedure A. The spectro-

scopic data were consistent with those previously reported in the literature.®

1-fluoro-4-(prop-1-en-2-yl)benzene (1.95d)

Me

o

1-fluoro-4-(prop-1-en-2-yl)benzene was prepared according to general procedure A. The spectro-

scopic data were consistent with those previously reported in the literature.°

But-1-en-2-ylbenzene (1.95e)
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Et

o

But-1-en-2-ylbenzene was prepared according to general procedure A. The spectroscopic data were

consistent with those previously reported in the literature.?

(3-methylbut-1-en-2-yl)benzene (1.95f)

Me Me

(3-methylbut-1-en-2-yl)benzene was prepared according to general procedure A. The spectroscopic

data were consistent with those previously reported in the literature.!!

(1-cyclohexylvinyl)benzene (1.95g)

(1-cyclohexylvinyl)benzene was prepared according to general procedure A. The spectroscopic data

were consistent with those previously reported in the literature.®

4-methyl-N-(2-phenylallyl)benzenesulfonamide (1.95h)
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Br NHTs
TsNH,, K,COg, Ki

v

NBS, MeCN

-
>

MeCN

1a 1h

4-methyl-N-(2-phenylallyl)benzenesulfonamide was prepared from alpha-methylstyrene in a two-
step process. Alpha-methylstyrene was brominated according to a reported procedure.*? To a solu-
tion of alpha-methylstyrene (4.6 g, 39 mmol, 1.0 equiv) in 6 mL CHCI; was added NBS (8.0 g, 45
mmol, 1.15 equiv). The mixture was stirred and heated to reflux for 4 h. Then the reaction mixture
was concentrated and petroleum ether was added. The precipitate that had formed was filtered off
and then the organic layer was dried over Na;SO4 and concentrated under vacuo. The crude product
was purified by column chromatography (petroleum ether) to give the allyloromide (7.1 g, 36 mmol,

92% vyield) as a colorless liquid.

To a solution of the above obtained allyl bromide (500 mg, 2.54 mmol, 1 equiv) in MeCN (8 mL) at
80 °C were added K,COs3 (690 mg, 5.07 mmol, 2.0 equiv), KI (42 mg, 0.25 mmol, 10 mol %) and TsNH;
( 856 mg, 5.07 mmol, 2.0 equiv). The mixture was stirred at reflux for 8 hours. After successive fil-
tration and purification by flash column chromatography on silica gel (petroleum ether-ethyl ace-
tate, 4:1), 4-methyl-N-(2-phenylallyl)benzenesulfonamide (533 mg, 73% yield) was obtained as an

orange amorphous solid. All spectroscopic data matched with the reported values.!?

Ethene-1,1-diyldibenzene (1.95i)

Ethene-1,1-diyldibenzene was purchased from SigmaAldrich.

1-nitro-4-(1-phenylvinyl)benzene (1.95j)
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‘ ‘ NO,

1-nitro-4-(1-phenylvinyl)benzene was prepared according to literature procedure.'* The spectro-

scopic data were consistent with those previously reported in the literature.®

4,4'-(ethene-1,1-diyl)bis(fluorobenzene) (1.95k)

1,

4,4'-(ethene-1,1-diyl)bis(fluorobenzene) was prepared according to general procedure A. The spec-

troscopic data were consistent with those previously reported in the literature.’

4,4'-(ethene-1,1-diyl)bis(chlorobenzene) (1.95l)

Cl I I Cl

4,4'-(ethene-1,1-diyl)bis(chlorobenzene) was prepared according to general procedure A. The spec-

troscopic data were consistent with those previously reported in the literature.’

1-chloro-3-(1-phenylvinyl)benzene (1.95m)
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SAsE

1-chloro-3-(1-phenylvinyl)benzene was prepared according to a literature procedure.’

Styrene (1u), 1-methyl-4-vinylbenzene (1v) and 1-methoxy-4-vinylbenzene (1w) were purchased
from Sigma Aldrich or TCI Co. Ltd.

1-fluoro-4-(1-phenylvinyl)benzene (1.95n)

J

1-fluoro-4-(1-phenylvinyl)benzene was prepared according to a literature procedure.’

1-bromo-4-(1-phenylvinyl)benzene (1.950)

I I Br

1-bromo-4-(1-phenylvinyl)benzene was prepared according to a literature procedure.®

Ethyl 4-(1-phenylvinyl)benzoate (1.95p)
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I I COOEt

1-bromo-4-(1-phenylvinyl)benzene was prepared according to literature procedure.* The spectro-

scopic data were consistent with those previously reported in the literature.!®

4-(1-phenylvinyl)benzonitrile (1.95q)

I I CN

4-(1-phenylvinyl)benzonitrile was prepared according to literature procedure.* The spectroscopic

data were consistent with those previously reported in the literature.’

1-(1-phenylvinyl)-4-(trifluoromethyl)benzene (1.95r)

oL

1-(1-phenylvinyl)-4-(trifluoromethyl)benzene was prepared according to literature procedure.* The

spectroscopic data were consistent with those previously reported in the literature.!®

1-(1-phenylvinyl)-3-(trifluoromethyl)benzene (1.95s)
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SACH
1-(1-phenylvinyl)-3-(trifluoromethyl)benzene was prepared according to a literature procedure.’

1-methyl-3-(1-phenylvinyl)benzene (1.95t)

ShSH

1-(1-phenylvinyl)-3-(trifluoromethyl)benzene was prepared according to a literature procedure.®

1,2-dimethoxy-4-vinylbenzene (1.95x)

X
MeO

OMe

1,2-dimethoxy-4-vinylbenzene was prepared according to general procedure A. The spectroscopic

data were consistent with those previously reported in the literature.?

Styrene (1.95u), 4-methylstyrene (1.95v), 4-methoxystyrene (1.95w), 1-Fluoro-4-vinylbenzene
(1.95y), 1-chloro-4-vinylbenzene (1.95z) and 1-bromo-4-vinylbenzene (1.95aa) were purchased
from Sigma Aldrich or TCI Co. Ltd.
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4.1.3 General procedure B for the synthesis of beta-methoxy esters 1.96a - 1.96aa

Glassware and stirring bar were stored in the oven and the reaction was carried out under inert
atmosphere and dry conditions.** Into a Pyrex 10 mL sealed tube was prepared a solution of cop-
per(ll) triflate (9 mg, 0.025 mmol, 0.1 equiv), L1 (9.7 mg, 0.025 mmol, 0.1 equiv) and 2.5 mL of dry,
degassed methyl formate. The solution was stirred at room temperature for 3 minutes or until the
solution was homogeneous and had dark green color. The substrate (1) (0.25 mmol, 1 equiv) and
tert-butyl-peracetate (319 uL, 1 mmol, 50% solution in mineral spirits, Sigma Aldrich®) was added
to the reaction mixture. The sealed tube was placed into a preheated metallic block heater at the
indicated temperature for the indicated time (see Table 26, Table 25 and Table 27). The reaction
mixture was cooled to room temperature with an ice-bath and was diluted with diethyl ether. The
organic phase was washed with 2.5 M ammonium acetate, saturated sodium bicarbonate solution
and with brine. The combined aqueous phases were extracted 3 times with ether and the organic
phases were combined, dried over anhydrous Na;SO4 and concentrated under reduced pressure.
The crude mixture must not be stored for long time. The obtained crude mixture was purified by
flash column chromatography (SiO,, petroleum ether/ether 10/1 = 8/1, unless otherwise noted).
Dry-loading has to be avoided, toluene was used for the dissolution of the crude mixture and their

introduction onto the column.

Gram scale procedure for the synthesis of methyl 3-methoxy-3-phenylbutanoate (2a)

Cu(OTf), (10 mol%)

1.L1 (10 mol%)
o TR e owe
Me H)I\OMe ©)</
1.89 1.96a

Glassware and stirring bar were stored in the oven and the reaction was carried out under inert
atmosphere and dry conditions. Into a 100 mL pressure resistant round bottomed flask was pre-
pared a solution of copper(ll) triflate (153 mg, 0.42 mmol, 0.05 equiv), 1.L1 (164 mg, 0.42 mmol,
0.05 equiv) and 60 mL of dry, degassed methyl formate. The solution was stirred at room tempera-
ture for 3 minutes or until the solution became homogeneous and had dark green color. a-Methyl
styrene (1.89) (1.0 g, 8.47 mmol, 1 equiv) and tert-butyl peracetate (5.4 mL, 16.9 mmol , 2 equiv,

50% solution in mineral spirits, Sigma Aldrich®) was added to the reaction mixture. The sealed tube

150 Reaction can also be carried out under air, but there is a loss of yield around 10%.
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was placed into a preheated oil bath at 75 °C for 30 min. The reaction mixture was cooled to room
temperature with an ice-bath and was added a solution of copper(ll) triflate (153 mg, 0.42 mmol,
0.05 equiv), 1.L1 (164 mg, 0.42 mmol, 0.05 equiv), tert-butyl peracetate (5.4 mL, 16.9 mmol, 2 equiv,
50% solution in mineral spirits, Sigma Aldrich®) and 10 mL of dry, degassed methyl formate. The
flask was placed back into the oil bath at 75 °C and was stirred for an additional hour. The reaction
mixture was then cooled to room temperature with an ice-bath and the organic phase was washed
with 2.5 M ammonium acetate, saturated sodium bicarbonate solution and with brine. The com-
bined aqueous phases were extracted 3 times with ether and the organic phases were combined,
dried over anhydrous Na;SO4 and concentrated under reduced pressure. The crude mixture must
not be stored for long time. The obtained crude mixture was purified by flash column chromatog-
raphy (SiO;, petroleum ether/ethylacetate/triethylamine 100/3.5/0.2). Dry-loading has to be
avoided, toluene was used for the introduction. Rf (petroleum ether/ethyl acetate 10/1)=0.42. Yield
(1.96a): 1.27 g (72%) yellow oil.

Gram scale procedure for the synthesis of methyl 3-methoxy-3,3-diphenylpropanoate (1.96i)

Cu(OTf), (10 mol%)
1.L1 (10 mol%)

TBPA (4 equiv) O
0 65°C, 3 h OMe
- COOMe
H” “OMe O

Glassware and stirring bar were stored in the oven and the reaction was carried out under inert
atmosphere and dry conditions. Into a 100 mL pressure resistant round bottomed flask was pre-
pared a solution of copper(ll) triflate (100 mg, 0.28 mmol, 0.05 equiv), 1.L1 (108 mg, 0.28 mmol,
0.05 equiv) and 45 mL of dry, degassed methyl formate. The solution was stirred at room tempera-
ture for 3 minutes or until the solution became homogeneous and had dark green color. Ethene-
1,1-diyldibenzene (1.95i) (1.0 g, 5.55 mmol, 1 equiv) and tert-butyl peracetate (3.54 mL, 11.1 mmol
, 2 equiv, 50% solution in mineral spirits, Sigma Aldrich®) was added to the reaction mixture. The
sealed tube was placed into a preheated oil bath at 65 °C for 1 h. The reaction mixture was cooled
to room temperature with an ice-bath and was added a solution of copper(ll) triflate (100 mg, 0.28
mmol, 0.05 equiv), 1.L1 (108 mg, 0.28 mmol, 0.05 equiv), tert-butyl peracetate (3.54 mL, 11.1 mmol
, 2 equiv, 50% solution in mineral spirits, Sigma Aldrich®) and 10 mL of dry, degassed methyl formate.
The flask was placed back into the oil bath at 65 °C and was stirred for two additional hours. The
reaction mixture was then cooled to room temperature with an ice-bath and the organic phase was

washed with 2.5 M ammonium acetate, saturated sodium bicarbonate solution and with brine. The
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combined aqueous phases were extracted 3 times with ether and the organic phases were com-
bined, dried over anhydrous Na>SO4 and concentrated under reduced pressure. The crude mixture
must not be stored for long time. The obtained crude mixture was purified by flash column chroma-
tography (SiO,, petroleum ether/ethylacetate/triethylamine 100/3.1/0.25). Dry-loading has to be
avoided, toluene was used for the introduction. Rf (petroleum ether/ethyl acetate 10/1)=0.40. Yield
(1.96i): 1.08 g (72%) yellow oil.

Gram scale procedure for the synthesis of methyl 3-methoxy-3-phenylpropanoate (2u)

Cu(OTf), (10 mol%)
1.L1 (10 mol%)

TBPA (4 equiv) H oM
©/\ o] 65°C,3h gOOMe
HJkOMe
1.95u 1.96u

Glassware and stirring bar were stored in the oven and the reaction was carried out under inert
atmosphere and dry conditions. Into a 100 mL pressure resistant round bottomed flask was pre-
pared a solution of copper(ll) triflate (174 mg, 0.96 mmol, 0.05 equiv), 1.L1 (187 mg, 0.96 mmol,
0.05 equiv) and 75 mL of dry, degassed methyl formate. The solution was stirred at room tempera-
ture for 3 minutes or until the solution became homogeneous and had dark green color. Styrene
(1.95u) (1.0 g, 9.61 mmol, 1 equiv) and tert-butyl peracetate (6.1 mL, 19.2 mmol , 2 equiv, 50%
solution in mineral spirits, Sigma Aldrich®) was added to the reaction mixture. The sealed tube was
placed into a preheated oil bath at 65 °C for 1 h. The reaction mixture was cooled to room temper-
ature with an ice-bath and was added a solution of copper(ll) triflate (174 mg, 0.96 mmol, 0.05
equiv), 1.L1 (187 mg, 0.96 mmol, 0.05 equiv), tert-butyl peracetate (6.1 mL, 19.2 mmol , 2 equiv,
50% solution in mineral spirits, Sigma Aldrich®) and 10 mL of dry, degassed methyl formate. The
flask was placed back into the oil bath at 65 °C and was stirred for two additional hours. The reaction
mixture was then cooled to room temperature with an ice-bath and the organic phase was washed
with 2.5 M ammonium acetate, saturated sodium bicarbonate solution and with brine. The com-
bined aqueous phases were extracted 3 times with ether and the organic phases were combined,
dried over anhydrous Na;SO4 and concentrated under reduced pressure. The crude mixture must
not be stored for long time. The obtained crude mixture was purified by flash column chromatog-
raphy (SiO2, petroleum ether/ether 25/1). Dry-loading has to be avoided, toluene was used for the
introduction. Yield (1.96u): 1.03 g (53%) yellow oil.
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Temperature Reaction time Isolated yield
HH Structure po 0 y
(°C) (h) (%)
Me_, OMe ° o,
1.96a COOMe 75 °C 1 77%
Me., OMe
1.96b COOMe 75 °C 1 79%
Me, OMe
COOMe
1.96¢ 75°C 1 76%
Me OMe
COOMe
1.96d 75°C 1 73%
F
Et. OMe
COOMe
1.96e 75 °C 1 70%
OMe
1.96f 75°C 1 58%
COOMe
COOMe
1.96g MQO: 5 75 °C 1 59%
NHTs
1.96h OMe 75°C 1 59%
COOMe

Table 25 - Alpha-alkylstyrene derivatives
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Temperature  Reaction time Isolated yield

Hit Structure
(°C) (h) (%)
1.96i COOMe 65 °C 2 70%
MeO:
1.96j [C""“‘“ 85 °C 1 69%
MeO
‘ ‘ NO,
1.96n COOMe 75 °C 1 83%
MeO
L
1.960 COOMe 75 °C 1.5 67%
MeO
l l Br
1.96p COOMe 85 °C 1 63%
MeO
‘ ‘ COOEt
1.96q COOMe 85 °C 1 68%
MeOz
I I N
1.96r COOMe 65 °C 1 57%
MeO
‘ ‘ CF4
1.96s COOMe 75 °C 1 62%
MeO
A
1.96t S0O0Me 65 °C 2 44%

Me

:i\
Q
o]
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1.96k COOMe 75°C 1.5 67%
MeO
BORSE
1.96l GOOMe 75°C 1.5 54%
MeO
cl ‘ ‘ (o]
1.96m COOMe 75 °C 1.5 60%

MeO
SR

Table 26 - 1,1-diarylethylene derivatives
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Temperature  Reaction time  Isolated yield
H# Structure o

(°C) (h) (%)
1.96u 65 °C 1 58%

H_ OMe

COOMe
1.96v ©)/\/ 65 °C 2 66%
H_ OMe
COOMe
‘ OMe 65 °C
1.96w Mo~ <X COOMe 1 60%
MeO l
H_ OMe
COOMe
1.96x Meo/©)</ 65 °C 1 63%
OMe

H OMe

1.96y /@X,COOMD 75 oC 1 54%
F

H OMe

1.962 /©)(/000Me 65 °C 2 45%
cl

H OMe

1.96aa 65 °C 3 53%

Table 27 - Styrene derivatives
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Methyl 3-methoxy-3-phenylbutanoate (1.96a)

Me_. OMe

O}QCOOMe

Yield: 77% (40 mg), yellow oil

1H NMR (400 MHz, CDCl3) § 7.41 — 7.32 (m, 4H), 7.29 — 7.24 (m, 1H), 3.57 (s, 3H), 3.08 (s, 3H), 2.83
(d,J=13.7 Hz, 1H), 2.73 (d, J = 13.7 Hz, 1H), 1.73 (s, 3H).

13C NMR (101 MHz, CDCl3) 6 170.9, 143.7, 128.4, 127.5, 126.2, 77.9, 51.6, 50.7, 47.7, 23.1.

All the spectroscopic data were in accordance with those reported in the literature.?°
Methyl 3-methoxy-3-(p-tolyl)butanoate (1.96b)

Me_, OMe

ﬁCOOMe

Yield: 79% (44 mg), colorless oil

1H NMR (400 MHz, CDCls) § 7.30 — 7.26 (m, 2H), 7.20 — 7.12 (m, 2H), 3.59 (s, 3H), 3.08 (s, 3H), 2.83
(d,J=13.7 Hz, 1H), 2.73 (d, J = 13.7 Hz, 1H), 2.34 (s, 3H), 1.72 (s, 3H).

13C NMR (101 MHz, CDCl5) 6 171.0, 140.7, 137.1, 129.1, 126.2, 77.7, 51.6, 50.6, 47.7, 23.2, 21.2.

IRv (cm™) 2943 (w), 2827 (w), 1738 (s), 1436 (m), 1329 (m), 1190 (m), 1159 (m), 1092 (s), 1062 (s),
819 (m).

HRMS (ESI/QTOF): m/z calcd for C13H1sNaOs ([M + Na]*): 245.1154; found: 245.1156.

Methyl 3-methoxy-3-(m-tolyl)butanoate (1.96c)
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Me_ OMe
COOMe

Yield: 76% (42 mg), colorless oil

1H NMR (400 MHz, Acetone-ds) § 7.26 — 7.17 (m, 3H), 7.10 — 7.06 (m, 1H), 3.51 (s, 3H), 3.02 (s, 3H),
2.80 (d, J = 13.9 Hz, 1H), 2.75 (t, J = 13.9 Hz, 1H), 2.34 (s, 3H), 1.68 (s, 3H).

13C NMR (101 MHz, Acetone) § 170.9, 145.0, 138.3, 128.8, 128.6, 127.6, 124.1, 78.2,51.3,50.4, 47.2,
23.9, 21.6.

IR v (cm™1) 2940 (w) 1738 (s), 1434 (m), 1332 (m), 1160 (m), 810 (m).

HRMS (ESI/QTOF): m/z calcd for C13H1gNaOs ([M + Na]*): 245.1154; found: 245.1150.

Methyl 3-(4-fluorophenyl)-3-methoxybutanoate (1.96d)

Me OMe
COOMe

Yield: 73% (41 mg), colorless oil

1H NMR (400 MHz, CsDs) § 7.11 — 7.06 (m, 2H), 6.82 — 6.76 (m, 2H), 3.20 (s, 3H), 2.83 (s, 3H), 2.70
(d,J =13.9 Hz, 1H), 2.59 (d, J = 13.9 Hz, 1H), 1.59 (s, 3H).

13C NMR (101 MHz, CsDs) 8 170.4, 162.8 (d, J = 245.2 Hz), 140.4 (d, J = 3.2 Hz), 128.8 (d, J = 8.1 Hz),
115.5 (d, J = 21.2 Hz), 77.7, 51.3, 50.4, 47.9, 23.5.

IRv (cm™) 2952 (w), 2338 (w), 1739 (s), 1603 (w), 1509 (s), 1225 (s), 1162 (s), 1088 (m), 1059 (m),
838 (s).

HRMS (ESI/QTOF): m/z calcd for C12H15FNaOs ([M + Nal*): 249.0903; found: 249.0901.
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Methyl 3-methoxy-3-phenylpentanoate (1.96e)

Et. OMe
COOMe

Yield: 70% (40 mg), colorless oil
The analytical data were in accordance with those reported in the literature.?!

1H NMR (400 MHz, CéDg) § 7.31 — 7.27 (m, 2H), 7.20 = 7.12 (m, 2H), 7.10 = 7.03 (m, 1H), 3.20 (s, 3H),
2.99 (s, 3H), 2.81 (d, J = 13.8 Hz, 1H), 2.76 (d, J = 13.8 Hz, 1H), 2.13 (dq, J = 14.7, 7.4 Hz, 1H), 1.98
(dg, J = 14.6, 7.4 Hz, 1H), 0.79 (t, J = 7.4 Hz, 3H).

13C NMR (101 MHz, C¢Ds) 6 170.5, 143.8, 128.7, 127.6, 127.2, 80.9, 51.3, 50.2, 41.5, 30.2, 8.3.

HRMS (ESI/QTOF): m/z calcd for C13H1gNaOs ([M + Na]*): 245.1154; found: 245.1154.

Methyl 3-methoxy-4-methyl-3-phenylpentanoate (1.96f)

OMe

COOMe

The analytical data were in accordance with those reported in the literature.??
Yield: 58% (34 mg), colorless oil

1H NMR (400 MHz, CeDg) & 7.21 — 7.06 (m, 5H), 3.34 (s, 3H), 3.20 (s, 3H), 2.98 (d, J = 13.9 Hz, 1H),
2.76 (d, J = 13.9 Hz, 1H), 2.50 (hept, J = 6.8 Hz, 1H), 0.90 (d, J = 6.8 Hz, 3H), 0.83 (d, J = 6.8 Hz, 3H).

13C NMR (101 MHz, C¢Ds) 6 170.8, 140.4, 128.5, 128.1, 127.5, 84.1, 51.5, 51.4, 38.2, 36.5, 18.7, 17.4.

Methyl 3-cyclohexyl-3-methoxy-3-phenylpropanoate (1.96g)
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COOMe
MeO

Yield: 59% (41 mg), colorless oil

1H NMR (400 MHz, CDCl3) & 7.38 = 7.29 (m, 2H), 7.29 — 7.20 (m, 3H), 3.70 (s, 3H), 3.28 (s, 3H), 3.24
(d, J = 14.1 Hz, 1H), 2.95 (d, J = 14.1 Hz, 1H), 2.01 (m, 1H), 1.93 — 1.80 (m, 2H), 1.75 — 1.60 (m, 2H),
1.58 —1.49 (m, 1H), 1.33 = 1.10 (m, 2H), 0.95 — 0.79 (m, 1H), 0.69 — 0.49 (m, 2H).

13C NMR (101 MHz, CDCl3) & 171.2, 140.2, 127.6, 127.6, 127.0, 83.5, 51.8, 51.1, 46.3, 37.4, 28.6,
26.9, 26.8, 26.5, 26.5.

IR v (cm™t) 2929 (w), 2853 (w), 1737 (s), 1445 (m), 1328 (w), 1175 (s), 1069 (m), 1009 (w), 704 (s).

HRMS (ESI/QTOF): m/z calcd for C17H24NaOs ([M + Na]*): 299.1623; found: 299.1625.

Methyl 3-methoxy-4-((4-methylphenyl)sulfonamido)-3-phenylbutanoate (1.96h)

NHTs
OMe

COOMe

Yield: 59% (57 mg), orange amorphous solid

1H NMR (400 MHz, CDCl3) & 7.70 — 7.69 (m, 2H), 7.36 — 7.24 (m, 7H), 4.76 (t, J = 6.4 Hz, 1H), 3.63
(dd, J = 12.6, 7.9 Hz, 1H), 3.56 (s, 3H), 3.39 (dd, J = 12.6, 5.0 Hz, 1H), 3.02 (s, 3H), 2.95 (s, 2H), 2.41
(s, 3H).

13C NMR (101 MHz, CDCl3) § 170.5, 143.5, 139.7, 136.8, 129.9, 128.8, 128.3, 127.3, 126.5, 79.1, 52.0,
50.7,48.2,40.4, 21.7.

IRv (cm™) 3282 (w), 2955 (w), 1734 (w), 1438 (w), 1333 (m), 1163 (s), 1092 (m), 703 (m), 667 (m).

HRMS (ESI/QTOF): m/z calcd for CigH23NNaOsS ([M + Na]*): 400.1195; found: 400.1194.
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Methyl 3-methoxy-3,3-diphenylpropanoate (1.96i)

COOMe
MeO

Yield: 70% on 0.25 mmol scale, 72% (1.06 g) on 1 gram scale, yellow oil

14 NMR (400 MHz, CDCl3) § 7.41 — 7.25 (m, 8H), 7.25 — 7.14 (m, 2H), 3.42 (s, 3H), 3.36 (s, 2H), 3.19
(s, 3H).

13C NMR (101 MHz, CDCl3) 6 170.4, 144.3, 128.1, 127.3, 127.0, 81.9, 51.5, 51.1, 41.7.

IR v (cm1) 2949 (w), 1735 (m), 1447 (m), 1325 (m), 1234 (m), 1197 (m), 1149 (m), 1076
(m), 699 (s).

HRMS (ESI): m/z calcd for C17H1903" ([M + H]*): 271.1329; found: 271.1328.

Methyl 3-methoxy-3-(4-nitrophenyl)-3-phenylpropanoate (1.96;j)

Yield: 69% (53 mg), colorless oil

1H NMR (400 MHz, CDCls) & 8.15 — 8.10 (m, 2H), 7.55 — 7.49 (m, 2H), 7.37 = 7.31 (m, 2H), 7.33 — 7.23
(m, 3H), 3.50 (d, J = 13.6 Hz, 1H), 3.47 (s, 3H), 3.35 (d, J = 13.6 Hz, 1H), 3.22 (s, 3H).

13C NMR (101 MHz, CDCl3) § 169.7, 152.6, 146.8, 142.4, 128.8, 128.7, 128.2, 127.6, 127.1, 123.2,
81.5,51.7,51.2,41.1.

IR v (cm™t) 2928 (w), 1740 (s), 1444 (w), 1241 (w), 1100 (m), 910 (m), 732 (s).

HRMS (ESI): m/z calcd for C17H1sNOs* ([M + H]*): 316.1180; found: 316.1175.
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Methyl 3,3-bis(4-fluorophenyl)-3-methoxypropanoate (1.96k)

COOMe
MeO

JOR0E

Yield: 67% (51 mg), colorless oil

1H NMR (400 MHz, CDCl3) & 7.30 — 7.24 (m, 4H), 6.99 (t, J = 8.7 Hz, 4H), 3.45 (s, 3H), 3.31 (s, 2H),
3.17 (s, 3H).

13C NMR (101 MHz, CDCl3) 6 170.0, 162.1 (d, J = 246.5 Hz), 140.0 (d, J = 3.3 Hz), 128.8 (d, J = 8.1 Hz),
115.0 (d, J = 21.4 Hz), 81.2, 51.7, 51.0, 41.8.

IR v (cm™) 2948 (w), 1740 (s), 1604 (m), 1507 (s), 1324 (w), 1226 (s), 1160 (s), 1084 (w), 1027 (w),
835 (s).

HRMS (ESI): m/z calcd for C17H17F203* ([M + H]*): 307.1141; found: 307.1042.
Methyl 3,3-bis(4-chlorophenyl)-3-methoxypropanoate (1.96l)

COOMe
MeO

Cl I I Cl

Yield: 54% (46 mg), colorless oil
14 NMR (400 MHz, CDCl3) 6 7.30 — 7.19 (m, 8H), 3.45 (s, 3H), 3.30 (s, 2H), 3.17 (s, 3H).

13C NMR (101 MHz, CDCls) 6 169.8, 142.5, 133.4,128.4, 81.1, 51.7, 51.1, 41.3.
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IR v (cm™) 2944 (w), 1740 (s), 1491 (m), 1435 (m), 1328 (m), 1229 (m), 1194 (m), 1150 (m), 1091 (s),
1015 (s), 817 (s), 960 (w)

HRMS (ESI): m/z calcd for C17H17Cl20s* ([M + H]*): 339.0549; found: 339.0546

Methyl 3-(3-chlorophenyl)-3-methoxy-3-phenylpropanoate (1.96m)

Yield: 60% (45 mg), colorless oil

1H NMR (400 MHz, CDCls) & 7.37 (s, 1H), 7.36 — 7.08 (m, 8H), 3.45 (s, 3H), 3.38 (d, J = 13.3 Hz, 1H),
3.31(d, J = 13.3 Hz, 1H), 3.19 (s, 3H).

13C NMR (101 MHz, CDCl3) § 170.0, 146.9, 143.4, 134.1, 129.3, 128.3, 127.7, 127.4, 127.0, 127.0,
125.2, 81.5, 51.6, 51.1, 41.4.

IR v (cm™) 2955 (w), 2833 (w), 1740 (s), 1480 (m), 1444 (m), 1322 (m), 1190 (m), 1160 (s), 1101 (s)

HRMS (ESI/QTOF) m/z: Calcd for C17H17CINaOs* ([M + Na]*) 327.0758; found 327.0768.

Methyl 3-(4-fluorophenyl)-3-methoxy-3-phenylpropanoate (1.96n)

COOMe
MeO

L,

Yield: 83% (60 mg), colorless oil

1H NMR (400 MHz, CDCl3) § 7.33 — 7.23 (m, 6H), 6.97 (t, J = 8.7 Hz, 2H), 3.44 (s, 3H), 3.37 (d, J = 13.2
Hz, 1H), 3.31 (d, J = 13.2 Hz, 1H), 3.18 (s, 3H).
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13C NMR (101 MHz, CDCl3) 6 170.2, 162.0 (d, J = 246.0 Hz), 143.9, 140.4 (d, J = 3.2 Hz), 128.7 (d, J =
8.1 Hz), 128.3, 127.6, 127.1, 114.9 (d, J = 21.3 Hz), 81.6, 51.6, 51.1, 41.7.

IR v (cm™) 2952 (w), 1740 (s), 1517 (s), 1325 (w), 1202 (s), 1158 (s), 1084 (w), 830 (s).

HRMS (ESI/QTOF) m/z: Calcd for C17H17FNaOs* ([M + Na]*) 311.1059; found 311.1058.

Methyl 3-(4-bromophenyl)-3-methoxy-3-phenylpropanoate (1.960)

Yield: 67% (58 mg), colorless oil

1H NMR (400 MHz, CDCls) & 7.43-7.40 (m, 2H), 7.36 — 7.24 (m, 5H), 7.22 — 7.18 (m, 2H), 3.46 (s, 3H),
3.38(d, J = 13.3 Hz, 1H), 3.30 (d, J = 13.3 Hz, 1H), 3.19 (s, 3H).

13C NMR (101 MHz, CDCl3) § 170.2, 143.8, 143.5,131.2, 128.7, 128.4,127.7,127.0,121.3, 81.5, 51.7,
51.1,41.4.

IR v (cm™1) 2949 (w), 2830 (w), 1737 (s), 1487 (m), 1436 (m), 1324 (m), 1244 (w), 1197 (m), 1150 (s),
1076 (s), 1010 (m), 701 (m).

HRMS (ESI): m/z calcd for Ci7H1sBrOs ([M + H]*): 349.0434; found: 349.0432.
Ethyl 4-(1,3-dimethoxy-3-oxo-1-phenylpropyl)benzoate (1.96p)

COOMe
MeO

I I COOEt

Yield: 63% (54 mg), colorless oil
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1H NMR (400 MHz, CDCl3) 6 7.95 — 7.91 (m, 2H), 7.39 — 7.36 (m, 2H), 7.30 — 7.20 (m, 5H), 4.35 (q, J
= 7.1 Hz, 2H), 3.44 (s, 3H), 3.43 (d, J = 13.3 Hz, 1H), 3.35 (d, J = 13.4 Hz, 1H), 3.20 (s, 3H), 1.36 (t, J =
7.1 Hz, 3H).

13C NMR (101 MHz, CDCl3) 6 170.1, 166.6, 149.8, 143.4, 129.4, 129.4, 128.4, 127.7, 127.1, 126.8,
81.8,61.0,51.6,51.2,41.4, 14.5.

IRv (cm™t) 2951 (w), 1737 (m), 1716 (s), 1275 (s), 1106 (m).

HRMS (ESI): m/z calcd for CaoH230s* ([M + H]*): 343.1540 ; found: 343.1839.

Methyl 3-(4-cyanophenyl)-3-methoxy-3-phenylpropanoate (1.96q)

Yield: 68% (50 mg), colorless oil

1H NMR (400 MHz, CDCl3) § 7.60 — 7.55 (m, 2H), 7.49 — 7.43 (m, 2H), 7.37 —7.32 (m, 2H), 7.30— 7.26
(m, 3H), 3.46 (s, 3H), 3.46 (d, J = 13.5 Hz, 1H), 3.31 (d, J = 13.5 Hz, 1H), 3.20 (s, 3H).

13C NMR (101 MHz, CDCl3) § 169.6, 150.4, 142.4, 131.7, 128.5, 128.0, 127.3, 127.0, 118.9, 110.8,
81.4,51.6,51.1, 41.0.

IRv (cm™) 2949 (w), 2227 (m), 1737 (s), 1446 (m), 1440 (m), 1328 (m), 1235 (m), 1200 (m), 1150 (s),
1080 (m), 1025 (m), 835 (m), 702 (s)

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: Calcd for CigH17NNaOs* ([M+Na]*): 318.1101; found
318.1096.

Methyl 3-methoxy-3-phenyl-3-(4-(trifluoromethyl)phenyl)propanoate (1.96r)
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COOMe

oL,

Yield: 57% (48 mg), colorless oil

1H NMR (400 MHz, Acetone-ds) § 7.66 — 7.57 (m, 4H), 7.42 — 7.32 (m, 4H), 7.31 — 7.20 (m, 1H), 3.57
(d,J = 13.8 Hz, 1H), 3.52 (d, J = 13.8 Hz, 1H), 3.40 (s, 3H), 3.22 (s, 3H).

13C NMR (101 MHz, Acetone-ds) § 169.2, 150.0, 143.6, 128.2 (g, J = 32.0 Hz), 128.2, 127.4, 127.3,
126.9, 124.6 (q, J = 3.9 Hz), 124.5 (q, J = 271.2 Hz), 81.4, 50.5, 50.3, 40.4.

IR v (cm™t) 2952 (w), 1738 (m), 1437 (w), 1326 (s), 1164 (m), 1119 (s), 1069 (s), 1019 (m).

HRMS (ESI/QTOF) m/zCalcd for CigH17FsNaOs* ([M + NaJ*): 361.1022; found 361.1020.

Methyl 3-methoxy-3-phenyl-3-(3-(trifluoromethyl)phenyl)propanoate (1.96s)

Yield: 62% (50 mg) colorless oil

1H NMR (400 MHz, CDCl3) & 7.70 (s, 1H), 7.50 — 7.46 (m, 1H), 7.44 — 7.37 (m, 2H), 7.36 — 7.25 (m,
5H), 3.45 (d, J = 13.2 Hz, 1H), 3.44 (s, 3H), 3.32 (d, J = 13.4 Hz, 1H), 3.21 (s, 3H).

13C NMR (101 MHz, CDCl3) 6 170.0, 146.1, 143.1, 130.5, 130.3 (q, J = 32.2 Hz), 128.5, 128.5, 127.9,
127.2,124.3 (q,) =272.2 Hz), 124.1 (g, J = 3.8 Hz), 123.4 (q,J = 3.9 Hz), 81.6, 51.7, 51.2, 41.5.

IR v (cm™) 2952 (w), 2833 (w), 2350 (w), 1740 (m), 1733 (m), 1438 (m), 1331 (s), 1167 (s), 1125 (s),
1077 (m), 702 (m).

HRMS (ESI): m/z calcd for CigH1sF303* ([M + H]*): 339.1203; found: 339.1201.

Methyl 3-methoxy-3-phenyl-3-(m-tolyl)propanoate (1.96t)
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Yield: 44% (31 mg), colorless oil

1H NMR (400 MHz, CDCl3) & 7.34 — 7.03 (m, 9H), 3.43 (s, 3H), 3.37 (d, J = 13.3 Hz, 1H), 3.34 (d, J =
13.3 Hz, 1H), 3.19 (s, 3H), 2.31 (s, 3H).

13C NMR (101 MHz, CDCls) 6 170.5, 144.5, 144.2, 137.7, 128.1, 128.1, 128.0, 127.7, 127.2, 127.0,
124.2, 81.9, 51.6, 51.1, 41.7, 21.8.

IR v (cm™) 2950 (w), 2828 (w), 2356 (w), 1738 (s), 1447 (m), 1326 (m), 1195 (m), 1079 (m), 1035
(w), 793 (w), 750 (w), 702 (s).

HRMS (ESI): m/z calcd for CigH20NaOs* ([M + Na]*): 307.1310; found: 307.1310.

Methyl 3-methoxy-3-phenylpropanoate (1.96u)

H. OMe

©)</CO0Me

Yield: 58% (28 mg), 53% on gram scale (1.03 g) yellow oil

1H NMR (400 MHz, CDCls) & 7.39 — 7.28 (m, 5H), 4.64 (dd, J = 9.2, 4.5 Hz, 1H), 3.69 (s, 3H), 3.22 (s,
3H), 2.81 (dd, J = 15.4, 9.3 Hz, 1H), 2.58 (dd, J = 15.4, 4.5 Hz, 1H).

13C NMR (101 MHgz, CDCls) 6 171.6, 140.7, 128.8, 128.2, 126.7, 80.2, 57.0, 51.9, 43.5.

IR v (cm™) 2824 (w), 1739 (s), 1436 (m), 1198 (m), 1158 (s), 1105 (s), 702 (s).
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HRMS (ESI/QTOF): m/z calcd for C11H14NaOs ([M + Na]*): 217.0841; found: 217.0843.
Methyl 3-methoxy-3-(p-tolyl)propanoate (1.96v)

H. OMe

/©)§/CO0Me
Me

Yield: 66% (34 mg), colorless oil

1H NMR (400 MHz, CDCl3) 6 7.23 — 7.21 (m, 2H), 7.18 — 7.16 (m, 2H), 4.60 (dd, J = 9.2, 4.6 Hz, 1H),
3.69 (s, 3H), 3.21 (s, 3H), 2.81 (dd, J = 15.3, 9.3 Hz, 1H), 2.56 (dd, J = 15.3, 4.6 Hz, 1H), 2.35 (s, 3H).

13C NMR (101 MHz, CDCl3) § 171.7, 137.9, 137.6, 129.4, 126.7, 80.0, 56.9, 51.9, 43.5, 21.3.
IR v (cm™t) 2931 (w), 1739 (s), 1436 (m), 1158 (m), 1103 (s), 819 (m).

HRMS (ESI/QTOF): m/z calcd for C12H16NaOs ([M + Na]*): 231.0997; found: 231.0993.

Methyl 3-methoxy-3-(4-methoxyphenyl)propanoate (1.96w)

H. OMe

/O)Qcoowm
MeO

Yield: 60% (33 mg), colorless oil

1H NMR (400 MHz, CDCl3) § 7.27 — 7.24 (m, 2H), 6.91-6.88 (m, 2H), 4.58 (dd, J = 9.1, 4.8 Hz, 1H), 3.81
(s, 3H), 3.68 (s, 3H), 3.19 (s, 3H), 2.81 (dd, J = 15.3, 9.1 Hz, 1H), 2.56 (dd, J = 15.3, 4.8 Hz, 1H).

13¢ NMR (101 MHz, CDCl3) § 171.7, 159.5, 132.6, 128.0, 114.1, 79.7, 56.8, 55.4, 51.9, 43.5.
IR v (cm™t) 2935 (w), 1738 (s), 1613 (m), 1513 (s), 1247 (s), 1160 (s), 1101 (s), 834 (m).

HRMS (ESI): m/z calcd for C12H16NaO4 ([M + NaJ*): 247.0946; found: 247.0946.
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Methyl 3-(3,4-dimethoxyphenyl)-3-methoxypropanoate (1.96x)

H. OMe
COOMe

MeO
OMe

Yield: 63% (40 mg), colorless oil

1H NMR (400 MHz, CDCls) & 6.86 — 6.80 (m, 3H), 4.56 (dd, J = 9.2, 4.7 Hz, 1H), 3.87 (s, 3H), 3.86 (s,
3H), 3.67 (s, 3H), 3.19 (s, 3H), 2.79 (dd, J = 15.2, 9.2 Hz, 1H), 2.55 (dd, J = 15.2, 4.7 Hz, 1H).

13C NMR (101 MHz, CDCl3) 6 171.6, 149.4, 148.9, 133.1, 119.3, 111.0, 109.2, 80.0, 56.8, 56.0, 51.9,
43.5.

IR v (cm™t) 2936 (w), 2835 (w), 1737 (s), 1514 (s), 1258 (s), 1138 (s), 1027 (s).

HRMS (ESI/QTOF): m/z calcd for C13H1sNaOs ([M + Na]*): 277.1052; found: 277.1051.

Methyl 3-(4-fluorophenyl)-3-methoxypropanoate (1.96y)

H OMe
COOMe

The analytical data were in accordance with those reported in the literature.?3
Yield: 54% (27 mg), colorless oil

1H NMR (400 MHz, Acetone-ds) & 7.43 — 7.38 (m, 1H), 7.17 — 7.10 (m, 1H), 4.62 (dd, J = 9.1, 5.0 Hz,
1H), 3.61 (s, 1H), 3.15 (s, 2H), 2.81 — 2.70 (m, 1H), 2.57 (ddd, J = 15.4, 5.0, 1.5 Hz, OH).

13C NMR (126 MHz, Acetone-ds) & 171.3, 163.22 (d, J = 243.9 Hz), 137.94 (d, J = 3.1 Hz), 129.47 (d, J
= 8.2 Hz), 115.96 (d, J = 21.5 Hz). 80.1, 56.7, 51.6, 43.6.
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Methyl 3-(4-chlorophenyl)-3-methoxypropanoate (1.96z)

H OMe
COOMe

Cl

The analytical data were in accordance with those reported in the literature.?3

Yield: 45% (26 mg), colorless oil

1H NMR (400 MHz, CsDe) & 7.05 (d, J = 8.4 Hz, 2H), 6.86 (d, J = 8.3 Hz, 2H), 4.52 (dd, J = 9.0, 4.7 Hz,
1H), 3.30 (s, 3H), 2.95 (s, 3H), 2.70 (dd, J = 15.5, 9.0 Hz, 1H), 2.28 (dd, J = 15.6, 4.7 Hz, 1H).

13C NMR (101 MHz, C¢Ds) 6 171.0, 140.1, 134.2, 129.3, 128.7, 80.0, 56.9, 51.6, 43.7.

methyl 3-(4-bromophenyl)-3-methoxypropanoate (1.96aa)

H OMe
COOMe

Br

The analytical data were in accordance with those reported in the literature.?3

Yield: 53% (36 mg), colorless oil

1H NMR (400 MHz, CDCls) § 7.51 — 7.47 (m, 2H), 7.23 — 7.20 (m, 2H), 4.60 (dd, J = 8.9, 4.8 Hz, 1H),
3.68 (s, 3H), 3.21 (s, 3H), 2.79 (dd, J = 15.4, 8.9 Hz, 1H), 2.54 (dd, J = 15.5, 4.9 Hz, 1H).

13C NMR (101 MHz, CDCl3) 6 171.3, 139.8, 131.9, 128.5, 122.1, 79.6, 57.1, 52.0, 43.3.
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4.1.4 General procedure C for the synthesis of cinnamic acid derivatives 1.98a-j

In a sealed tube were added Cu(OTf), (0.025 mmol, 0.10 equiv, 9.0 mg) and 1.L1 (9.7 mg, 0.025
mmol, 0.10 equiv) under inert atmosphere (glove box). Degassed methyl formate (2.4 mL, [0.1 M])
was added followed by TBPA [319 uL (50 % wt in mineral oils), 1.0 mmol, 4.0 equiv] and the tube
was removed from the glove box. Finally the starting material 1.97a-j (0.25 mmol, 1.0 equiv) and
toluene (10 uL as internal reference) were quickly added using Hamilton syringe. The reaction mix-
ture was heated at 75 °C for the indicated time (T1). The reaction was monitored by GC-FID/MS.

After completion, the reaction mixture was cooled down with an ice-bath and TfOH (44 uL, 0.5
mmol, 2 equiv) was added. The reaction turned instantaneously from yellow/brown to orange and
then brown/black. After being stirred at 75 °C for the indicated time (T2), the reaction mixture was
cooled down with an ice-bath, diluted with EtOAc and washed successively with NH4OAc (to remove
copper salts), NaHCOs and brine. The aqueous layer was then extracted with EtOAc (x3). The com-
bined organic layer was dried over Na;SO4 and concentrated under vacuum (rotary evaporator fol-

lowed by Schlenk line) to afford an oil with dark residues.

CH3Br; (10 pL) was added as internal reference and the crude was dissolved in CDCls for NMR quan-
tification. The crude was purified by flash column chromatography using silica gel (column g=1 cm,
12 cm of SiOy, dry loading) using a mixture 80/1 petroleum ether/EtOAc as eluent to afford the

desired product.

Reaction time (h)

#it Struct Isolated yield
ructure Difunctionalization Elimination (%)
(T1) (T2)
1.98a co,Me 3.5 40 62%

©/\/

1.98b

F

1.98¢ /@/\/COZMe 3.5 1.5 64%
MeO
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x_CO,Me 2

Q

- CO,Me 2.5

b

xCO,Me 2.5

2

Me!

xCO,Me 2.5

g

C02Me 2.5
F
>
O X CO,Me
F
Me
>

O N COZMG
Me

Table 28 - Substrate scope for the cinnamic ester derivatives.
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Synthesis of (E)-methyl cinnamate (1.98a)

O/\Vcone

Yield: 62% (25.2 mg), orange/brown solid

1H NMR (CDCls, 400 MHz): & 7.70 (d, J = 16.0 Hz, 1H), 7.54-7.52 (m, 2H), 7.39-7.38 (m, 3H), 6.45 (d,
J=16.0 Hz), 3.81 (s, 3H)

13C NMR (CDCl3, 100 MHz): 6 167.6, 145.0, 134.5, 130.4, 129.0, 128.2, 117.9, 51.9

The spectroscopic data were consistent with those previously reported in the literature.?

Synthesis of (E)-methyl 3-(4-fluorophenyl)prop-2-enoate (1.98b)

/@/\/002'%6
F

Yield: 58% (30.1 mg), orange/brown solid (0.29 mmol scale)

1H NMR (CDCls, 400 MHz): & 7.66 (d, J = 16.0 Hz, 1H), 7.52-7.49 (m, 2H), 7.10-7.05 (m, 2H), 6.37 (d,
J=16.0 Hz, 1H), 3.81 (s, 3H)

13C NMR (CDCls, 100 MHz): & 167.4, 164.0 (d, J cr = 251.3 Hz), 143.7, 130.8 (d, J cr = 3.4 Hz), 130.1
(d, Jcr=8.5Hz),117.7 (d, J cr=2.2 Hz), 116.2 (d, J c.r = 21.9 Hz), 51.9

The spectroscopic data were consistent with those previously reported in the literature.?
Synthesis of (E)-methyl 3-(4-methoxyphenyl)prop-2-enoate (1.98c)

/©/\/002Me
MeO

1H NMR (CDCls, 400 MHz): § 7.65 (d, J = 16.0 Hz, 1H), 7.48 (d, J = 8.7 Hz, 2H), 6.91 (d, J = 8.7 Hz, 2H),
6.31 (d, J = 16.0 Hz, 1H), 3.84 (s, 3H), 3.79 (s, 3H)

Yield: 64% (30.8 mg), yellow solid
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13C NMR (CDCl3, 100 MHz): 6 168.0, 161.6, 144.7,129.9, 127.3, 115.5, 114.5, 55.6, 51.8

The spectroscopic data were consistent with those previously reported in the literature.?

Synthesis of (E)-methyl 3-phenylbut-2-enoate (1.98d)

Me
NN COzMe

Yield: 74% (32.7 mg), yellow oil

1H NMR (CDCls, 400 MHz): & 7.49-7.46 (m, 2H), 7.40-7.36 (m, 3H), 6.15 (g, J = 1.1Hz, 1H), 3.76 (s,
3H), 2.59 (d, J = 1.1 Hz, 3H)

13C NMR (CDCl3, 100 MHz): 6 167.4, 156.0, 142.3, 129.2, 128.6, 126.4, 116.8, 51.2, 18.1

The spectroscopic data were consistent with those previously reported in the literature.?

Synthesis of (E)-methyl 3-(4-fluorophenyl)but-2-enoate (1.98e)

Me
X _-COs,Me

Yield: 69% (33.4 mg), yellow oil

1H NMR (CDCls, 400 MHz): & 7.48-7.43 (m, 2H), 7.09-7.03 (m, 2H), 6.10 (g, J = 1.3 Hz, 1H), 3.76 (s,
3H), 2.56 (d, J = 1.3 Hz, 3H)

13C NMR (CDCl3, 100 MHz): 6 167.3, 163.5 (d, J c.r = 249.1 Hz), 154.8, 138.3 (d, Jc.r = 3.3 Hz), 128.3
(d, Jcr=8.3 Hz), 116.8, 115.6 (d, Jcr=21.6 Hz), 51.3, 18.2

The spectroscopic data were consistent with those previously reported in the literature.?®
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Synthesis of (E)-methyl 3-(4-methoxyphenyl)but-2-enoate (1.98f)

Me

/O)\/COj\AB
MeO

Yield: 51% (29.3 mg), white/beige solid

1H NMR (CDCls, 400 MHz): & 7.47-7.43 (m, 2H), 6.92-6.88 (m, 2H), 6.11 (g, J = 1.2 Hz, 1H), 3.83 (s,
3H), 3.74 (s, 3H) 2.57 (d, J = 1.2 Hz, 3H)

13C NMR (CDCls, 100 MHz): 6 167.6, 160.6, 155.4, 134.4,127.8, 115.0, 114.0, 55.5, 51.2, 17.8
The spectroscopic data were consistent with those previously reported in the literature.?’

Synthesis of (E)-methyl 3-(4-methylphenyl)but-2-enoate (1.98g)

Me

/©)\/002Me
Me

1H NMR (CDCls, 400 MHz): & 7.39 (d, J = 8.0 Hz, 2H), 7.19 (d, J = 8.0 Hz, 2H), 6.14 (g, J = 0.9 Hz, 1H),
3.75 (s, 3H), 2.57 (d, J = 0.9 Hz, 1H), 2.37 (s, 3H)

Yield: 79% (37.6 mg), yellow solid

13C NMR (CDCl3, 100 MHz): § 167.5, 155.9, 139.4, 139.3, 129.4, 126.4, 116.0, 51.2, 21.3, 18.0
The spectroscopic data were consistent with those previously reported in the literature.?®

Synthesis of methyl 3,3’-diphenylprop-2-enoate (1.98h)

O x_CO,Me

Yield: 76% (45.3 mg), yellow/orange oil
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'H NMR (CDCls, 400 MHz): 6 7.41-7.29 (m, 8H), 7.25-7.20 (m, 2H), 6.38 (s, 1H), 3.62 (s, 3H)

13C NMR (CDCls, 100 MHz): § 166.5, 157.2, 140.9, 138.9, 129.6, 129.2, 128.5, 128.5, 128.3, 128.0,
116.9,51.4

The spectroscopic data were consistent with those previously reported in the literature.?®

Synthesis of methyl 3,3’-bis(4-fluorophenyl)prop-2-enoate (1.98i)

F

O . CO,Me
F

Yield: 64% (22.0 mg), yellow solid (0.125 mmol scale)

1H NMR (CDCls, 400 MHz): § 7.31-7.22 (m, 2H), 7.22-7.15 (m, 2H), 7.13-6.97 (m, 4H), 6.31 (s, 1H),
3.63 (s, 3H)

13C NMR (CDCl3, 100 MHz): 6 166.3, 163.8 (d, J c.r = 250.6 Hz), 163.0 (d, J cr = 247.9 Hz), 155.1, 137.0
(d,Jcr=3.1Hz),134.5(d, J cr=3.5Hz),131.2(d, J c.r = 8.2 Hz), 130.4 (d, J c.r = 8.5 Hz), 117.0, 115.7
(d, Jce=21.8Hz,), 115.2 (d, J c., = 21.6 Hz), 51.5

HRMS (ESI/QTOF) m/z: Calcd for C16H13F,02* [M + H]* 275.0878; found 275.0880

IRv (cm™): 2162 (m), 1723 (s), 1601 (s), 1508 (s), 1436 (w), 1265 (w), 1225 (s), 1157 (s), 836 (s), 722
(s)

Mp: 54.6-56.5 °C
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Synthesis of methyl 3,3’-bis(4-methylphenyl)prop-2-enoate (1.98j)

Me

‘ NS CO2Me
Me

Yield: 57% (19.0 mg), white/slightly yellow solid (0.125 mmol scale)

1H NMR (CDCls, 400 MHz): & 7.24-7.16 (m, 4H), 7.16-7.07 (m, 4H), 6.31 (s, 1H), 3.62 (s, 3H), 2.40 (s,
3H), 2.36 (s, 3H)

13C NMR (CDCls, 100 MHz): 6 166.7, 157.6, 139.8, 138.4, 138.1, 136.1, 129.3, 129.2, 128.7, 128.5,
115.7,51.3,21.6,21.4

The spectroscopic data were consistent with those previously reported in the literature.?®

1.99a-f, 1.102a-g and 1.103a-e were prepared according to a literature procedure.3%3! All the spec-
troscopical data for compound 1.99a-f, 1.102a-g and 1.103a-e matched with the reported val-

UES.3O’31

4.1.5 General procedure D for the synthesis of substituted heterocycles 1.100a-f,
1.104a-g and 1.105a-e

Glassware and stirring bar were stored in the oven and the reaction was carried out under inert
atmosphere and dry conditions.151 Into a Pyrex 10 mL sealed tube was prepared a solution of cop-
per(ll) triflate (9 mg, 0.025 mmol, 0.1 equiv), 1.L1 (9.7 mg, 0.025 mmol, 0.1 equiv) and 2.5 mL of dry,
degassed methyl formate. The solution was stirred at room temperature for 3 minutes or until the
solution is homogeneous and has dark green colour. The starting material (1.99a-f, 1.102a-g, 1.103a-
e) (0.25 mmol, 1 equiv) and tert-butyl-peracetate (319 pL, 1 mmol, 50% solution in mineral spirits,
Sigma Aldrich®) was added to the reaction mixture. The sealed tube was placed into a preheated
metallic block heater at 75 °C for 1 hour. The reaction mixture was cooled to room temperature and
0.1 M sulfuric acid was added (0.025 mL, 0.025 mmol, 0.1 equiv) and the sealed tube was placed

back to the metallic block heater at 75 °C for the indicated time (see Table S). The reaction mixture

151 Reaction can also be carried out under air, but there is a loss of yield around 5%.
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was cooled to room temperature with an ice-bath and was diluted with diethyl ether. The organic
phase was washed with 2.5 M ammonium acetate, saturated sodium bicarbonate solution and with
brine. The combined aqueous phases were extracted 3 times with ether and the organic phases
were combined, dried over NaSO4 and concentrated under reduced pressure. It is important not to
store the crude mixture for long time. The obtained crude mixture was purified by flash column
chromatography (SiO;, petroleum ether/ethyl acetate 10/1 to 5/1) unless otherwise stated. Dry-

loading has to be avoided toluene was used instead.

H# Structure t1 (h) t2 (h) Isolated yield (%)
COOMe
1.100a : X 7 1 12 75%
(o]
COOMe
1.100b Qﬁ(j 1 12 58%
Me °
COOMe
1.100c Qﬁ@ 15 12 77%
i 0
COOMe
1.100d /©$(j 1.5 12 62%
NC °
COOMe
1.100e /@ﬁ(j 1 4 47%
MeO °
COOMe
1.100f QXU 1 6 57%
Me
COOMe
1.104a 75%

;o
o
[EY
w
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COOMe
1.104b Qﬁ(l 1 3 70%
Me ° o
COOMe
1.104c /@ﬁgl 1.5 3 70%
E (0]
COOMe
1.104d 1.5 3 69%
NC "o
COOMe
1.104e Qﬁq 1 3 44%
MeO *o
COOMe
1.104f o 1 3 47%
o
Me
COOMe
1.104g QXQ\ 1 3 68%
o
Cl
COOMe
1.105a 1 5 69%
TsN
COOMe
1.105b 1 6 51%
TsN
Me'
COOMe
1.105¢ 1.5 4 42%
TsN
F
COOMe
1.105d TN 1 5 55%
Me
COOMe
1.105e ToN 1 5 45%
Cl

Table S5 - Substrate scope of tetrahydrofuran, y-lactone and pyrrolidine products.
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Methyl 2-(2-phenyltetrahydrofuran-2-yl)acetate (1.100a)

COOMe

Yield: 75% (41 mg), colorless oil. Eluent system used for flash column chromatography: toluene
with 0.1% 2-propanol.

1H NMR (400 MHz, CDCls) § 7.41 —7.37 (m, 1H), 7.32 (ddd, J = 7.9, 6.7, 1.2 Hz, 1H), 7.26 — 7.21 (m,
1H), 4.01 (dt, J = 7.9, 7.0 Hz, OH), 3.90 (td, J = 8.1, 5.6 Hz, 1H), 3.57 (s, 1H), 2.85 (dd, J = 16.7, 14.0
Hz, 1H), 2.81 (dd, J = 14.1, 1.1 Hz, 1H), 2.43 (dt, J = 12.4, 8.3 Hz, 1H), 2.30 (ddd, J = 12.5, 7.8, 4.9 Hz,
1H), 2.02 = 1.91 (m, 1H), 1.84 — 1.73 (m, 1H).

13C NMR (201 MHz, CDCl3) 6 170.9, 145.9, 128.3, 127.0, 125.2, 84.7, 68.1, 51.7, 47.0, 37.4, 25.5.

IR: v (cm™) 2950 (w), 1736 (s), 1437 (w), 1335 (w), 1176 (m), 1169 (m), 1058 (s).

HRMS (ESI): m/z calcd for C13H16NaOs ([M + NaJ*): 243.0997; found: 243.0999.

Methyl 2-(2-(p-tolyl)tetrahydrofuran-2-yl)acetate (1.100b)

COOMe

Me

Yield: 58% (34 mg), colorless oil. Eluent system used for flash column chromatography: petroleum
ether —toluene (3:2) with 0.2% THF.
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1H NMR (400 MHz, C¢Ds) 6 7.40 — 7.32 (m, 2H), 7.05 —6.97 (m, 2H), 3.81 (td, J = 7.8, 6.6 Hz, 1H), 3.66
(td, J = 8.0, 5.7 Hz, 1H), 3.25 (s, 3H), 2.77 (s, 2H), 2.42 (dt, J = 12.4, 8.2 Hz, 1H), 2.20 — 2.10 (m, 1H),
2.11 (s, 3H), 1.68 — 1.54 (m, 1H), 1.51 — 1.40 (m, 1H).

13C NMR (101 MHz, C¢Ds) 6 170.7, 144.1, 136.7, 129.4, 125.9, 85.1, 68.0, 51.2, 47.4, 37.4, 26.0, 21.3.

IR: v (cm™): 2928 (m), 2358 (m), 1738 (s), 1511 (s), 1441 (m), 1333 (m), 1226 (s), 1163 (s), 840 (s),
1061 (m).

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: Calcd for C14H1904* ([M + H]*): 251.1278; Not Found.

Methyl 2-(2-(4-fluorophenyl)tetrahydrofuran-2-yl)acetate (1.100c)

COOMe

Yield: 77% (42 mg), colorless oil. Eluent system used for flash column chromatography: petroleum
ether — toluene (3:2) with 0.1% 2-propanol.

1H NMR (800 MHz, C¢D¢) 6 7.21 — 7.18 (m, 2H), 6.82 — 6.79 (m, 2H), 3.77 —3.73 (m, 1H), 3.55 (td, J =
8.0, 5.7 Hz, 1H), 3.22 (s, 3H), 2.64 (s, 2H), 2.29 (dt, J = 12.4, 8.1 Hz, 1H), 1.96 (ddd, J = 12.8, 7.9, 5.2
Hz, 1H), 1.56 (dddd, J = 13.3, 11.0, 7.9, 5.4 Hz, 1H), 1.40 — 1.33 (m, 1H).

13C NMR (201 MHz, C¢Ds) 6 170.2, 162.9, 161.7, 142.4, 142.4, 127.4, 127.4, 115.2, 115.1, 115.1,
115.0, 84.4, 67.7, 50.9, 47.0, 37.2, 25.6.

IR: v (cm): 2955 (w), 2873 (w), 1735 (s), 1510 (s), 1222 (s), 1160 (s), 1059 (s), 838 (s)

HRMS (ESI/QTOF) m/z: Calcd for C13H1sFNaOs* ([M + Na]*): 261.0897; found 261.0902.
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Methyl 2-(2-(4-cyanophenyl)tetrahydrofuran-2-yl)acetate (1.100d)

COOMe

NC

Yield: 62% (38 mg), yellow oil.

1H NMR (400 MHz, Acetone-ds) 8 7.75 — 7.70 (m, 2H), 7.66 — 7.61 (m, 2H), 4.04 — 3.92 (m, 1H), 3.87
(td, J = 8.0, 5.7 Hz, 1H), 3.49 (s, 3H), 2.89 (d, J = 14.4 Hz, 1H), 2.84 (d, J = 14.5 Hz, 1H), 2.50 (dt, J =
12.6, 7.9 Hz, 1H), 2.21 (ddd, J = 12.8, 7.9, 5.5 Hz, 1H), 2.07 — 1.96 (m, 1H) 1.85 — 1.69 (m, 1H).

13C NMR (101 MHz, Acetone-ds) 6 170.4, 152.9, 132.6, 127.2, 119.4, 111.2, 85.1, 68.6, 51.4, 46.5,
38.5, 25.9.

IR: v (emY): 2953 (w), 2871 (w), 2227 (m), 1735 (s), 1607 (w), 1435 (m), 1349 (m), 1204 (m), 1171
(s), 1062 (s), 1022 (m), 837 (m)

HRMS (ESI/QTOF) m/z: Calcd for C1aH1sNNaOs* ([M + Na]*): 268.0944; found 268.0949.

Methyl 2-(2-(4-methoxyphenyl)tetrahydrofuran-2-yl)acetate (1.100e)

COOMe

MeO

Yield: 47% (29 mg) colorless oil.

1H NMR (400 MHz, CsD¢) & 7.39 — 7.34 (m, 2H), 6.83 — 6.77 (m, 2H), 3.85 —3.78 (m, 1H), 3.70 — 3.63
(m, 1H), 3.30 (s, 3H), 3.25 (s, 3H), 2.78 (s, 2H), 2.39 (dt, J = 12.2, 8.2 Hz, 1H), 2.16 (ddd, J = 12.6, 8.0,
5.0 Hz, 1H), 1.68 — 1.57 (m, 1H), 1.54 — 1.42 (m, 1H).

13C NMR (201 MHz, C¢Ds) 6 170.8, 159.5, 138.9, 127.2, 114.2, 84.9, 67.9, 55.1, 51.2, 47.6, 37.4, 26.0.
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IR: v (cm): 2955 (w), 2880 (w), 2836 (w), 1735 (s), 1610 (m), 1513 (s), 1461 (m), 1439 (m), 1297
(m), 1249 (s), 1175 (s), 1058 (m), 1034 (s), 834 (m)

HRMS (ESI/QTOF) m/z: Calcd for C1aH1sNaO4* ([M + Nal*): 273.1097; found 273.1099.

Methyl 2-(2-(m-tolyl)tetrahydrofuran-2-yl)acetate (1.100f)

COOMe

Yield: 57% (34 mg), light yellow oil

1H NMR (400 MHz, CDCls) & 7.23 — 7.15 (m, 3H), 7.04 (dtd, J = 6.7, 1.6, 0.8 Hz, 1H), 4.04 — 3.98 (m,
1H), 3.89 (td, J = 8.1, 5.7 Hz, 1H), 3.58 (s, 3H), 2.84 (d, J = 14.0 Hz, 1H), 2.80 (d, J = 14.0 Hz, 1H), 2.43
(dt, J = 12.4, 8.2 Hz, 1H), 2.35 (s, 3H), 2.29 (ddd, J = 12.6, 7.8, 5.0 Hz, 1H), 2.01 — 1.90 (m, 1H), 1.79
(dqd, J=12.2, 7.9, 6.6 Hz, 1H).

13C NMR (101 MHz, CDCl3) 6 170.9, 145.9, 137.8, 128.2, 127.7, 125.8, 122.2, 84.7, 68.1, 51.6, 46.9,
37.3,255,21.7.

IRv (em) 2922 (s), 1738 (s), 1441 (m), 1200 (m), 1163 (m), 1257 (m), 1061 (s), 916 (m)

HRMS (ESI/QTOF) m/z: Calcd for C14H1sNaOs* ([M + Nal*): 257.1148; found 257.1150.

Methyl 2-(5-oxo-2-phenyltetrahydrofuran-2-yl)acetate (1.104a)

COOMe

Yield: 75% (44 mg), yellow oil
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1H NMR (400 MHz, CDCl3) & 7.43 — 7.36 (m, 4H), 7.37 = 7.29 (m, 1H), 3.63 (s, 3H), 3.00 (d, J = 15.5
Hz, 1H), 2.97 (d, J = 15.5 Hz, 1H), 2.94 — 2.83 (m, 1H), 2.74 — 2.57 (m, 2H), 2.54 — 2.43 (m, 1H).

13C NMR (101 MHz, CDCl3) 6 176.2, 169.5, 142.8, 128.8, 128.3, 124.6, 86.0, 52.0, 46.3, 33.4, 28.7
IR: v (cm™): 2964 (w), 1701 (s), 1398 (m), 1214 (m), 1139 (m)

HRMS (ESI/QTOF): m/z calcd for C13H1504 ([M + H]*): 235.0970; found: 235.0972.

Methyl 2-(5-oxo-2-(p-tolyl)tetrahydrofuran-2-yl)acetate (1.104b)

COOMe

Me

Yield: 70% (43 mg), colorless oil

1H NMR (400 MHz, CDCl3) 6 7.27 (d, J = 8.1 Hz, 2H), 7.18 (d, J = 8.0 Hz, 2H), 3.63 (s, 3H), 3.00 (d, J =
15.5 Hz, 1H), 2.95 (d, J = 15.3 Hz, 1H), 2.88 — 2.80 (m, 1H), 2.72 — 2.55 (m, 2H), 2.52 — 2.43 (m, 1H),
2.35 (s, 3H).

13C NMR (101 MHz, CDCl3) § 176.2, 169.6, 139.8, 138.1, 129.5, 124.6, 86.1, 52.0, 46.4, 33.4, 28.7,
21.2.

IR: v (cm™): 2950 (w), 1778 (s), 1736 (s), 1435 (m), 1369 (w), 1222 (m), 1189 (s), 1160 (s), 1081 (m),
791 (m), 708 (m)

HRMS (ESI/QTOF) m/z: Calcd for C14sH16NaO4* ([M + Na]*): 271.0941; found 271.0945.
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Methyl 2-(2-(4-fluorophenyl)-5-oxotetrahydrofuran-2-yl)acetate (1.104c)

COOMe

Yield: 70% (44 mg), colorless oil.

1H NMR (400 MHz, CDCls) & 7.40 — 7.35 (m, 2H), 7.09 — 7.03 (m, 2H), 3.62 (s, 3H), 2.99 (d, J = 15.5
Hz, 1H), 2.94 (d, J = 15.5 Hz, 1H), 2.86 (ddd, J = 12.4, 9.3, 8.1 Hz, 1H), 2.69 (ddd, J = 16.8, 9.2, 4.5 Hz,
1H), 2.59 (ddd, J = 12.4, 9.3, 4.5 Hz, 1H), 2.48 (ddd, J = 17.1, 9.3, 8.1 Hz, 1H).

13C NMR (101 MHz, CDCls) 6 175.8, 169.4, 163.7, 161.3, 138.5, 138.5, 126.7, 126.6, 115.8, 115.6,
85.6,77.5,77.2,76.8,52.0,46.4, 33.5, 28.6.

IR: v (em): 2930 (w), 1777 (s), 1736 (s), 1441 (m), 1286 (s), 1165 (s), 890 (w).

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C14H16NaO4+ 271.0941; Found 271.0945.

Methyl 2-(2-(4-cyanophenyl)tetrahydrofuran-2-yl)acetate (1.104d)

COOMe

NC

Yield: 69% (44 mg), orange oil

14 NMR (400 MHz, CDCl3) & 7.72 — 7.64 (m, 2H), 7.55 — 7.50 (m, 2H), 3.61 (s, 3H), 3.01 (d, J = 15.8
Hz, 1H), 2.96 (d, J= 15.8 Hz, 1H), 2.89 (ddd, J = 10.9, 9.6, 6.6 Hz, 1H), 2.78 — 2.68 (m, 1H), 2.61 —2.43
(m, 2H).

13C NMR (101 MHz, CDCls) 6 175.3, 168.9, 147.9, 132.7, 125.7, 118.3, 112.4, 85.1, 52.1, 45.8, 33.5,
28.3.
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IR v (cm™): 2949 (w), 2936 (w), 2232 (w), 1781 (s), 1739 (s), 1611 (w), 1437 (m), 1368 (w), 1163 (s),
1060 (m), 1010 (m).

HRMS (ESI/QTOF) m/z: Calcd for C1aH13NNaOs* ([M + Na]*): 282.0737; found 282.0745.

Methyl 2-(2-(4-methoxyphenyl)-5-oxotetrahydrofuran-2-yl)acetate (1.104e)

COOMe

MeO

Yield: 44% (30 mg), containing 4% of elimination product, colorless oil

1H NMR (400 MHz, Acetone-ds) & 7.38 — 7.34 (m, 2H), 6.96 — 6.92 (m, 2H), 3.80 (s, 3H), 3.55 (s, 3H),
3.07 (d, J = 15.5 Hz, 1H), 3.02 (d, J = 15.5 Hz, 1H), 2.92 — 2.78 (m, 1H), 2.69 — 2.54 (m, 2H), 2.49 —
2.40 (m, 1H).

13C NMR (101 MHz, Acetone-ds) 6 176.2, 170.0, 160.1, 136.2, 126.8, 114.5, 86.2, 55.5, 51.7, 46.4,
34.0, 28.9.

IR v (cm™) 2960 (w), 2365 (m), 2339 (m), 1751 (m), 1738 (s), 1605 (m), 1511 (s), 1435 (m), 1251 (s),
1169 (s), 1030 (m), 909 (m), 833 (m), 739 (s).

HRMS (ESI/QTOF) m/z: Calcd for C1aH1sNaOs* ([M + Na]*): 287.0890; found 287.0890.
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Methyl 2-(5-oxo0-2-(m-tolyl)tetrahydrofuran-2-yl)acetate (1.104f)

COOMe

Me

Yield: 47% (30 mg) colorless oil

1H NMR (400 MHz, Acetone-ds) & 7.30 — 7.24 (m, 2H), 7.24 — 7.19 (m, 1H), 7.16 — 7.11 (m, 1H), 3.56
(s, 3H), 3.09 (d, J = 15.6 Hz, 1H), 3.02 (d, J = 15.6 Hz, 1H), 2.90 (ddd, J = 12.4, 9.4, 7.6 Hz, 1H), 2.66
(ddd, J = 16.8, 9.4, 4.9 Hz, 1H), 2.55 (ddd, J = 12.3, 9.4, 4.8 Hz, 1H), 2.44 (ddd, J = 17.0, 9.4, 7.7 Hz,
1H), 2.35 (s, 3H).

13C NMR (101 MHz, Acetone-ds) 6 176.2, 170.0, 144.5, 138.8, 129.2, 126.0, 122.5, 86.2, 51.7, 46.2,
34.1, 28.8, 21.5.

IRv (cm!) 2949 (w), 2924 (w), 1779s, 1735 (s), 1435 (m), 1363(w), 1241 (m), 1186 (s), 1165 (s), 1061
(m), 1002 (m), 936 (m), 890 (w), 791 (m), 708 (m).

HRMS (ESI/QTOF) m/z: Calcd for C1aH16NaO4* ([M + Na]*): 271.0941; found 271.0945.

Methyl 2-(2-(3-chlorophenyl)-5-oxotetrahydrofuran-2-yl)acetate (1.104g)

COOMe

Cl

Yield: 68%, (45 mg), colorless oil

1H NMR (400 MHz, CDCls) § 7.39 (m, 1H), 7.34 — 7.25 (m, 3H), 3.63 (s, 3H), 2.99 (d, J = 15.7 Hz, 1H),
2.94 (d,J=15.7 Hz, 1H), 2.87 (ddd, J = 11.6, 9.6, 7.5 Hz, 1H), 2.70 (ddd, J = 17.1, 9.5, 3.9 Hz, 1H), 2.62
—2.44 (m, 2H).

13C NMR (101 MHz, CDCls) 6 175.7, 169.2, 144.9, 134.9, 130.2, 128.5, 125.1, 122.9, 85.3, 52.1, 46.1,
33.4, 28.5.
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IRv (cm™) 2961 (w), 1782 (s), 1737 (s), 1596 (w), 1574 (w), 1437 (w), 1362 (w), 1238 (m), 1194 (s),
1163 (s), 1057 (m), 790 (m).

HRMS (ESI/QTOF) m/z: Calcd for C13H13CINaO4* ([M + Na]*): 291.0395; found 291.0402.

Methyl 2-(2-phenyl-1-tosylpyrrolidin-2-yl)acetate (1.105a)

COOMe
NTs

Yield: 69% (64 mg) orange amorphous solid

1H NMR (400 MHz, CsDe) 6 7.42 (d, J = 8.2 Hz, 2H), 7.29 — 7.25 (m, 2H), 7.07 — 6.98 (m, 3H), 6.69 (d,
J=8.0 Hz, 2H), 3.63 (d, J = 16.4 Hz, 1H), 3.57 (dt, J = 8.9, 7.5 Hz, 1H), 3.47 (d, J = 16.4 Hz, 1H), 3.41
(dt, J = 8.9, 6.3 Hz, 1H), 3.26 (s, 3H), 2.62 (dt, J = 12.9, 8.3 Hz, 1H), 1.95 (dt, J = 12.7, 6.1 Hz, 1H), 1.89
(s, 3H), 1.48 — 1.41 (m, 2H).

1H NMR (400 MHz, CDCl3) & 7.33 —7.23 (m, 4H), 7.24 - 7.20 (m, 3H), 7.15—7.09 (m, 2H), 3.73 — 3.63
(m, 2H), 3.59 (s, 3H), 3.41 (d, J = 16.3 Hz, 1H), 2.74 (dt, J = 13.1, 8.1 Hz, 1H), 2.38 (s, 3H), 2.27 (dt, J =
12.9, 6.3 Hz, 1H), 1.95 — 1.91 (m, 2H).

13C NMR (101 MHz, CDCl3) § 171.5, 144.2, 142.6,137.9, 129.2, 128.2,127.2, 127.0,126.4, 70.1, 51.6,
50.0,42.4,42.1, 23.0, 21.6.

IR v (em™t) 2955 (w), 2360 (w), 1741 (m), 1441 (w), 1334 (s), 1153 (s), 1090 (s), 1009 (m), 815 (m),
659 (s).

HRMS (ESI/QTOF) m/z: Calcd for C20H23NNaO4S* ([M + Na]*): 396.1240; found 396.1250.

Methyl 2-(2-(p-tolyl)-1-tosylpyrrolidin-2-yl)acetate (1.105b)
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COOMe

TsN
Me

Yield: 51% (49 mg), white amorphous solid

1H NMR (400 MHz, CsDe) 6 7.45 — 7.40 (m, 2H), 7.24 — 7.17 (m, 2H), 6.88 — 6.82 (m, 2H), 6.74 — 6.68
(m, 2H), 3.68 (d, J = 16.3 Hz, 1H), 3.58 (dt, J = 8.9, 7.4 Hz, 1H), 3.45 (d, J = 16.4 Hz, 1H), 3.46 — 3.40
(m, 1H), 3.28 (s, 3H), 2.63 (dt, J = 12.9, 8.1 Hz, 1H), 2.09 (s, 3H), 2.01 (dt, J = 12.7, 6.2 Hz, 1H), 1.92
(s, 3H), 1.53 — 1.45 (m, 2H).

13C NMR (101 MHz, CsDe) 6 171.5, 142.4, 142.3, 139.5, 136.8, 129.4, 129.2, 127.8, 127.1, 70.4, 51.4,
50.4,43.1,42.3,23.2,21.4,21.2.

IR: v (cm™): 2949 (w), 1741 (m), 1437 (w), 1333 (s), 1153 (s), 1092 (m), 1007 (m), 814 (m), 664 (m).

HRMS (APPI/LTQ-Orbitrap) m/z: Calcd for CooH2aNO4S* ([M + H]*): 374.1421; found 374.1413.

Methyl 2-(2-(4-fluorophenyl)-1-tosylpyrrolidin-2-yl)acetate (1.105c)

COOMe

TsN

Yield: 42% (41mg), white amorphous solid

1H NMR (400 MHz, CsDs) & 7.39 — 7.35 (m, 2H), 7.08 — 7.02 (m, 2H), 6.71 — 6.63 (m, 4H), 3.57 (d, J =
16.4 Hz, 1H), 3.55 (dt, J = 8.9, 7.3 Hz, 1H), 3.38 — 3.32 (m, 1H), 3.33 (d, J = 4.9 Hz, 1H), 3.26 (s, 3H),
2.54 (ddd, J = 13.1, 8.7, 7.5 Hz, 1H), 1.90 (s, 3H), 1.85 (ddd, J = 12.9, 7.3, 5.3 Hz, 1H), 1.47 — 1.35 (m,
2H)

13C NMR (101 MHz, CéDe) 6 171.3, 162.5 (d, J = 245.7 Hz), 142.6, 140.9 (d, J = 3.2 Hz), 139.3, 129.5,
129.1 (d, J = 7.9 Hz), 127.7, 115.1 (d, J = 21.3 Hz), 69.8, 51.4, 50.3, 43.1, 42.4, 23.1, 21.4.

213



Chapter 4 - Experimental part

IR: v (cm™): 2952 (w), 2924 (w), 1738 (m), 1602 (w), 1512 (m), 1439 (w), 1336 (m), 1230 (m), 1154
(s), 1096 (m), 1013 (m), 842 (w), 817 (m), 661 (m).

HRMS (LTQ-Orbitrap) m/z: Calcd for C19H21FNO4S* ([M + H]*): 378.1170; found 378.1170.

Methyl 2-(2-(m-tolyl)-1-tosylpyrrolidin-2-yl)acetate (1.105d)

COOMe

TsN

Me

Yield: 55% (53 mg), light yellow oil

1H NMR (400 MHz, CDCls) 7.27 — 7.23 (m, 2H), 7.15 — 7.07 (m, 4H), 7.01 — 6.99 (m, 1H), 6.91 — 6.89
(m, 1H), 3.73 (dt, J = 9.0, 7.2 Hz, 1H), 3.65 — 3.56 (m, 1H), 3.61 (d, J = 16.1 Hz, 1H), 3.61 (s, 3H), 3.41
(d, J = 16.1 Hz, 1H), 2.74 (dt, J = 13.1, 7.8 Hz, 1H), 2.46 — 2.29 (m, 1H), 2.36 (s, 3H), 2.29 — 2.20 (m,
1H), 2.17 (s, 3H), 2.01 — 1.90 (m, 2H).

13C NMR (101 MHz, CDCl3) § 171.6, 143.9, 142.4, 137.9, 137.6, 129.1, 128.0, 128.0, 127.4, 127.0,
123.5, 69.8,51.7,50.2, 42.6,42.2, 23.0, 21.7, 21.5.

IR v (cm) 2950 (w), 1738 (m), 1439 (w), 1332 (m), 1206 (m), 1155 (s), 1095 (m), 1006 (m), 876 (w),
813 (w), 788 (w), 704 (m), 662 (s).

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: Calcd for CaiH26NO4S*™ ([M + H]*): 388.1577; found
388.1571.

Methyl 2-(2-(3-chlorophenyl)-1-tosylpyrrolidin-2-yl)acetate (1.105¢€)

COOMe

TsN

Cl
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Yield: 45% (46 mg), colorless oil

1H NMR (400 MHz, CDCl3) § 7.32 = 7.27 (m, 2H), 7.25 = 7.21 (m, 1H), 7.20 = 7.17 (m, 2H), 7.16 — 7.12
(m, 2H), 7.07 (m, 1H), 3.74 (dt, J = 9.1, 7.2 Hz, 1H), 3.65 — 3.59 (m, 1H), 3.62 (d, J = 16.4 Hz, 1H), 3.62
(s, 3H), 3.38 (d, J = 16.4 Hz, 1H), 2.75 (dt, J = 13.2, 7.8 Hz, 1H), 2.38 (s, 3H), 2.21 (ddd, J = 13.3, 7.4,
5.8 Hz, 1H), 2.01 — 1.91 (m, 2H).

13C NMR (101 MHgz, CDCls) 6 171.2, 146.1, 143.0, 137.6, 134.2, 129.4, 129.3, 127.4, 127.0, 126.8,
124.7,69.4,51.8,50.2,42.3,42.2, 23.0, 21.6.

IRv (cm™) 2954 (w), 1738 (m), 1337 (s), 1156 (s), 1096 (m), 910 (m), 733 (m), 665 (m).

HRMS (ESI/QTOF) m/z: Calcd for CaoH22CINNaO4S* ([M + Na]*): 430.0850; found 430.0853.

Synthesis of d3-methyl formate (1.118)

O

X

H” >OCD,

A mixture of 13.80 g (0.3 mol) of formic acid, 9.60 g (0.3 mol) of da-methanol, and 1 mL of boron
trifluoride methanol complex (0.00758 mol) was placed into a 100 mL reaction flask equipped with
a magnetic stirrer and a distillation set up with Vigreux column and a receiving flask cooled to about
0 °C. The reaction flask was immersed in a silicon bath at 55-60° and heated with stirring. The ester
began to distill almost immediately at 27 °C. In about 1 hour, 9 g of 1.118 was collected and the
boiling point rose to 29 °C. The temperature of the bath was increased to 70 °C and within 2 hours
additional 7 g of ester was obtained. The obtained liquid was washed with saturated sodium bicar-

bonate solution, brine and dried over sodium sulfate. The total yield was 15 g (82%).

Colorless liquid
Boiling point: 29 °C
1H NMR (400 MHz, CDCls) 6 11.63 (s, 1H).

13C NMR (101 MHz, CDCl3) 6 161.1, 49.2 (sept, J = 22.4 Hz).
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Methyl 6-hydroxy-3-methoxy-3-phenylhexanoate (1.101)

MeOOC

oM
S OH

Yield: 15.4 mg (25%), colorless oil

1H NMR (400 MHz, C¢Ds) 6 7.55 (s, 1H), 7.26 — 7.23 (m, 2H), 7.20 — 7.11 (m, 1H), 7.09 — 7.04 (m, 1H),
3.85 (t, J = 6.6 Hz, 1H), 3.34 —3.19 (m, 1H), 3.19 (s, 3H), 3.15 — 2.99 (m, 1H), 2.95 (s, 3H), 2.73 (d, J =
14.0 Hz, 1H), 2.69 (d, J = 14.0 Hz, 1H), 2.11 (ddd, J = 14.0, 11.1, 5.5 Hz, 1H), 1.89 (ddd, J = 14.0, 11.2,
5.1 Hz, 1H), 1.50 — 1.41 (m, 2H).

13C NMR (101 MHz, CeéDe) 6 170.3, 160.7, 143.5, 127.8, 127.0, 80.1, 64.1, 51.3,50.2, 42.1, 33.7,23.4

Methyl-d3 3-(methoxy-d3)-3-phenylbutanoate (1.120)

Me OCD3

©)QCOOCD3

The compound was prepared according to General procedure B by using ds-methyl formate as sol-

vent instead of methyl formate.
Yield: 66%, yellow oil

1H NMR (400 MHz, CDCls) & 7.42 — 7.33 (m, 4H), 7.32 — 7.23 (m, 1H), 2.84 (d, J = 13.7 Hz, 1H), 2.74
(d,J =13.7 Hz, 1H), 1.74 (s, 3H).

13C NMR (101 MHz, CDCls) § 170.9, 143.8, 128.5, 127.5, 126.3, 77.8, 50.9 (sept, J = 22.4 Hz ), 49.9
(sept, J = 21.6 Hz), 47.8, 23.2.

IR v (emt) 2929 (w), 2209 (w), 2068 (w), 1735 (s), 1448 (w), 1332 (m), 1197 (m), 1114 (s), 1088 (s),
767 (m), 702 (m).
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HRMS (ESI/QTOF): m/z calcd for C11H10D303 ([M — CDs]*): 196.1053; found: 196.1054.

Methyl (E)-6-methoxy-3-phenylhex-3-enoate (1.113)

COOMe

™ OMe

Yield: 27% (contains 5% Z-isomer), yellow oil

1H NMR (400 MHz, Chloroform-d) & 7.41 — 7.35 (m, 2H), 7.34 — 7.27 (m, 2H), 7.25 — 7.21 (m, 1H),
5.99 (t, J = 7.2 Hz, 1H), 3.65 (s, 3H), 3.54 (s, 2H), 3.50 (t, J = 6.8 Hz, 2H), 3.37 (s, 3H), 2.51 (q, J = 6.9
Hz, 2H).

13C NMR (101 MHz, CDCl3) 6 171.9, 142.1, 134.1, 128.8, 128.5, 128.3, 127.2, 126.1, 72.0, 58.8, 52.1,
36.0, 29.8.

IR: v (cm) 2928 (w), 2364 (w), 1735 (s), 1435 (m), 1319 (m), 1255 (m), 1160 (s), 1113 (s), 1017 (m),
871 (w), 759 (m), 697 (m).

HRMS (ESI/QTOF) m/z: Calcd for C14H1sNaOs* ([M + Na]*): 257.1148; found 257.1154.

{[CI2NN]Cu}2(benzene) (1.124)

The title compound was prepared according to a literature procedure and all the spectroscopic
data matched with the reported values.3?
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{[CI2NN]Cu}2(styrene) (1.125)

H,_ o

o g
o |
Q\ Cu CII/? ﬂ'
RN -
N |N
NN

Me Me -

1.125

Procedure (in the glovebox): Dissolve [CI.NN]Cu(l){benzene} complex (21 mg, 0.04 mmol, 1 equiv)
in degassed CsDs and add styrene (4 uL, 0.04 mmol, 1 equiv). Mix it (in the NMR tube) for 5 minutes,

while the poison-green solution turns into dark brown.

Procedure (in the glovebox): Into a suspension of [CI.NN]Cu(l){benzene} (260 mg, 0.5 mmol, 1 equiv)
in pentane (8 mL) was added styrene (56 pL, 0.5 mmol, 1 equiv) at room temperature. The sand-
brown slurry was stirred overnight and subsequent filtration provided the pure product as a white
solid (73% yield, 200 mg). The mother liquor was let to evaporate to ~2 mL and upon cooling to -20
°C after 12 hours the product precipitated from the mother liquor as white pointy crystals. The ob-

tained crystals were eligible for single crystal X-ray diffraction analysis.

CCDC deposition number: 1900564

1H NMR (400 MHz, CsDg) 5 7.15 — 6.91 (m, 4H), 6.91 — 6.85 (m, 3H), 6.74 —6.70 (m, 2H), 6.39 (t, J =
8.0 Hz, 2H), 4.97 (s, 1H), 4.85 (dd, J = 14.9, 9.5 Hz, 1H), 3.45 (dd, J = 14.9, 1.0 Hz, 1H), 3.35 (dd, J =
9.5, 1.0 Hz, 1H), 1.69 (s, 6H).

13C NMR (101 MHz, CeDg) 6 165.0, 148.2, 138.4, 131.0 (br), 128.9, 128.8, 127.4, 125.7, 124.7, 96.6,
94.8, 69.0, 23.3.
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Comparative NMR spectrum of {{CI2NN]Cu}(styrene) (1.125) and styrene in C¢D¢

b, &
g
=] ]N Cl
Me/J\/l\hle

A L I |

A= 1.73ppm

H H
= H AS=172ppm
H =
H As=2.15ppm

T T
.0 7.5 7.0 6.5 6.0 535 5.0 4.5 3.5 3.0 2.5 2.0 1.5 1.0 0.5
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4.2 Experimental procedures and characterization data for

Chapter 2
(2-aminophenyl)boronic acid (2.67)
HNOg, urea (cat.)
D(OH), Aczo, -15°C ON B(OH), Fe powder, cc.HCI N B(OH)
2 2
54% \© EtOH , H,0, 50°C
45%
2.65 2.66 2.67

(2-aminophenyl)boronic acid was prepared according to a literature procedure.333% The spectro-

scopic data were consistent with those previously reported in the literature.

N-(3-formylpyridin-4-yl)pivalamide (2.70)

o OLi o
M M
NH HN © es Ny e
: Me Me NH O
Xy, PFivaloyl chloride N Me Me — Li Me ]
| TEA, DCM | BuLi, THF, -78°C | DMF, THF, 0°C; Me
: _DMF, THF, 0°C;
” quant. N" SN H* hydrolysis - |
2.64 2.68 2.69 62% N
. . ’ 2.70

N-(3-formylpyridin-4-yl)pivalamide was prepared according to a literature procedure.?> The spec-

troscopic data were consistent with those previously reported in the literature.

N-(3-vinylpyridin-4-yl)pivalamide (2.71)

THF |
0°Ctor.t. N
65 % 2.7

o]
Me%l\
NH O
Me | M
Me _ MePPh3Br, KOtBu Me _
o
N
2.70

Methyltriphenylphosphonium bromide (2.07 g, 5.08 mmol) was dissolved in THF (15 mL) and chilled
to 0 °C. Potassium tert-butoxide (652 mg, 5.08 mmol) was added over 5 min. The mixture was stirred
for 30 min, and then 2.70 (1.00 g, 4.9 mmol) was added dropwise as a [0.1 M] solution in THF. The
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mixture was stirred an additional 30 min at 0 °C, and then the reaction was warmed to 18°C over
one hour. The reaction was quenched via addition of saturated aqueous NH4CI (10 mL). Obtained
mixture was extracted with Et;0 (3 x 20 mL). The combined organic phase was dried over MgSQOa,
the solids were removed via filtration and rinsed several times with additional ether and concen-
trated. The residue was purified by flash chromatography on silica gel (petrolether — ethyl acetate
3:2 - 1:1) to afford 2.71 as an amorphous solid (734 mg, 65% yield).

1H NMR (400 MHz, Chloroform-d) & 8.46 (d, J = 0.8 Hz, 1H), 8.44 (d, J = 5.7 Hz, 1H), 8.25 (d, J = 5.7
Hz, 1H), 6.69 (dd, J = 17.5, 11.1 Hz, 1H), 5.72 (dd, J = 17.6, 1.2 Hz, 1H), 5.64 (dd, J = 11.2, 1.1 Hz, 1H),
1.32 (s, 9H).

13C NMR (101 MHz, CDCls) 6 149.9, 149.1, 148.6, 130.0, 119.4, 117.7, 109.8., 39.3, 28.0
HRMS (APCI/QTOF) m/z: [M + H]* Calcd for C12H17N20* 205.1335; Found 205.1336.

IR (Vmax, €M) 2978 (w), 1711 (s), 1583 (m), 1522 (m), 1450 (s), 1376 (m), 1254 (s), 1158 (s)

3-vinylpyridin-4-amine (2.72)

o]
Me*l\
NH CH NH, CH
Me 2 2 2
Me NaOH 2N (aq.) _
| MeOH |
SN reflux, 3 h SN
60%
2.71 2.72

Compound 2.71 (730 mg, 3.57 mmol) was dissolvedin 10 ml methanol and 1N aqueous NaOH. The
solution was refluxed for 2 hours and then water and ethyl acetate was added to the reaction mix-
ture. The organic layer was washed with water and brine and the organic phase was dried with
sodium sulphate. The solids were removed via filtration, followed by concentration under vacuum.
The residue was purified by flash chromatography on silica gel (ethyl acetate — methanol triethyl
amine 1000:50:5) to afford 2.72 (258 mg, 60% yield).The spectroscopic data were consistent with

those previously reported in the literature.3®
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tert-butyl phenylcarbamate (2.79)

M Me O
NH e
2 Boc,0, sonicator Me>I\OJ\NH

© quant.

up to 100 gram scale
2.76

2.79

2.79 was prepared according to a literature procedure.?” The spectroscopic data were consistent

with those previously reported in the literature.3’

(2-((tert-butoxycarbonyl)amino)phenyl)boronic acid (2.75)

Purification method:

Me . . . . Me.

BuLi12.48 M Me_|_Me 1) extraction with basic, aqueous sorbitol Me | _Me
tBuL.i [2. 1 \1/ 2) sequential acidification-extraction \|/

©/NHBOC B(OMe); OYO of the aqueous phase O\(O
-

Et,0, -10°C NH . NH

(X X
B(OH), B(OH),
crude mixture 52% on 50 g scale

2.75

Under argon atmosphere, a solution of tert-butyllithium in n-pentane (220 mL, 2.62 M, 572 mmol)
was added to Boc-aniline (50 g, 260 mmol) in dry Et20 (1000 mL) at -10°C. After stirring the mixture
for 3.5 h at -10°C, trimethyl borate (87 mL, 780 mmol) was added over 10 seconds under efficient,
rapid stirring. The resulting viscous mixture was allowed to warm up to room temperature and
stirred for another 15 h. The mixture was quenched with half-saturated ammonium chloride (200
mL). The aqueous phase was extracted with DCM (4x150 mL). The combined organic layers were
dried over sodium sulfate and after the removal of the solids via filtration; the crude mixture was
concentrated to ~500 ml. The organic phase was extracted with solution A (see below) (5x70 ml).
The combined aqueous phases were acidified with 5 N HCl to pH=5 and was extracted with ethyl
acetate (4x70 ml). The combined aqueous phases were further acidified with 5 N HCI to pH=2 and
was extracted with ethyl acetate (4x70 ml). The combined aqueous phases were further acidified
with 5 N HCl to pH=0-1 and was extracted with ethyl acetate (4x70 ml). The combined organic phases

were concentrated under vacuo. 2.75 is obtained in 52% yield (32 grams) as a light yellow solid.

“Solution A” is prepared by measuring 184 grams of D-sorbitol into a 1 liter Erlenmeyer flask and
dissolving it in aqueous [1 N] Na;COs such that the volume of the obtained solution reaches 1 liter.
The final concentration of the solution is 1 N with regard to D-sorbitol and Na>COs. The solution can

be stored at 18 °C for at least 6 months without deterioration of performance.
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The spectroscopic data were consistent with those previously reported in the literature.3®

triphenyl(3-vinylpyridin-4-yl)-15-phosphaneyl trifluoromethanesulfonate (2.77)

MePPh,Br PPh;OTf
o NaH XX Tf,0, PPhg, DBU
| _— | XX
N/ N/ |
Et,0, 0°C DCM N
2.78 80% 2.80 -78°Ctort.
67% 2.77

Methyltriphenylphosphonium bromide (21.7 g, 60.7 mmol) was dissolved in THF (70 mL) and chilled
to 0 °C. Sodium hydride (60% in paraffin, 2.43 g, 60.7 mmol) was added over 5 min. The mixture was
stirred for 1 h 30 min, and then the temperature was increased to 60 °C. 2.78 (5 g, 47 mmol) was
added at such a pace that the yellow color of the phosphor-ylide remained visible at all times. The
mixture was stirred an additional 5 min at 60 °C, and then the reaction was cooled to 18°C. The
reaction was quenched via addition of saturated aqueous ammonium chloride solution. The ob-
tained mixture was extracted with Et,0 (3 x 20 mL). The combined organic phase was dried over
Na>S04, the solids were removed via filtration and rinsed several times with additional ether and
concentrated. The residue was purified by flash chromatography on silica gel (petrolether — ether
with 1% triethylamine 4:1 = 1:4) to afford 2.77 as a colorless liquid (3.96 g, 80% yield). The spec-

troscopic data were consistent with those previously reported in the literature.®

An oven dried 100 ml round bottom flask equipped with a stir bar was charged with 2.80 (500 mg,
4.76 mmol) and placed under a nitrogen atmosphere. CH,Cl; (47 ml) was added, the reaction vessel
cooled to =78 °C and Tf,0 (789 pnl, 1.34 g, 4.76 mmol) was added dropwise over 5 minutes. The
reaction was stirred for 30 minutes before finely crushed PPh3(1.37 g, 5.23 mmol) was added in one
portion. The reaction was subjected to three rapid cycles of vacuum/nitrogen backfill and was
stirred for a further 30 minutes at =78 °C. 1,8-Diazabicyclo[5.4.0]Jundec-7-ene (710 pl, 4.76 mmol)
was added dropwise via syringe, the cooling bath was removed and the reaction was allowed to
warm to room temperature while stirring (approximately 15—-30 minutes). The reaction mixture was
guenched with H,O (approximately the same volume as CH,Cl;) and the mixture was transferred to
a separatory funnel. The mixture was diluted CHCl, and the resulting organic layer was washed
three times with H,O. The organic layer was dried (MgSQa), filtered and concentrated in vacuo to
approximately 5 mL. An excess of chilled Et,0 (0 °C) was added to the concentrated solution that

was then placed in a —20 oC refrigerator for 12 hours. The resulting suspension was filtered on a frit,
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the solid washed with chilled Et,0 (0 °C) and dried in vacuo to provide the pure phosphonium salt
as a light beige solid (1.64 g, 67%).

1H NMR (400 MHz, Chloroform-d) 6 9.15 (d, J = 6.5 Hz, 1H), 8.86 (s, 1H), 7.94 — 7.88 (m, 3H), 7.79
(td,J = 7.8, 3.8 Hz, 6H), 7.72 — 7.66 (m, 6H), 7.26 — 7.20 (m, 1H), 6.20 (dd, J = 17.0, 11.0 Hz, 1H), 5.84
(d,J=17.1Hz, 1H), 5.24 (d, J = 11.0 Hz, 1H).

13C NMR (101 MHgz, CDCls) 6 150.1, 149.1, 136.3, 136.3, 134.7, 134.6, 131.4, 131.2, 130.5, 130.5,
123.3,116.6, 115.7.

31p NMR (162 MHz, CDCl3) 6 21.8.
HRMS (ESI/QTOF) m/z: [M]* Calcd for CasH21NP* 366.1406; Found 366.1406.

IR (Vmax, cm) 1440 (m), 1264 (s), 1224 (m), 1150 (m), 1106 (m), 1073 (w), 1030 (s), 758 (w), 725 (m),
715 (m), 689 (m)

1,3-bis(2,6-diisopropylphenyl)-4,5-dihydro-1H-imidazol-3-ium chloride (2.84)

glyoxale 40% (aq.)
NH, HCOOH (cat.) L'A'H4 H
\/\ N\/\N
MeOH, 30% THF, rt. H
87%

2.81

2.83
HC(OEt); (2.5 equiv.) ci®
H NH,4CI (1.1 equiv.) N/ \N®
N\/\N A4
H 120°C, 95%
2.83 SIPrHCI
2.84

1,3-bis(2,6-diisopropylphenyl)-4,5-dihydro-1H-imidazol-3-ium chloride was prepared according to a
literature procedure.*® The spectroscopic data were consistent with those previously reported in

the literature. 4°

4-chloronicotinaldehyde (2.92)
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cl LDA (2.4 equiv) cl
THF, -78°C, 1.5 h
X ’ X \O
L . L
N then add DMF (2.1 equiv) N
80%
2.91 2.92

4-chloronicotinaldehyde was prepared according to a literature procedure.*! The spectroscopic data

were consistent with those previously reported in the literature.3®

tert-butyl (2-(3-(dihydroxymethyl)pyridin-4-yl)phenyl)carbamate (2.93)

NHBoc
(HO),B

2.75
Pd(OAc), (2.5 mol%)

cl PPh; (10 mol%)
K,CO. 2 M
| NN 2C03(3q,) [2 M] BocHN OH
N DME, reflux, 16 h | T COH
85% N
2.92

2.92 (320 mg, 2.26 mmol), 2.75 (535 mg, 2.26 mmol) and triphenylphosphine (92.6 mg 0.226 mmol)
were dissolved in 1,2-dimethoxyethane (4 mL). 4.8 mL of a 2M K,COs3(2.7 equiv) aqueous solution
were added and the mixture was purged with argon. Palladium acetate (20 mg, 0.056 mmol) was
added and the mixture was refluxed for 18 hours. The two phases were then separated and the
aqueous phase was extracted with ethyl acetate. The combined organic phases were washed with
water and brine and were dried over MgSO.. After evaporation of the solvent, the oily residue was
purified by flash column chromatography (hexane - aceton 3:2) to afford 595 mg (85%) of 2.93. The
compound absorbs light at 354 nm, which facilitates observation with TLC. Please note that the
compound was isolated as a 1:1 mixture of two isomers of 2.93, hence the higher number of peaks
in the 3C NMR spectrum.

1H NMR (400 MHz, Chloroform-d) 6 8.73 (s, 1H), 8.64 (d, J = 5.5 Hz, 1H), 7.90 (dd, J = 7.8, 1.5 Hz, 1H),
7.80 (dd, J=11.2, 6.9 Hz, 2H), 7.69 — 7.62 (m, 1H), 7.31 — 7.26 (m, 1H), 6.94 (s, 1H), 1.57 (s, 9H).

13C NMR (101 MHz, CDCls) 6 152.6, 150.2, 148.8, 137.5, 135.0, 132.3, 132.2, 132.1, 132.1, 130.3,
128.7,128.6, 125.3, 125.3, 124.6, 124.4,123.3, 117.0, 83.1, 83.1, 74.5, 28.4.

HRMS (ESI/QTOF) m/z: [M — H,0]* Caled for C17H19N203* 299.1396; Found 299.1393.
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IR (Vmax, €m™) 2978 (m), 1703 (s), 1606 (m), 1481 (m), 1329 (s), 1254 (m), 1157 (s), 1119 (m), 1045
(m), 1012 (m), 785 (w), 758 (s), 721 (m), 696 (m)

tert-butyl (2-(3-vinylpyridin-4-yl)phenyl)carbamate (2.74)

NHBoc

(HO),B
S
cl ®pph,Me Br ol 275
KOtBuU Pd,dbas, PCy, BocHN
Xy Yo —m— | XX _—
| Et,0, 0°C, 78% P KF, THF, 60 °C NS
N ’ ’ N P
2.92 2.94 N

Methyltriphenylphosphonium bromide (1.39 g, 3.88 mmol) was dissolved in diethyl ether (10 mL)
and chilled to 0 °C. Potassium tert-butoxide (435 mg, 3.88 mmol) was added in one portion. The
mixture was stirred for 30 min. 2.92 (500 mg, 3.53 mmol) was added dropwise. TLC analysis indi-
cated the end of the reaction and upon completion it was quenched via addition of saturated aque-
ous ammonium chloride solution. The obtained mixture was extracted with Et;0 (3 x 50 mL). The
combined organic phases were dried over Na;SO4, the solids were removed via filtration and rinsed
several times with additional ether and concentrated. The residue was purified by flash chromatog-
raphy on silica gel (petrolether — ether with 1% triethylamine 4:1 - 1:4) to afford 2.77 as a slightly
volatile colorless liquid. The product was immediately subjected to the next step. The spectroscopic

data were consistent with those previously reported in the literature.3®

In a glovebox, into a pressure flask was measured (2-((tert-butoxycarbonyl)amino)phenyl)boronic
acid (975 mg, 4.12 mmol, 1.5 equiv), 2.94 (477 mg, 3.43 mmol, 1 equiv), KF (656 mg, 11.3 mmol, 3.3
equiv), PCys (80 mg, 0.29 mmol, 8.4 mol%) and was added 3 ml THF (on large scale 15 ml / g of 2.95).
Tris(dibenzylideneacetone)dipalladium(0) (94 mg, 0.1 mmol, 6 mol%) was added finally to the mix-
ture, the cap was sealed and was warmed to 60 °C while vigorous stirring. When TLC indicated the
consumption of the starting material, the reaction mixture was diluted with diethyl ether and fil-
tered through a pad of silica gel with copious washings, concentrated and purified by flash column
chromatography (hexane:acetone 4:1). 2.74 was obtained as a beige amorphous solid (784 mg, 77%

yield).

1H NMR (400 MHz, Chloroform-d) 6 8.91 (s, 1H), 8.59 (d, /= 5.3 Hz, 1H), 7.92 (d, /= 8.2 Hz, 1H), 7.46
(ddd, J = 8.6, 7.4, 1.7 Hz, 1H), 7.37 (d, J = 5.2 Hz, 1H), 7.20 (td, J = 7.5, 1.2 Hz, 1H), 7.13 (dd, J = 7.6,
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1.7 Hz, 1H), 6.45 (dd, J = 17.7, 11.2 Hz, 1H), 5.96 (s, 1H), 5.87 (d, J = 17.6 Hz, 1H), 5.41 (d, J = 11.2 Hz,
1H), 1.40 (s, 9H).

13C NMR (101 MHz, CDCl3) § 152.8, 145.3, 144.7, 135.3, 133.8, 131.1, 130.3, 129.9, 127.9, 126.1,
124.3,122.0, 119.5, 81.2, 28.3.

HRMS (ESI/QTOF) m/z: [M + H]* Calcd for C1gH21N20,* 297.1598; Found 297.1598.

IR (Vmax, €M) 2979 (w), 2360 (m), 1722 (s), 1585 (m), 1522 (m), 1446 (m), 1294 (m), 1240 (m), 1159
(s), 1043 (m), 1022 (m), 916 (w), 835 (m), 796 (w), 717 (s)

methyl 4-(2-((tert-butoxycarbonyl)amino)phenyl)-3-vinylpyridine-1(2H)-carboxylate (2.95)

BocHN

BocHN CICOOMe, NaBH,
XX
| NN MeOH:CHCI3:Et,0 | H
Z (8:2:1),-78 °C to r.t. NV,
N 7h 41\
0O~ "OMe

To a solution of NaBH4 (76 mg, 2 mmol, 1.2 equiv) in methanol (1 ml) at -78°C was added a solution
of tert-butyl (2-(3-vinylpyridin-4-yl)phenyl)carbamate (500 mg, 1.68 mmol, 1 equiv) in CHCl3 (250 ul)
dropwise. Methyl chloroformate (155 ul, 1 mmol,1.2 equiv) in ether (125 ul) was added dropwise to
the reaction mixture. The reaction was kept at -78°C for 1 hour under vigorous stirring and was
warmed to r.t. Full conversion was observed after 6 h at r.t., the volatiles were evaporated under Ar
atm. and the crude mixture was purified with flash column chromatography (hexane : ether 9:1) to
yield 513 mg of light yellow solid (85%).

1H NMR (400 MHz, Chloroform-d) & 8.04 (d, J = 8.3 Hz, 1H), 7.30 (dt, J = 8.6, 4.5 Hz, 1H), 7.05 — 7.02
(m, 2H), 6.89 (d, J = 7.8 Hz, 1H), 6.32 (s, 1H), 6.21 (dd, J = 17.5, 11.1 Hz, 1H), 5.26 — 5.05 (m, 3H), 4.68
(d,J = 16.1 Hz, 1H), 4.55 (d, J = 15.9 Hz, 1H), 3.87 (d, J = 7.3 Hz, 3H), 1.49 (s, 9H).

13C NMR (101 MHz, CDCls) 6 153.0, 135.9, 132.4, 129.6, 128.8, 127.9, 127.2, 126.3, 125.0, 123.0,
119.8,114.4, 113.6, 108.0, 80.8, 53.7, 43.5, 28.5.

HRMS (APCI/QTOF) m/z: [M + H]* Calcd for C0H25N204* 357.1809; Found 357.1815.

IR (Vmax, €M) 2978 (w), 2360 (m), 2339 (m), 2297 (w), 1711 (s), 1583 (m), 1522 (m), 1448 (s), 1367
(m), 1244 (s), 1159 (s), 1049 (m), 1026 (m)
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4-(2-((tert-butoxycarbonyl)amino)phenyl)-1-methyl-3-vinylpyridin-1-ium tetrafluoroborate

(2.99)
Me;O' BF, NHBoc
NHBoc )
o XX BF
AN DCM, 0°C ® 4
= quant. @N

2.99

2.74 (296 mg, 1 mmol) was dissolved in dichloromethane (10 ml) at 0 °C and trimethyloxonium tet-
rafluoroborate (163 mg, 1 mmol) was added to the solution in one portion. The reaction mixture
was stirred at 0 °C for 24 hours. The volatiles were removed under vacuum and 2.99 was obtained

as yellow crystalline solid. (353 mg, 99% yield)

1H NMR (400 MHz, Chloroform-d) & 8.88 (s, 1H), 8.57 (d, J = 6.3 Hz, 1H), 7.72 — 7.64 (m, 2H), 7.45 —
7.39 (m, 1H), 7.18 (t, J = 7.5 Hz, 1H), 7.10 (d, J = 7.6 Hz, 1H), 6.60 (s, 1H), 6.34 (dd, J = 17.6, 11.2 Hz,
1H), 6.09 (d, J = 17.5 Hz, 1H), 5.49 (d, J = 11.2 Hz, 1H), 5.28 (s, 1H), 4.40 (s, 3H), 1.33 (s, 9H).

13C NMR (101 MHz, CDCls) 6 153.4, 153.3, 142.9, 142.6, 137.1, 135.6, 131.1, 129.6, 129.4, 129.0,
126.9,124.8, 124.1, 122.9, 81.0, 48.3, 28.1.

IR (Vmax, cm™) 2976 (w), 2931 (w), 1718 (m), 1662 (m), 1583 (m), 1516 (m), 1448 (m), 1390 (m), 1367
(m), 1302 (m), 1240 (m), 1159 (s), 1047 (m), 1024 (m), 754 (m)

HRMS (APCI/QTOF) m/z: [M]* Calcd for C19H23N202* 311.1754; Found 311.1755.

tert-butyl (2-(1-methyl-3-vinyl-1,2-dihydropyridin-4-yl)phenyl)carbamate (2.97)

NaBH,

NHBoc NaOH,q [2.1M], Et,0, MeOH NHBoc
XX BF N
| 4 r.t., 5 min | H
~
N 90% N
CHy CHg
2.99 2.97

Use degassed solvents and inert atmosphere. Prepare a mixture of ether (2 ml), MeOH (075 ml) and
2.1 M NaOH(ag.) (1.25 ml) and add NaBH4 (46 mg). Add N-methylpyridinium salt (398 mg) as a

solution (1 ml ether + 0.5 ml MeOH) at once while vigorously stirring the mixture at r.t. After exactly
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5 min, check TLC (DM91 and HE11) for starting materiel. Multiple product will appear on TLC as a

result of decomposition on exposure to air.

Work-up: Add water and ether to the reaction mixture if it is run at small scale and separate the
layers using a syringe (20 ml). The organic phase should remain in the syringe and it was washed
two times with 2.1M NaOH (ag.) — in the syringe. Into another syringe filled with basic alumina
(grade 1) the organic phase was transferred and subsequently filtered (LCMS syringe filter: 22um,
d=40 mm) into a tared and inertized rb-flask. The basic alumina was washed four times with de-
gassed ether transferred into the round bottomed flask. The volatiles were evaporated under inert

atmosphere. 270 mg (87%) dark yellow oil was obtained.

1H NMR (400 MHz, Chloroform-d) & 8.07 (d, J = 8.4 Hz, 1H), 7.08 — 6.96 (m, 2H), 6.59 (s, 1H), 6.21 (q,
J=6.4,5.6 Hz, 2H), 4.86 (d, J = 11.0 Hz, 1H), 4.78 (d, J = 17.4 Hz, 1H), 4.57 (d, J = 6.9 Hz, 1H), 4.18 (d,
J=12.6 Hz, 1H), 4.11 (d, J = 12.7 Hz, 1H), 2.86 (s, 3H), 1.49 (s, 9H).

HRMS (APCI/QTOF) m/z: [M + H]* Calcd for C19H25N202* 313.1911; Found 313.1915.

5,6-dihydro-2H-pyran-2-one (2.109)

OTMS
LDA, THF, -78°C Pd(OAc), (10 mol%)
d TMSCI Z>0 methylallylcarbonate (2 equiv)
dfy work-up MeCN, reflux, 3 h
9% 94%
2.107 2.108 °

5,6-dihydro-2H-pyran-2-one was prepared according to a literature procedure.*? The spectroscopic

data were consistent with those previously reported in the literature. 42

(Z2)-5-((tert-butyldimethylsilyl)oxy)pent-2-enal (2.114)
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TBSO
HO TBSCI TBSO .
TEA, DCM BulLi, H,CO
_ P
=
4) 0°C 4) THF
0,
91% -78°Ctort. OH
2.110 211 2.112
TBSO
H, / Lindlar cat. = OTBS
Z
HO
OH 2112 2.113

(2)-5-((tert-butyldimethylsilyl)oxy)pent-2-enal was prepared according to a literature procedure.*3

The spectroscopic data were consistent with those previously reported in the literature. 43

5-((tert-butyldimethylsilyl)oxy)pent-2-ynal (2.120)

5-((tert-butyldimethylsilyl)oxy)pent-2-ynal was prepared according to a literature procedure.** The

spectroscopic data were consistent with those previously reported in the literature. 4

Propiolaldehyde (2.122)

TEMPO
Fe(NO3);* 9 H,O
O,, NaCl
= oH P
p-xylene, r.t., 4 h
2121 2122

~50% yield
obtained as a 40 w/w% solution in xylenes

Propiolaldehyde was prepared according to a literature procedure.* The spectroscopic data were

consistent with those previously reported in the literature. #°
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tert-butyl (2-(5-(5-((tert-butyldimethylsilyl)oxy)-1-oxopent-2-en-3-yl)-1-methyl-3-vinyl-1,2-dihy-
dropyridin-4-yl)phenyl)carbamate (2.135)

o
3 !
NHBoc
NHBoc 2.131 (20 mol%), toluene |
AN /4 TBSO AN
| ) -78 °C to 18 °C over 24 hours | M
N oTBS N

|
CHs CH,

2.120
2.97 23% yield

2.135

To a solution of 2.97 (100 mg, 0.32 mmol, 1.00 equiv.) in toluene (3.2 mL) at — 78 2C was added
catalyst 2.131 (15 mg, 0.0330 mmol) in one portion. The resulting solution was stirred at —78 2C for
10 minutes before adding 2.120 (102 mg, 0.48 mmol). The solution was stirred at —78 2C for 24
hours. When TLC analysis indicated the end of the reaction, ethyl acetate and water was added to
the reaction mixture and the aqueous phase was extracted with ethyl acetate three times. The com-
bined organic phases were washed with brine and dried on sodium sulphate. The solids were re-
moved by filtration and the volatiles were removed under vacuum. The crude residue was purified
by flash column chromatography by using argon instead of pressurized air (hexane — ethyl acetate
4:1). The combined fractions containing the desired product were concentrated in inert atmosphere
to obtain 38 mg (23 mg) of 2.135.

1H NMR (400 MHz, Benzene-ds) 6 9.11 (s, 1H), 8.81 (d, J = 8.4 Hz, 1H), 7.24 — 7.20 (m, 1H), 6.97 (s,
1H), 6.90 — 6.81 (m, 2H), 6.40 (dt, J = 17.2, 8.6 Hz, 2H), 5.58 (s, 1H), 5.46 (d, J = 13.8 Hz, 1H), 4.90 —
4.83 (m, 1H), 4.75 (d, J = 11.1 Hz, 1H), 3.76 (td, J = 10.0, 3.9 Hz, 1H), 3.64 (ddd, J = 9.9, 5.2, 4.1 Hz,
1H), 3.43 (d, J = 13.7 Hz, 1H), 2.48 (ddd, J = 14.5, 9.9, 5.2 Hz, 1H), 2.33 (s, 3H), 1.58 (s, 9H), 0.97 (s,
9H), 0.05 (s, 3H), 0.05 (s, 3H).

13C NMR (101 MHz, CeD¢) 6 188.0, 160.0, 153.2, 149.6, 148.4, 144.4, 139.5, 138.1, 136.6, 135.7,
129.6,129.5, 128.9, 122.8, 119.8, 114.8, 80.7, 66.3, 62.5, 48.9, 45.8, 40.4, 28.6, 26.5, -4.8, -4.9.

HRMS (ESI/QTOF) m/z: [M + H]* Calcd for C3oHasN204Si* 525.3143; Found 525.3141.

IR (Vmax, €m™) 2937 (w), 2856 (w), 2362 (w), 2159 (m), 1729 (m), 1594 (s), 1519 (m), 1446 (m), 1398
(m), 1237 (m), 1158 (s), 1082 (m), 934 (m), 898 (m), 838 (s), 775 (s)
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4-chloro-3-(2-methoxyvinyl)pyridine (2.147)

Cl PhsP*CH,OMe CI Cl
I N Yo KOtBu, THF MOMG
7
N 85% Nig
2.92 2.147

To a suspension of methoxymethyltriphenylphosphonium chloride (30 g, 88.8 mmol)) in THF at 0 °C
was added KOtBu (9.85 g, 88.8 mmol) portionwise and was stirred at room temperature for 40 min.
The mixture was cooled to 0 °C and was added 4-chloronicotinaldehyde (8.4 g, 60 mmol) dropwise
as a concentrated solution in THF. After 30 min, an aliquot was taken to NMR to determine the full
consumption of the starting material. The mixture was concentrated under vacuo, was added water
and EtOAc and the organic phase was extracted 3x with EtOAc. The organic phase was dried over
NazS0s, filtered and concentrated under reduced pressure. The crude mixture was added cold di-
ethyl ether, suspended and filtered through glass frit to remove the excess triphenylphosphine ox-
ide. After evaporation of the volatiles the crude mixture was purified by FCC (petrol ether : ethyl
acetate 3:2 > petrol ether : ethyl acetate 3:2 + 2% triethylamine ). -2.147 was isolated as an in-
separable mixture of geometric isomers (E/Z 7:4) in 85% yield (8.5 g).

1H NMR (400 MHz, Chloroform-d) 6 9.23 (s, 1H), 8.56 (s, 1H), 8.27 (d, J = 5.3 Hz, 1H), 8.24 (d, J = 5.3
Hz, 1H), 7.68 (ddd, J = 12.0, 7.6, 1.4 Hz, 1H), 7.58 — 7.52 (m, 1H), 7.46 (ddd, J = 8.6, 5.3, 2.3 Hz, 2H),
7.26 (dt, J = 5.4, 2.8 Hz, 3H), 7.10 (d, J = 13.1 Hz, 1H), 6.35 (d, J = 7.0 Hz, 1H), 5.96 (d, J = 13.0 Hz, 1H),
5.53 (d,J = 7.1 Hz, 1H), 3.83 (d, J = 0.7 Hz, 4H), 3.76 (s, 4H).

13C NMR (101 MHz, CDCl3) § 151.5, 151.4, 150.5, 147.4, 147.0, 146.9, 141.2, 140.6, 132.2, 132.1,
132.0,132.0, 131.3, 130.4, 128.7, 128.5, 124.5, 124.2, 98.6, 97.9, 61.1, 56.8.

HRMS (ESI/QTOF) m/z: [M + H]* Calcd for CsHsCINO* 170.0367; Found 170.0373.

IR (Vmax, €M) 2935 (w), 2360 (w), 1639 (s), 1570 (m), 1545 (m), 1468 (m), 1400 (m), 1308 (w), 1284
(m), 1242 (s), 1194 (m), 1151 (m), 1126 (m), 1099 (s), 1076 (m), 995 (w), 939 (m), 823 (m), 717 (m)
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2-(4-chloropyridin-3-yl)ethan-1-ol (2.148)

cl TFA-DCM, then cl
OMe NaBH,, MeOH, 0°C oH
@/\,’ | SN
7 9 7
N 76% N
2.147 2.148

To a mixture of TFA (20 ml) and DCM (20 ml) was added 4-chloro-3-(2-methoxyvinyl)pyridine (1 g,
5.9 mmol) at 0°C. After 15 min the cooling bath was removed and the reaction was kept at room
temperature until full consumption of the starting material. The volatiles were evaporated and the
crude mixture was diluted with ethyl acetate and was washed with NaHCOs3 solution. The aqueous
phase was added Na;COs solution and was extracted twice with ethyl acetate. The combined organic
phases were dried over Na,SO, filtered and concentrated under vacuum. The obtained yellow oil
was the pure product and as it was unstable, it was transferred directly to the next step (NaBHa
reduction to 2-(4-chloropyridin-3-yl)ethyl benzoate).

To the solution of crude 2-(4-chloropyridin-3-yl)acetaldehyde (starting from 1 g 2-(4-chloropyridin-
3-yl)acetaldehyde) and methanol MeOH (20 ml) was added NaBH4 (227 mg, 6 mmol) portionwise
at 0 °C. After 1 h at 0°C, the reaction mixture was concentrated and was added ag. NH4CI (sat.). The
aqueous phase was extracted with ethyl acetate (3x) and the combined organic phases were washed
with brine, dried over Na2S04, filtered and concentrated under reduced pressure. The obtained
residue was purified by flash column chromatography (hexane/ethylacetate 1:1). (710 mg, 76%; on
10 g scale 7.3 g was isolated, 79%)

1H NMR (400 MHz, Chloroform-d) & 8.46 (d, J = 3.0 Hz, 1H), 8.32 (d, J = 5.2 Hz, 1H), 7.29 (d, J = 5.3
Hz, 1H), 3.90 (t, J = 6.5 Hz, 2H), 3.01 (t, J = 6.5 Hz, 2H).

13C NMR (101 MHz, CDCl5) 6 151.9, 148.6, 132.0, 128.5, 124.5, 61.3, 34.0.
HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]* Calcd for C;HoCINO* 158.0367; Found 158.0369.

IR (Vmax, cmt) 3249 (w), 2367 (w), 2861 (w), 1579 (m), 1558 (m), 1473 (m), 1439 (m), 1403 (m), 1177
(m), 1122 (m), 1082 (s), 1050 (s), 829 (m), 797 (m), 725 (m), 695 (s)
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2-(4-chloropyridin-3-yl)ethyl benzoate (2.149)

BzCl (1.05 equiv)

el TEA (2.9 equiv) el
DMAP (20 mol%)
| x OH | x OBz
NT DCM, rt. NG
98%
2.148 2.149

To a solution of 2-(4-chloropyridin-3-yl)ethan-1-ol (2.53 g, 16 mmol, 1 equiv), triethylamine (6.5 ml,
46.5 mmol, 2.9 equiv), DMAP (20 mg, 0.1 mol%) and DCM (80 ml) at 0 °C was added dropwise ben-
zoyl chloride (1.98 ml, 17 mmol, 1.05 equiv). The cooling bath was removed and after consumption
of starting material the mixture was added brine. The aqueous layer was washed with DCM 3x and
the combined organic phases was washed with brine 2x. The organic phase was dried over Na2504,
filtered and concentrated under vacuo. The crude mixture was purified with FCC (hexane - ethyl
acetate 3:1) affording 4.31 g (98%) of white solid. TLC (hexane/ethylacetate 1:1) Rf(2.149)= 0.66
Rf(2.148)=0.1

1H NMR (400 MHz, Chloroform-d) & 8.55 (s, 1H), 8.40 (d, J = 5.3 Hz, 1H), 8.02 — 7.95 (m, 2H), 7.58 —
7.52 (m, 1H), 7.42 (t,J = 7.7 Hz, 2H), 7.33 (d, J = 5.3 Hz, 1H), 4.57 (t, J = 6.5 Hz, 2H), 3.24 (t, J = 6.5 Hz,
2H).

13C NMR (101 MHz, CDCls) 6 166.5, 152.0, 149.3, 144.1, 133.2, 131.9, 130.0, 129.8, 129.7, 128.6,
124.7,63.2, 30.4.

IR (Vmax, €M) 2966 (w), 2360 (w), 2023 (w), 1718 (s), 1680 (w), 1556 (w), 1473 (w), 1454 (w), 1313
(w), 1273 (s), 1111 (m), 1082 (w), 822 (w), 712 (m)

HRMS (ESI/QTOF) m/z: [M + H]* Calcd for C14H13CINO2* 262.0629; Found 262.0630.

2-(4-(2-((tert-butoxycarbonyl)amino)phenyl)pyridin-3-yl)ethyl benzoate (2.150)

2.75 (1.5 equiv)
Pd,dbas (6 mol%)
cl PCy; (6.2 mol%)
\ OBz KF (3.3 equiv) BocHN
| . N OBz
N/ THF, 60°C |
69% Z

2.149

In a glovebox, into a pressure flask was measured (2-((tert-butoxycarbonyl)amino)phenyl)boronic
acid (225.6 mg, 0.95 mmol, 1.5 equiv), 2-(4-chloropyridin-3-yl)ethan-1-ol (100 mg, 0.63 mmol, 1
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equiv), KF (121.65 mg, 2.1 mmol, 3.3 equiv), PCys (15 mg, 53.3 umol, 8.4 mol%) and was added 3 ml
THF (on large scale 15 ml / g pyridine). Tris(dibenzylideneacetone)dipalladium(0) (17.43 mg, 19.04
umol, 6 mol%) was added finally to the mixture, the cap was sealed and was warmed to 60 °C while
vigorous stirring. When TLC indicated the consumption of the starting material, the reaction mixture
was diluted with diethyl ether and filtered through a pad of silica gel with copious washings, con-
centrated and purified by flash column chromatography (hexane:ethylacetate 3:2). 2.150 was ob-

tained as a white amorphous solid (182 mg, 69% yield).

1H NMR (400 MHz, Chloroform-d) 6 8.70 (s, 1H), 8.59 (d, /= 4.9 Hz, 1H), 8.10 (d, /= 8.3 Hz, 1H), 7.96
—7.90 (m, 2H), 7.54 (ddt, J = 8.0, 6.9, 1.4 Hz, 1H), 7.46 — 7.37 (m, 3H), 7.18 — 7.15 (m, 1H), 7.14 —
7.08 (m, 2H), 6.06 (s, 1H), 4.35 (ddd, J = 11.0, 7.0, 6.1 Hz, 1H), 4.27 (ddd, J = 11.0, 6.8, 6.2 Hz, 1H),
3.01 (dt, J=14.4, 6.5 Hz, 1H), 2.88 (dt, J = 14.4, 6.6 Hz, 1H), 1.42 (s, 9H).

13C NMR (101 MHz, CDCls) 6 166.4, 152.8, 152.0, 148.9, 146.1, 135.3, 133.2, 132.5, 130.0, 129.7,
129.6, 129.4, 128.6, 128.5, 127.9, 125.3, 123.6, 120.8, 81.1, 64.1, 30.0, 28.3.

HRMS (ESI/QTOF) m/z: [M + H]* Calcd for CasH27N204* 419.1965; Found 419.1964.

Tert-butyl (2-(3-(2-hydroxyethyl)pyridin-4-yl)phenyl)carbamate (2.151)

BocHN KOH BocHN
- - 5
OBz OH
| N H,0, MeOH, rt. | ~
~ ~
N quant N
2.150 2.151

Prepare a solution of water (80 ml), methanol (80 ml) and NaOH (1.8 g, 32 mmol, 2 equiv). To this
solution 2.150 (4.62 g, 11 mmol) was added and stirred overnight at 18 °C. After TLC indicated the
full consumption of the starting material the reaction mixture was diluted with water and was ex-
tracted with ethyl acetate three times. The combined organic phases were dried over sodium sul-
fate, filtered and concentrated under reduced pressure. The crude mixture was purified by flash
column chromatography (EtOAc - EtOAc:MeOH 9:1). 3.47 g of pure 2.151 was obtained as a white

foam (quantitative yield).

1H NMR (400 MHz, Chloroform-d) 6 8.66 (s, 1H), 8.53 (d, /= 4.9 Hz, 1H), 8.00 (d, /= 8.3 Hz, 1H), 7.40
(td,J=8.3,7.8,1.7 Hz, 1H), 7.17 = 7.11 (m, 2H), 7.07 (dd, J = 7.6, 1.7 Hz, 1H), 6.23 (s, 1H), 3.78 — 3.64
(m, 2H), 2.80 (dt, J = 14.1, 7.0 Hz, 1H), 2.69 (dt, J = 14.2, 5.9 Hz, 1H), 1.42 (s, 9H).

13C NMR (101 MHz, CDCl3) § 153.2, 150.9, 147.2, 147.1, 135.2, 133.7, 129.3, 129.1, 125.0, 123.6,
122.0, 80.6, 61.8, 33.4, 28.2.
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HRMS (ESI/QTOF) m/z: [M + H]* Calcd for C18H23N203* 315.1703; Found 315.1709.

IR (Vmax, €M) 2971 (s), 1704 (s), 1585 (s), 1521 (s), 1445 (s), 1367 (s), 1242 (s), 1158 (s), 1102 (m),
1074 (s), 1057 (s), 1026 (s)

Methyl 4-(2-((tert-butoxycarbonyl)amino)phenyl)-3-(2-hydroxyethyl)pyridine-1(2H)-carboxylate

(2.152)
BocHN
BocHN NaBH,, CICOOMe oH
X
X OH . ] - |
| MeOH:CHCI3:Et,0 (4:1:1) H
= -78°C to r.t. to 40°C N H
N . )\
40% 0~ "OMe

To a solution of methanol (4.56 ml) and sodium borohydride (174 mg, 4.58 mmol) at -78°C was
added dropwise a solution of chloroform (1 ml) and tert-butyl (2-(3-(2-hydroxyethyl)pyridin-4-
yl)phenyl)carbamate (1.2 g, 3.8 mmol). After stirring at -78°C for 10 min, methyl chloroformate (355
ul, 4.58 mmol) dissolved in ether (490 pl) was added dropwise to the cooled mixture while main-
taining the temperature under -70°C and the obtained light orange colored mixture was stirred at
this temperature for 30 min. The cooling bath was removed and the reaction mixture was stirred at
20°C for 2 hours. If TLC does not indicate the completion of the reaction, the mixture was put into a
40°C water bath and was stirred for an additional 2 hours. Without this step full conversion may not
be achieved. Upon completion, the reaction was quenched with water and was extracted 3 times
with ethyl acetate. The combined organic layer was washed with brine, dried over sodium sulfate
and the volatiles were removed under vacuum. The obtained crude product was purified with flash

column chromatography (petrol ether : ethyl acetate 3:1 to 3:2) (785 mg, 40%)

1H NMR (400 MHz, Chloroform-d) & 7.95 (d, J = 8.1 Hz, 1H), 7.33 — 7.18 (m, 2H), 7.19 — 7.11 (m, 1H),
7.05 - 6.98 (m, 2H), 6.86 — 6.68 (m, 1H), 5.24 — 4.88 (m, 1H), 4.63 — 4.28 (m, 2H), 3.82 (s, 3H), 3.81
—3.60 (m, 2H), 2.35 (s, 1H), 2.27 (dt, J = 14.5, 7.3 Hz, 1H), 2.10 (dt, J = 14.4 Hz, 1H), 1.50 (s, 9H).

13C NMR (101 MHz, CDCl3) § 159.0, 154.3, 152.5, 141.1, 138.1, 133.2, 131.5, 122.7, 121.9, 121.5,
117.6,109.7, 80.4, 61.0, 53.4, 51.1, 31.4, 28.2

IR (Vmax, €M) 2978 (m), 1703 (s), 1606 (m), 1481 (m), 1329 (s), 1254 (m), 1157 (s), 1119 (m), 1045
(m), 1012 (m), 785 (w), 758 (s), 721 (m), 696 (m)
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Ethyl 5-hydroxypent-3-ynoate (2.156)

cu'l
N =" "COOEt COOEt
= TOH . - N >COOEt / K/\
N MeCN, rt., 16 h
2.145 2.146 OH OH
70% 8%
2.156 2.157

Ethyl 5-hydroxypent-3-ynoate was prepared according to a literature procedure.*® The spectro-

scopic data were consistent with those previously reported in the literature. 4°

(E)-pent-2-enedioic acid (2.162)

OY\/\H/OMG NaOH / Hy0, rt. OMOH

OMe (6] 82% OH o

2.161 2.162

(E)-pent-2-enedioic acid was prepared according to a literature procedure.*” The spectroscopic data
were consistent with those previously reported in the literature. 4’

2H-pyran-2,6(3H)-dione (2.154)

Ac,0, 150°C o
O OH 25 min A
Y MY o)
OH o
0
2162 2.154

2H-pyran-2,6(3H)-dione was prepared according to a literature procedure.*” The spectroscopic data

were consistent with those previously reported in the literature. 4’

(Z)-5-methoxy-5-oxopent-2-enoic acid (2.163)

1) Ac,0, 150°C COOMe
OY\/\H/OH 2) MeOH ﬁ
-5
OH o} HoOC
2.162 20%
2.163
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(Z)-5-methoxy-5-oxopent-2-enoic acid was prepared according to a literature procedure.*’ The
spectroscopic data were consistent with those previously reported in the literature. 4’

1-(tert-butyl) 5-methyl (Z)-pent-2-enedioate (2.167)

cl 0._OMe
Oyy-OMe crlcl

I BF30Et, (0.5 mol%)

N

0" NH |
| on Cy, THF, rt. 0*'\"9

Me " Me 55% o mee
o) Me
2.163 2.166 2.167

To a stirred solution of (Z)-5-methoxy-5-oxopent-2-enoic acid (480 mg, 3.3 mmol, 1 equiv) in dry
THF (6.6 ml) a solution of tert-butyl-2,2,2,-trichloroimidate (2.9 g, 13.3 mmol, 4 equiv) in cyclohex-
ane (13 ml) was added dropwise at room temperature, followed by addition of BF3*OEt2 (<5 pl).
After stirring the mixture at room temperature for 30 min, TLC (HE41) indicated the consumption
of the starting material. The volatiles were evaporated under reduced pressure and the crude mix-
ture was purified by flash column chromatography (hexane : ether 20:1). The pure product was
obtained as a colorless oil. The spectroscopic data were consistent with those previously reported

in the literature.*®

1H NMR (400 MHz, Chloroform-d) & 6.38 (dt, J = 11.5, 6.9 Hz, 1H), 5.84 (dt, J = 11.5, 2.0 Hz, 1H), 3.74
(dd, J=6.9, 2.0 Hz, 2H), 3.71 (s, 3H), 1.47 (s, 9H).

13C NMR (101 MHz, CDCl3) § 171.8, 165.5, 138.9, 124.0, 80.8, 52.1, 33.9, 28.3.
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4.3 Experimental procedures and characterization data for
Chapter 3

4.3.1 Experimental procedures and spectroscopical data of the synthetic sequence
leading to the most advanced intermediate 3.123

The synthetic sequence leading to the closest intermediate (3.123) to voacafricine B (3.2) is shown
below. In this section the experimental details of this synthetic sequence is discussed first. The pro-

tocols and analytical data related to all other compounds can be found in section 4.3.2.

BnONH, (4.5 equiv)
Sc(0Tf); (5 mol%)

BzOH (20 mol%)
toluene, r.t., MS4A

72% MeOH [0.1 M], reflux

75%

3.40

3.57

LiOH [1 N],q, (2.5 equiv)
MeOH : H,0 (5:1), 0°C;
NaHSO, (2.5 equiv)
freeze-dry

MeO

Pearlman's cat. (0.7 equiv) HATU (1.2 equiv)

1,4-CHD (11 equiv) DIPEA (3 equiv)
-
MeOH [5.3 M] DMF, 0°C to rt,
110°C, 300W, 60% over 3 steps
12-18 bar
27% _
3.59
3.58
OTMS
OMe (10 equiv)

Mg(OT), (30 mol%)
CHCI, [0.2 M], 18 °C
85%

MeO N o MeO N\ “OH
—_— = Z
N A& N A
H O/\O@ H o/\0®
voacafricine A voacafricine B
3.123 31 32

Scheme 83 - Synthetic sequence leading to the most advanced intermediate of the total snthesis.
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dimethyl 4-(dimethoxymethyl)-2-hydroxy-3,4-dihydro-2H-pyran-2,6-dicarboxylate (3.39)

(0]

MeO.__OMe \")J\ (S)-p-Pro (6 mol%)
+

oM

\[\O © MeCN, r.t.
o
81%
1 equiv. 3 equiv.
3.26 3.38

Dimethyl 4-(dimethoxymethyl)-2-hydroxy-3,4-dihydro-2H-pyran-2,6-dicarboxylate was prepared
according to a literature procedure.* The spectroscopic data were consistent with those previously

reported in the literature.*®

dimethyl 2-(dimethoxymethyl)-9-methoxy-1,2,7,12-tetrahydroindolo[2,3-a]quinolizine-
4,12b(6H)-dicarboxylate (3.40)

MeO

BzOH (20 mol%)
toluene, r.t., MS 4 A

2%

3.39 (20 g, 69 mmol) and 3.14 (13.1 g, 69 mmol) was dissolved in toluene (600 ml). Molecular sieve
(51.7 g, 4 A) and benzoic acid (1.68 g, 13.8 mmol) was added to the solution and the heterogenous
mixture was stirred until TLC analysis indicated the consumption of the starting materials. The mo-
lecular sieves were removed by filtration and the organic phase was washed with NaHCOs3 solution.
The organic phase was dried with Na;SO4 and concentrated under vacuo. The crude residue was
purified by flash column chromatography (hexane-ether 1:1) to yield 3.40 as a light yellow foam (22
g, 72%)
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1H NMR (400 MHz, Chloroform-d) & 8.11 (s, 1H), 7.27 — 7.22 (m, 1H), 6.90 (d, J = 2.5 Hz, 1H), 6.84
(dd, J = 8.8, 2.5 Hz, 1H), 5.83 (dd, J = 2.6, 1.1 Hz, 1H), 4.05 (d, J = 7.7 Hz, 1H), 3.92 — 3.85 (m, 1H),
3.84 (s, 4H), 3.83 (s, 3H), 3.75 (s, 3H), 3.39 — 3.33 (m, 1H), 3.35 (s, 3H), 3.28 (s, 3H), 2.67 (ddd, J =
15.4, 10.5, 4.8 Hz, 1H), 2.59 (dd, J = 4.3, 2.8 Hz, 1H), 2.53 (ddd, J = 13.2, 4.8, 2.1 Hz, 1H), 2.37 (dddd,
J=9.8,7.7,5.2,2.6 Hz, 1H), 2.17 (dd, J = 13.4, 9.6 Hz, 1H).

13C NMR (101 MHz, CDCl3) § 173.1, 165.8, 154.3, 138.7, 131.8, 131.7, 127.2, 115.7, 112.6, 112.2,
111.9, 105.9, 100.7, 63.5, 56.1, 54.4, 53.4, 53.2, 52.3, 45.7, 33.6, 32.9, 20.4.

IR (Vmax, cm™) 3365 (w), 2949 (w), 2833 (w), 1722 (s), 1626 (m), 1485 (m), 1458 (m), 1437 (m), 1373
(m), 1246 (s), 1217 (s), 1119 (s), 1068 (s), 1049 (m), 1022 (m), 719 (m)

HRMS (ESI/QTOF) m/z: [M + H]* Calcd for C23H29N,07* 445.1969; Found 445.1976.

Methyl 4-((benzyloxy)imino)-2-(dimethoxymethyl)-10-methoxy-5-oxo0-2,3,4,5,8,13-hexahydro-
1H-azepino[1',2":1,2]pyrido[3,4-blindole-13b(7H)-carboxylate (3.59)

BnONH, (4.5 equiv) MeQ

Sc(OTf) (5 mol%) 1) LiOH, MeOH-water o

MeOH [0.1 M], reflux 2) TATU, Hiinig's base, DMF \ N
ol OBn
oY o ¢
: MeO™\
MeO” “OMe 2" “ome
3.40 3.58 60% over 3 steps
3.59
MeO
NP
” =N =
ol OBn
o =
MeO™\

To a solution of compound 3.40 (3 g, 6.75 mmol) in dry methanol (70 ml) was added O-benzylhy-
droxylamine (761 pL, 7.4 mmol) and Sc(OTf)s (166 mg, 0.337 mmol). The obtained mixture was re-
fluxed until TLC analysis indicated the consumption of the starting materials. The solution was con-
centrated under vacuum to ~35 ml and was diluted with ethyl acetate and water. The two phases
were then separated and the aqueous phase was extracted with ethyl acetate three times. The com-
bined organic phases were washed with water and brine and were dried over Na;SOa. The solids
were removed via filtration and the organic phase was concentrated under vacuo. The oily residue
was purified by flash column chromatography (hexane — ether 2:3) to afford 3.58 as a yellow foam

of about 90% purity. The obtained material was directly transferred to the next step.
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1H NMR (400 MHz, Chloroform-d) & 7.89 (s, 1H), 7.42 — 7.28 (m, 5H), 7.24 — 7.16 (m, 2H), 6.94 (d, J
= 2.5 Hz, 1H), 6.84 (dd, J = 8.8, 2.5 Hz, 1H), 5.27 (d, J = 12.2 Hz, 1H), 5.18 (d, J = 12.1 Hz, 1H), 4.61 (dt,
J=12.9, 4.7 Hz, 1H), 4.18 (d, J = 6.1 Hz, 1H), 3.84 (s, 3H), 3.65 — 3.55 (m, 1H), 3.29 (s, 3H), 3.27 (s,
6H), 2.90 — 2.84 (m, 2H), 2.80 (dd, J = 14.2, 11.4 Hz, 1H), 2.66 (dd, J = 19.0, 12.9 Hz, 1H), 2.55 (ddd, J
=18.9, 3.8, 1.5 Hz, 1H), 2.33 = 2.26 (m, 1H), 2.19 — 2.08 (m, 1H).

13C NMR (101 MHz, CDCl3) § 172.5, 165.3, 155.9, 154.6, 137.1, 131.8, 131.7, 129.2, 128.8, 128.5,
128.4,128.3,126.5, 125.4, 113.2, 112.2, 110.1, 106.6, 100.6, 77.3, 63.8, 56.0, 54.4, 54.4, 53.6, 40.3,
35.4,33.9, 26.2, 20.5.

To the methanolic (100 ml) solution of the obtained 3.58, aqueous LiOH ([1 N], 20 ml) was added
dropwise at 0 °C. The obtained mixture was stirred until TLC analysis indicated the consumption of
the starting material. NaHSO4 (2.4 g, 20 mmol) was dissolved and the methanol was removed under
vacuo. The obtained heterogenous residue was freeze-dried overnight to yield the crude aminoacid

as a light orange powder.

The obtained amino acid was dissolved in DMF (40 ml) and was added Huinig’s base (2.21 ml, 13.4
mmol). The solution was cooled to 0 °C and solution of TATU (2.15 g, 6.7 mmol)* in DMF (12 ml) was
added dropwise over 20 minutes. The cooling bath was removed and the reaction mixture was
guenched with water when TLC analysis indicated the consumption of the starting material. The
obtained mixture was extracted with ethyl acetate (5 x 20 mL). The combined organic phase was
washed with 10% aqueous lithium chloride solution, brine and dried over Na;SO4. After evaporation
of the solvent, the oily residue was purified by flash column chromatography (toluene — ethyl ace-
tate 85:15) to afford 1.1 g of 3.59 as a white crystalline solid.

*TATU can be substituted with HATU or COMU peptide coupling agents without any decrease in

synthetic efficiency.
The single-crystal x-ray diffraction structure and .cif file is available upon request.

1H NMR (400 MHz, Chloroform-d) & 7.89 (s, 1H), 7.42 — 7.28 (m, 5H), 7.24 — 7.16 (m, 2H), 6.94 (d, J
=2.5Hz, 1H), 6.84 (dd, J=8.8, 2.5 Hz, 1H), 5.27 (d, J=12.2 Hz, 1H), 5.18 (d, /= 12.1 Hz, 1H), 4.61 (dt,
J =129, 4.7 Hz, 1H), 4.18 (d, / = 6.1 Hz, 1H), 3.84 (s, 3H), 3.65 — 3.55 (m, 1H), 3.29 (s, 3H), 3.27 (s,
6H), 2.90 — 2.84 (m, 2H), 2.80 (dd, J = 14.2, 11.4 Hz, 1H), 2.66 (dd, J = 19.0, 12.9 Hz, 1H), 2.55 (ddd, J
=18.9, 3.8, 1.5 Hz, 1H), 2.36 (s, 1H), 2.33 - 2.26 (m, 1H), 2.19 — 2.08 (m, 1H).

13C NMR (101 MHz, CDCl3) § 172.5, 165.3, 155.9, 154.6, 137.1, 131.8, 131.7, 129.2, 128.8, 128.5,
128.4,128.3,126.5,125.4,113.2,112.2, 110.1, 106.6, 100.6, 77.3, 63.8, 56.0, 54.4, 54.4, 53.6, 40.3,
35.4, 33.9, 26.2, 20.5.
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IR (Vmax, €M) 2926 (s), 2854 (s), 1740 (s), 1689 (s), 1660 (s), 1486 (s), 1454 (s), 1435 (s), 1361 (s),
1339 (m), 1271 (s), 1240 (s), 1217 (s), 1171 (s), 1116 (s), 1062 (s), 1038 (s), 968 (s), 909 (s), 801 (s),
729 (s)

HRMS (ESI/QTOF) m/z: [M + H]* Calcd for C29H3aN307* 539.2391; Found 536.2395.

Methyl 2-(dimethoxymethyl)-10-methoxy-4,5-dioxo-2,3,4,5,8,13-hexahydro-1H-aze-
pino[1',2":1,2]pyrido[3,4-b]lindole-13b(7H)-carboxylate (3.44)

MeO MeO

Pearlman's catalyst (0.7 equiv)
1,4-CHD (11 equiv)

MeOH [5.3 M]

1 min pre-stir
110°C, 300W,
1h 15 min

12-18 bar 27%

BEWARE: deviating from the exact protocol can lead to accident, hence the experimental

procedure need to be followed exactly as written.

The CEM Discover SP microwave reactor, equipped with an attenuator for 10 ml vessel, was pro-

grammed the following method:

e Dynamic program

e Power (uA) =300 W

e Time (Time) = 1 hour 15 minutes
e Temperature (T°) =110 °C

e Pre-stirring (PreMix) = 1 min

e Stirring speed (Stirring): HIGH

e Cooling = ON (snowflake sign)

e Pressure limit = 20 bar

e Upper limit of power (PowerMAX) = OFF
When the reactor is ready and the method is saved, the reaction vessel can be prepared.

To an acid-washed and oven-dried 10 mL vial made for the CEM Discover SP microwave reactor
equipped with a stirring bar was added 3.59 (300 mg, 0.56 mmol) and Pearlman’s catalyst (20% Pd
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on charcoal containing 50% water from ABCR, 550 mg, 0.39 mmol). The vial was thoroughly inertized
with argon using a Schlenk apparatus. The vessel can be prepared in a glovebox alternatively. Meth-
anol was added to the solids and the mixture was stirred to ensure the free movement of the stirring
bar. Once the larger blocks of the solids were crushed intro powder by the stirring bar (~10 min),
freshly distilled 1,4-cyclohexadiene (533 uL, 5.6 mmol) was added to the mixture and the vial was
immediately introduced to the attenuator cavity of the CEM Discover SP microwave reactor and the
method was loaded. We process is repeated 5 to 10 times and the content of the vials was diluted
with methanol and combined to an Erlenmeyer flask equipped with a stirbar. By gentle heating the
combined heterogenous mixture was brought to boiling, while being stirred, and the hot mixture
was filtered on a glass fritted funnel. It is important to wash the solids with additional methanol
three times, to avoid them getting in contact with air and to immediately neutralize it. The filtrate
was added toluene (20 ml/vessel) and concentrated under vacuo. The obtained solid residue is pu-
rified with flash column chromatography (toluene — tetrahydrofuran 950:150) to obtain 3.44 as a
yellow foam (670 mg / 10 batches, 27%).

1H NMR (800 MHz, Chloroform-d) & 7.30 (dd, J = 8.8, 0.6 Hz, 1H), 6.98 (d, J = 2.4 Hz, 1H), 6.90 (dd, J
= 8.8, 2.4 Hz, 1H), 4.37 (d, J = 6.2 Hz, 1H), 3.88 (s, 3H), 3.87 (s, 5H), 3.61 (dt, J = 7.8, 6.6 Hz, 2H), 3.48
(s, 3H),3.43 (s, 3H), 3.41 (tt, /= 6.5, 2.7 Hz, 1H), 3.20 (t, J = 7.5 Hz, 2H), 2.65 (dd, J = 19.0, 6.7 Hz, 1H),
2.53 (dd, J = 19.0, 2.4 Hz, 1H).

13C NMR (201 MHz, CDCl3) § 209.3, 161.2, 156.8, 155.5, 154.5, 135.2, 130.6, 128.1, 127.3, 114.2,
112.7,111.2, 106.1, 99.4, 56.0, 54.8, 54.8, 53.7, 43.3, 39.8, 37.1, 24.9.

IR (Vmax, €M) 2922 (s), 2362 (s), 2337 (s), 1747 (s), 1653 (s), 1429 (m), 1244 (m), 1201 (m), 1157 (m),
1120 (m), 1047 (m), 968 (m), 914 (m)

HRMS (ESI/QTOF) m/z: [M + H]* Calcd for C22H27N207* 431.1813; Found 431.1814.

Methyl 2-(dimethoxymethyl)-4',10-dimethoxy-5-oxo0-4'-((trimethylsilyl)oxy)-2,3,8,13-tetrahydro-
1H,5H-spiro[azepino[1',2":1,2]pyrido[3,4-b]indole-4,2'-oxetane]-13b(7H)-carboxylate (3.123)

MeQO

OTMS Mg(OT), (30 mol%)

OMe CHCly, rit.
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To a solution of 3.44 (100 mg, 0.23 mmol) in chloroform (1.1 ml, [0.2 M]), was added Mg(OTf), (22.5
mg, 0.069 mmol, 30 mol%) at 18 °C. The reaction mixture was stirred until complete dissolution of
the catalyst and ((1-methoxyvinyl)oxy)trimethylsilane (340 mg, 2.3 mmol) was added dropwise over
15 minutes. When TLC analysis indicated the consumption of the starting material, the reaction
mixture was diluted with chloroform and water. The aqueous phase was separated and washed with
chloroform three times. The combined organic phases were washed with water and brine and were
dried over Na,SOs. After evaporation of the solvent, a light yellow solid was obtained with a purity
of 92-98%. Further purification is possible with flash column chromatography (hexane-ethylacetate
, 4:1) to obtain 3.123 as light yellow foam (117 mg, 87%).

1H NMR (400 MHz, Chloroform-d) & 7.72 (s, 1H), 7.21 (d, J = 8.6 Hz, 1H), 6.93 (d, J = 2.5 Hz, 1H), 6.83
(dd, J=8.7, 2.5 Hz, 1H), 4.24 (d, J = 6.7 Hz, 1H), 3.86 (s, 3H), 3.83 (s, 3H), 3.57 (s, 3H), 3.45 (d, J = 16.0
Hz, 1H), 3.36 — 3.36 (m, 4H), 3.35 —3.35 (m, 4H), 3.20—3.11 (m, 1H), 2.81 - 2.75 (m, 1H), 2.75 - 2.68
(m, 1H), 2.65 — 2.56 (m, 2H), 2.06 — 2.00 (m, 1H), 1.80 — 1.67 (m, 2H), 0.05 (s, 9H).

13C NMR (101 MHz, CDCl3) § 170.8, 170.6, 154.1, 135.7, 132.0, 127.7, 116.0, 111.9, 111.6, 109.5,
107.0,100.7,95.4,72.1,56.1, 54.9, 52.8, 52.2, 51.6, 51.3, 44.0, 41.6, 40.5, 38.3, 37.7, 20.9, 1.4.

IR (Vmax, €M) 2952 (m), 1738 (s), 1628 (w), 1593 (w), 1529 (w), 1483 (m), 1456 (m), 1439 (m), 1350
(m), 1315 (m), 1277 (m), 1252 (s), 1213 (s), 1173 (s), 1153 (s), 1095 (s), 1066 (s), 1045 (s), 966 (m),
908 (m), 883 (s), 847 (s), 760 (m), 723 (m), 654 (s)

HRMS (ESI/QTOF) m/z: [M + H]* Calcd for C28H41N204Si* 577.2576; Found 577.2581.
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4.3.2 Experimental procedures and spectroscopical data of all other intermediates and
side products

Diethyl 4-(dimethoxymethyl)-2-hydroxy-3,4-dihydro-2H-pyran-2,6-dicarboxylate (3.26)

lgeo Ol\/be
MeO. _OMe 0 (S)-p-Pro (6 mol%) | on — \/OMO\/
\[ + YLO/\ 0. OvMe
o S MeCN, r.t, ~72 h o 0 o)
85% o o
1 equiv. 3 equiv. Mr
3.25 3.19 ° 326 3.26

diethyl (2S,4S)-4-(dimethoxymethyl)-2-hydroxy-3,4-dihydro-2H-pyran-2,6-dicarboxylate as pre-
pared according to a literature procedure.* The spectroscopic data were consistent with those pre-

viously reported in the literature.*®

Diethyl 2-(dimethoxymethyl)-9-methoxy-1,2,7,12-tetrahydroindolo[2,3-a]quinolizine-4,12b(6H)-
dicarboxylate (3.28)

MeO OMe
NH,
BzOH (20 mol%)
| OH toluene, MS 4 A
MeO + 0 o ~Me
N
o] O
N I/ =
314 Me 3.26 MeO/\OMe

3.26 (500 mg, 1.57 mmol) and 3.14 (270 mg, 1.42 mmol) was dissolved in a mixture of DCE (4 ml)
and toluene (4 ml). Molecular sieve (1.2 g, 4 A) and benzoic acid (35 mg, 0.29 mmol) was added to
the solution and the heterogenous mixture was stirred until TLC analysis indicated the consumption
of the starting materials. The molecular sieves were removed by filtration and the organic phase
was washed with NaHCOs solution. The organic phase was dried with Na;SO4 and concentrated un-
der vacuo. The crude residue was purified by flash column chromatography (hexane-ether 1:1) to
yield 3.28 as a light yellow foam (523 mg, 75%)

H NMR (400 MHz, Chloroform-d) & 8.08 (s, 1H), 7.25 (d, J = 8.8 Hz, 1H), 6.91 (d, J = 2.4 Hz, 1H), 6.84 (dd, J
= 8.8, 2.5 Hz, 1H), 5.77 — 5.75 (m, 1H), 4.29 (q, J = 6.9 Hz, 2H), 4.20 (dddd, J = 17.9, 10.8, 7.1, 3.7 Hz, 2H),
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4.07 (d, J = 7.7 Hz, 1H), 3.89 (ddd, J = 14.6, 4.9, 2.6 Hz, 1H), 3.84 (s, 3H), 3.36 (s, 3H), 3.41 — 3.28 (m, 1H),
3.28 (s, 3H), 2.66 (ddd, J = 15.6, 10.7, 4.8 Hz, 1H), 2.60 — 2.48 (m, 2H), 2.37 (dddd, J = 9.7, 7.5, 4.8, 2.4 Hz,
1H), 2.17 (dd, J = 13.3, 9.6 Hz, 1H), 1.34 (t, J = 7.1 Hz, 3H), 1.27 (t, J = 7.0 Hz, 4H).

13C NMR (101 MHz, CDCls) d 172.6, 165.4, 154.3, 139.1, 131.9, 131.8, 127.3, 114.7, 112.5, 112.2, 111.9,
106.0, 100.6, 63.4, 62.2, 61.2, 56.1, 54.4, 53.3, 45.5, 33.6, 32.9, 20.4, 14.4, 14.3.

HRMS (ESI/QTOF) m/z: [M + H]* Calcd for C2sH33N207" 473.2282; Found 473.2281.

IR (Vmax, cm™) 3352 (m), 2979 (m), 2928 (m), 2833 (m), 2257 (m), 2162 (m), 1719 (s), 1631 (m), 1485
(m), 1460 (s), 1371 (m), 1264 (s), 1220 (s), 1156 (s), 1074 (s), 1055 (s), 1030 (s), 973 (m), 675 (s)

Diethyl 2-(dimethoxymethyl)-9-methoxy-1,2,7,12-tetrahydroindolo[2,3-a]quinolizine-4,12b(6H)-
dicarboxylate (3.27)

MeQO
M

NH, eO.__OMe
HFIP, reflux
MeO A + | -
EtOOC (0]
Ho © ~

N

N o)

3.14 3.26

A solution of 3.26 (500 mg, 1.57 mmol) and 3.14 (270 mg, 1.42 mmol) in 1,1,1,3,3,3-hexafluoropro-
pan-2-ol (3 ml) was refluxed until TLC analysis indicated the consumption of the starting materials
(~1.5 day). The reaction mixture was concentrated under vacuo and the crude residue was purified
by flash column chromatography (hexane-ether 3:2) to yield 3.27 as a dark brown amorphous solid
(371 mg, 59%).

H NMR (400 MHz, CDCls) & *H NMR (400 MHz, Chloroform-d) & 8.10 (s, 1H), 7.22 (d, J = 8.8 Hz, 1H), 6.94
(d, J = 2.5 Hz, 1H), 6.84 (dd, J = 8.8, 2.5 Hz, 1H), 5.95 (t, J = 2.0 Hz, 1H), 4.38 — 4.24 (m, 3H), 4.17 — 4.04 (m,
2H), 4.08 (d, J = 7.1 Hz, 1H), 3.85 (s, 4H), 3.61 (dt, J = 12.2, 4.8 Hz, 1H), 3.39 (s, 3H), 3.36 (s, 3H), 3.15 (ddd,
J=12.4,8.3, 4.2 Hz, 1H), 2.96 — 2.88 (m, 1H), 2.82 — 2.71 (m, 1H), 2.71 — 2.62 (m, 2H), 1.85 — 1.73 (m, 1H),
1.35 (t, J = 7.1 Hz, 3H), 1.21 (t, J = 7.1 Hz, 3H).

13C NMR (101 MHz, CDCls) & 172.7, 165.2, 154.3, 140.4, 132.0, 131.5, 127.1, 115.5, 112.6, 111.9, 110.3,
106.5, 100.8, 63.7, 62.1, 61.2, 56.1, 54.3, 53.5, 46.2, 35.9, 32.0, 21.9, 14.4, 14.3.

IR (Vmax, cm™) 2937 (m), 1724 (s), 1626 (s), 1485 (s), 1458 (s), 1439 (s), 1252 (s), 1217 (s), 1120 (s),
962 (s), 916 (s), 733 (s)

HRMS (ESI/QTOF) m/z: [M + H]* Calcd for C2sH33sN207* 473.2282; Found 473.2287.
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Ethyl (E)-1-(2-(dimethoxymethyl)-5-ethoxy-4-(hydroxyimino)-5-oxopentyl)-6-methoxy-2,3,4,9-
tetrahydro-1H-pyrido[3,4-b]indole-1-carboxylate

MeO

NH,0H (4.5 equiv)
Sc(OTf)3 (10 mol%)

MeOH [0.1 M], reflux
65%

To a solution of compound 3.27 (3.2 g, 6.75 mmol) in dry methanol (70 ml) was added hydroxyla-
mine hydrochloride (2.11 g, 31 mmol) and Sc(OTf)z (322 mg, 0.675 mmol). The obtained mixture
was refluxed until TLC analysis indicated the consumption of the starting materials. The solution was
concentrated under vacuum to ~35 ml and was diluted with ethyl acetate and water. The two phases
were then separated and the aqueous phase was extracted with ethyl acetate three times. The com-
bined organic phases were washed with water and brine and were dried over Na>SOa. The solids
were removed via filtration and the organic phase was concentrated under vacuo. The oily residue
was purified by flash column chromatography (hexane — ethyl acetate 1:1) to afford 3.48 as a yellow
foam (2.21 g, 65%).

1H NMR (400 MHz, Chloroform-d) 6 8.26 (s, 1H), 7.22 (d, J = 8.7 Hz, 1H), 6.91 (d, J = 2.3 Hz, 1H), 6.82
(dd, J = 8.8, 2.4 Hz, 1H), 4.28 (q, J = 7.2 Hz, 2H), 4.26 — 4.14 (m, 2H), 3.96 (d, J = 3.6 Hz, 1H), 3.84 (s,
3H), 3.22 (s, 2H), 3.08 (s, 1H), 3.02 (s, 2H), 2.79 (dd, J = 13.6, 7.7 Hz, 2H), 2.72 — 2.59 (m, 2H), 2.42
(dd, J = 14.7, 3.3 Hz, 1H), 2.13 (s, 1H), 1.81 (dd, J = 14.8, 6.4 Hz, 1H), 1.56 (dt, J = 14.2, 7.2 Hz, 1H),
1.32(t,/=7.2 Hz, 3H), 1.29 — 1.25 (m, 4H).

13C NMR (101 MHz, CDCl3) § 164.1, 154.1, 152.9, 131.8, 131.5, 127.1, 112.3, 111.9, 111.8, 107.9,
100.6, 63.0,62.2,61.8,56.1,55.4,41.2,41.0,37.9, 35.0, 27.0, 24.0, 21.7, 20.9, 17.6, 17.4, 14.8, 14 .4,
14.3, 14.3.

IR (Vmax, €M™%) 3329 (m), 2931 (m), 2834 (m), 1724 (s), 1487 (m), 1458 (s), 1375 (m), 1297 (m), 1264
(m), 1216 (s), 1155 (s), 1140 (s), 1118 (s), 1081 (s), 1066 (s), 1026 (s), 981 (m), 859 (m)

HRMS (ESI/QTOF) m/z: [M + H]* Calcd for Ca5H36N30s* 506.2497; Found 506.2508.
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Ethyl (E)-1-(2-(dimethoxymethyl)-5-ethoxy-4-(methoxyimino)-5-oxopentyl)-6-methoxy-2,3,4,9-
tetrahydro-1H-pyrido[3,4-blindole-1-carboxylate (3.41)

MeO

MeONH, (4.5 equiv)
Sc(OTf)3 (5 mol%)

MeOH [0.1 M], reflux
68%

To a solution of compound 3.27 (3.2 g, 6.75 mmol) in dry methanol (70 ml) was added O-methylhy-
droxylamine (2.54 g, 30 mmol) and Sc(OTf)3 (166 mg, 0.338 mmol). The obtained mixture was re-
fluxed until TLC analysis indicated the consumption of the starting materials. The solution was con-
centrated under vacuum to ~35 ml and was diluted with ethyl acetate and water. The two phases
were then separated and the aqueous phase was extracted with ethyl acetate three times. The com-
bined organic phases were washed with water and brine and were dried over Na>SOa. The solids
were removed via filtration and the organic phase was concentrated under vacuo. The oily residue
was purified by flash column chromatography (hexane — ethyl acetate 2:1) to afford 3.34 as a yellow
foam (2.14 g, 61%).

1H NMR (400 MHz, Chloroform-d) 6 8.20 (s, 1H), 7.22 (d, J = 8.7 Hz, 1H), 6.92 (d, J = 2.4 Hz, 1H), 6.82
(dd, J=8.7,2.4 Hz, 1H), 4.30 (q, / = 7.1 Hz, 2H), 4.24 — 4.14 (m, 2H), 3.98 (s, 3H), 3.89 (d, / = 3.7 Hz,
1H), 3.84 (s, 3H), 3.20 (s, 3H), 3.02 (s, 3H), 2.79 — 2.63 (m, 2H), 2.36 (dd, J = 14.9, 3.9 Hz, 1H), 2.18
(td, J=6.9, 3.5Hz, 1H), 1.73 (dd, J = 14.7, 6.0 Hz, 1H), 1.33 (t, /= 7.1 Hz, 3H), 1.28 (t, / = 7.2 Hz, 3H).

13C NMR (101 MHz, CDCl3) § 174.4,163.9, 154.0, 131.4, 127.2,112.1,111.7,108.0, 100.6, 63.0, 62.9,
61.9, 61.7,56.1, 55.3, 41.2, 38.0, 34.9, 27.3, 24.0, 22.2, 14.4, 14.4.

IR (Vmax, cm™) 3394 (w), 2941 (w), 2833 (w), 1723 (s), 1482 (m), 1456 (m), 1373 (w), 1297 (m), 1215
(s), 1152 (m), 1122 (m), 1079 (m), 1047 (s), 933 (w)

HRMS (ESI/QTOF) m/z: [M + H]* Calcd for C26H3gN30g* 520.2653; Found 520.2664.
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methyl 1-((E)-2-(dimethoxymethyl)-5-methoxy-4-(methoxyimino)-5-oxopentyl)-6-methoxy-
2,3,4,9-tetrahydro-1H-pyrido[3,4-bJindole-1-carboxylate (3.41)

MeO MeO
NH3;OMe* CI" (4 equiv)

Huenig base (4 equiv)
Sc(OTf); (5 mol%)

MeOH, 65°C Moot
78% 0%

To a solution of compound 3.40 (1 g, 2.25 mmol) in dry methanol (23 ml) was added O-methylhy-
droxylamine hydrochloride (751 mg, 9 mmol) and Sc(OTf)s (56 mg, 0.112 mmol). The obtained mix-
ture was refluxed until TLC analysis indicated the consumption of the starting materials. The solution
was concentrated under vacuum to ~12 ml and was diluted with ethyl acetate and water. The two
phases were then separated and the aqueous phase was extracted with ethyl acetate three times.
The combined organic phases were washed with water and brine and were dried over Na,SOa. The
solids were removed via filtration and the organic phase was concentrated under vacuo. The oily
residue was purified by flash column chromatography (hexane — ethyl acetate 3:2 - 1:1) to afford
3.41 as a yellow foam (862 mg, 78%).

IH NMR (400 MHz, Chloroform-d) & 8.18 (s, 1H), 7.22 (d, J = 8.7 Hz, 1H), 6.92 (d, J = 2.4 Hz, 1H), 6.82 (dd, J
= 8.8, 2.5 Hz, 1H), 3.97 (s, 3H), 3.91 (d, J = 3.7 Hz, 1H), 3.84 (d, J = 1.2 Hz, 6H), 3.74 (s, 3H), 3.21 (s, 3H),
3.21 -2.98 (m, 1H), 3.04 (s, 3H), 2.81 — 2.58 (m, 4H), 2.37 (dd, J = 14.8, 3.6 Hz, 1H), 2.14 (qq, J = 6.9, 3.6,
2.9 Hz, 1H), 1.72 (dd, J = 14.8, 6.1 Hz, 1H).

13C NMR (101 MHz, CDCls) & 174.9, 164.4, 154.1, 152.5, 132.3, 131.4, 127.2, 112.2, 112.1, 111.7, 108.1,
100.6, 63.1, 63.0, 56.1, 55.3, 55.3, 52.8, 52.7, 41.2, 37.8, 34.9, 27.5, 22.1.

IR (vmax, cm™t) 2943 (w), 2833 (w), 1726 (m), 1485 (w), 1452 (w), 1437 (m), 1294 (w), 1213 (m), 1144 (m),
1120 (m), 1045 (m), 1001 (w), 972 (w), 908 (s), 833 (W), 796 (W), 729 (S)

HRMS (ESI/QTOF) m/z: [M + H]* Calcd for C24H34N30s* 492.2340; Found 492.2342.
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Methyl 2-(dimethoxymethyl)-10-methoxy-4-(methoxyimino)-5-oxo-2,3,4,5,8,13-hexahydro-1H-
azepino[1',2":1,2]pyrido[3,4-blindole-13b(7H)-carboxylate (3.43)

LiOH (2.5 equiv)
MeOH-H,0 (5:1) HATU (1 equiv)
0°C; Huenig's base (2 equiv)
NaHS0, (2.5 equiv), . DMF 0°C
freeze-dry 68% on 300 mg scale
MeO o}
N
) 3 =
N R ™ —
H lN -
go o "
1
Me CHg i
3.43 R=CH(OMe), e v

To the methanolic (100 ml) solution of 3.41 (1.8 g, 3.66 mmol), aqueous LiOH ([1 N], 7.33 ml) was
added dropwise at 0 °C. The obtained mixture was stirred until TLC analysis indicated the
consumption of the starting material. NaHSO4 (880 mg, 7.33 mmol) was dissolved and the methanol
was removed under vacuo. The obtained heterogenous residue was freeze-dried overnight to yield

the crude aminoacid (3.42) as a light orange powder.

The obtained amino acid (3.42) was dissolved in DMF (40 ml) and was added Hiinig’s base (2.34 ml,
14.2 mmol). The solution was cooled to 0 °C and solution of HATU (2.7 g, 7.1 mmol)* in DMF (12 ml)
was added dropwise over 20 minutes. The cooling bath was removed and the reaction mixture was
guenched with water, when TLC analysis indicated the consumption of the starting material. The
obtained mixture was extracted with ethyl acetate (5 x 20 mL). The combined organic phase was
washed with 10% aqueous lithium chloride solution, brine and dried over Na;SOa. After evaporation
of the solvent, the oily residue was purified by flash column chromatography (hexane — ethyl acetate
3:2 = 1:1) to afford 3.43 (1.05 g, 65%) as a white crystalline solid.

*HATU can be substituted with TATU or COMU peptide coupling agents without any decrease in

synthetic efficiency.

The single-crystal x-ray diffraction structure and .cif file is available upon request.
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1H NMR (400 MHz, Chloroform-d) & 8.37 — 8.17 (m, 1H), 7.21 (d, J = 8.8 Hz, 1H), 6.95 (d, J = 2.4 Hz,
1H), 6.84 (ddd, J = 8.8, 2.5, 1.4 Hz, 1H), 4.70 (dt, J = 13.0, 4.5 Hz, 1H), 4.17 (d, J = 6.0, 1.4 Hz, 1H),
3.98 (s, 3H), 3.83 (s, 3H), 3.56 (s, 3H), 3.53 —3.44 (m, 1H), 3.28 (s, 3H), 3.26 (s, 3H), 2.90 — 2.81 (m,
3H), 2.63 (dd, J = 19.0, 13.1 Hz, 1H), 2.49 (ddd, J = 18.9, 3.6, 1.6 Hz, 1H), 2.29 (ddd, J = 14.2, 5.0, 1.5
Hz, 1H), 2.20 — 2.06 (m, 1H).

13C NMR (101 MHz, CDCl3) & 172.6, 165.1, 155.6, 154.5, 131.7, 131.7, 126.4, 113.1, 112.2, 109.8,
106.6, 100.5, 63.7, 62.9, 55.9, 54.5, 54.3, 53.9, 40.1, 35.0, 33.9, 25.9, 20.5.

IR (Vmax, €M) 3296 (w), 2939 (w), 2833 (w), 1734 (m), 1643 (s), 1595 (w), 1487 (m), 1456 (m), 1427
(m), 1404 (m), 1263 (m), 1238 (m), 1217 (s), 1173 (m), 1128 (m), 1043 (s), 966 (w), 895 (m), 847 (w),
735 (m), 719 (w), 692 (w)

HRMS (ESI/QTOF) m/z: [M + H]* Calcd for C23H30N307* 460.2078; Found 460.2085.

Methyl (E)-2-(hydroxymethyl)-10-methoxy-4-(methoxyimino)-5-oxo-2,3,4,5,8,13-hexahydro-1H-
azepino[1',2':1,2]pyrido[3,4-b]indole-13b(7H)-carboxylate (3.46)

MeO MeO

CuCl, * 2 H,0 (2 equiv) NaBH, (1.2 equiv)

MeCN : H,0 (4:1)
75°C, 1 h

MeOH, 0°C, 1.5 h

87% yield over two steps
(single diastereoisomer.)

3.46

To a solution of 3.43 (46 mg, 0.1 mmol) in acetonitrile (1600 uL) was added dropwise a solution of
copper(ll) chloride dihydrate (34 mg, 0.2 mmol) in distilled water (400 pL) under vigorous stirring.
The obtained mixture was heated at 75 °C until TLC analysis indicated the consumption of the start-
ing material (~30 min). The reaction mixture was diluted with saturated solution of NaHCO3 and
ethyl acetate. The two phases were then separated and the aqueous phase was extracted with ethyl
acetate three times. The combined organic phases were washed with water and brine and were
dried over Na;SOa. The obtained dark brown residue is the pure aldehyde 3.45, no further purifica-
tion is needed. 3.45 tend to decompose upon contact with silica gel, therefore it was transferred

immediately to the next step.
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1H NMR (400 MHz, Chloroform-d) 6 9.69 (s, 1H), 7.93 (s, 1H), 7.23 (d, J = 8.8 Hz, 1H), 6.95 (d, J = 2.5
Hz, 1H), 6.88 (dd, J = 8.8, 2.4 Hz, 1H), 4.48 (dt, J = 12.9, 5.1 Hz, 1H), 4.01 (s, 3H), 4.04 — 3.96 (m, 1H),
3.85 (s, 3H), 3.81 - 3.73 (m, 1H), 3.61 (s, 3H), 3.11 (dd, J = 14.3, 9.8 Hz, 1H), 2.88 (dt, J = 8.5, 5.1 Hz,
3H), 2.72 (s, 1H), 2.53 — 2.47 (m, 1H).

13C NMR (101 MHgz, CDCls) 6 199.7, 172.1, 164.8, 154.8, 153.5, 131.8, 130.9, 126.5, 113.6, 112.4,
110.8,100.7, 63.8, 63.2, 56.1, 54.1, 43.9, 40.9, 38.8, 34.2, 23.9, 20.6.

The crude residue obtained from the previous step (3.45) is dissolved in methanol (1 ml) at 0 °C.
upon complete homogenization, sodium borohydride (5.7 mg, 0.15 mmol) was added in one por-
tion. When TLC analysis indicated the consumption of the starting material, saturated aqueous so-
lution of ammonium chloride and ethyl acetate was added to the reaction mixture. The two phases
were separated and the aqueous phase was extracted with ethyl acetate three times. The combined
organic phases were washed with water and brine and were dried over Na;S04. The obtained crude
residue was purified by flash column chromatography (hexane — ethyl acetate, 3:7) to obtain 3.46

(36 mg, 87%) as an amorphous white solid.

1H NMR (400 MHz, Chloroform-d) § 7.96 (s, 1H), 7.21 (d, J = 8.8 Hz, 1H), 6.96 (d, J = 2.5 Hz, 1H), 6.86
(dd, J = 8.8, 2.5 Hz, 1H), 4.66 (dt, J = 13.0, 4.6 Hz, 1H), 3.99 (s, 3H), 3.85 (s, 3H), 3.61 (d, J = 6.2 Hz,
2H), 3.59 (s, 3H), 3.55 (dd, J = 7.6, 5.5 Hz, 1H), 2.91 — 2.86 (m, 2H), 2.82 (d, J = 15.0 Hz, 1H), 2.59 (dd,
J=18.7,12.7 Hz, 1H), 2.52 = 2.45 (m, 1H), 2.33 = 2.27 (m, 1H), 2.12 — 1.98 (m, 1H).

13C NMR (126 MHz, CDCl3) § 172.8, 165.4, 155.7, 154.7, 131.7, 126.6, 113.3, 112.3, 110.1, 100.7,
100.6, 66.1, 63.9, 60.6, 56.0, 54.0, 40.3, 37.2, 33.9, 27.1, 20.6.

IR (Vimax, cm™2) 2952 (m), 1789 (m), 1731 (m), 1439 (m), 1239 (m), 1215 (m), 1151 (m), 1119 (m), 718
()

HRMS (ESI/QTOF) m/z: [M + Na]* Calcd for C1gH22FsNNaOs* 412.1342; Found 412.1343.
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Methyl 1-((E)-2-(dimethoxymethyl)-4-(hydroxyimino)-5-methoxy-5-oxopentyl)-6-methoxy-
2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-1-carboxylate (3.48)

MeO

NH3;OH* CI" (4 equiv)

Huenig base (4 equiv)
Sc(OTf)3 (5 mol%)

MeOH, 65°C
74%

To a solution of compound 3.40 (1 g, 2.25 mmol) in dry methanol (23 ml) was added hydroxylamine
hydrochloride (625 mg, 9 mmol) and Sc(OTf)s (56 mg, 0.112 mmol). The obtained mixture was
refluxed until TLC analysis indicated the consumption of the starting materials. The solution was
concentrated under vacuum to ~12 ml and was diluted with ethyl acetate and water. The two phases
were then separated and the aqueous phase was extracted with ethyl acetate three times. The
combined organic phases were washed with water and brine and were dried over Na;SOa. The solids
were removed via filtration and the organic phase was concentrated under vacuo. The oily residue
was purified by flash column chromatography (hexane — ethyl acetate 1:1 1:2) to afford 3.48 as a
yellow foam (795 mg, 74%).

1H NMR (400 MHz, Chloroform-d) & 8.39 (s, 1H), 7.22 (d, J = 8.7 Hz, 1H), 6.91 (d, J = 2.5 Hz, 1H), 6.82
(dd, J = 8.7, 2.5 Hz, 1H), 3.97 (d, J = 3.8 Hz, 1H), 3.84 (s, 3H), 3.81 (s, 3H), 3.71 (s, 3H), 3.23 (s, 3H),
3.22 (s, 1H), 3.10 — 3.06 (m, 1H), 3.04 (s, 3H), 2.82 — 2.69 (m, 2H), 2.62 (dt, J = 15.3, 3.8 Hz, 1H), 2.41
(dd, J = 14.8, 3.5 Hz, 1H), 2.16 (qt, J = 5.8, 3.2 Hz, 1H), 1.83 (dd, J = 14.8, 6.3 Hz, 1H).

13C NMR (101 MHz, CDCl3) § 174.7, 164.7, 154.0, 152.5, 131.9, 131.5, 127.1, 112.3, 111.8, 111.8,
108.0, 100.6, 63.0, 56.0, 55.4, 55.3, 53.6, 52.9, 52.6, 41.2, 37.8, 34.9, 27.0, 21.8.

IR (Vmax, cm™) 2935 (m), 2370 (s), 2341 (s), 1730 (s), 1537 (m), 1487 (s), 1456 (s), 1441 (s), 1304 (s),
1265 (s), 1215 (s), 1136 (s), 1016 (s), 665 (s)

HRMS (ESI/QTOF) m/z: [M + H]* Calcd for C23H32N30s* 478.2184; Found 478.2193.

254



Chapter 4 - Experimental part

2-(tert-butyl) 1-methyl 1-(E)-2-(dimethoxymethyl)-4-(hydroxyimino)-5-methoxy-5-oxopentyl)-6-
methoxy-1,3,4,9-tetrahydro-2H-pyrido[3,4-blindole-1,2-dicarboxylate (3.50)

MeO MeO

Boc,O
N coome S
MeO/\é) . \’}‘ sonicator
MeO/:\OMe OH quant.
3.48 3.50

To a solution of 3.48 (250 mg, 0.52 mmol) in DCM (5.2 ml) was added di-tert-butyl dicarbonate (137
mg, 0.63 mmol). The obtained solution was sonicated for 1 hour or until TLC analysis indicated the
consumption of the starting materials. The reaction mixture was diluted with DCM and water. The
two phases were then separated and the aqueous phase was extracted with DCM three times. The
combined organic phases were washed with water and brine and were dried over Na;S0a. The solids
were removed via filtration and the organic phase was concentrated under vacuo. 3.50 was ob-

tained as a yellow foam in quantitative yield.

1H NMR (400 MHz, Chloroform-d) 6 8.20 (s, 1H), 7.22 (d, J = 8.7 Hz, 1H), 6.92 (d, J = 2.5 Hz, 1H), 6.82
(dd, J=8.8, 2.5 Hz, 1H), 3.93 (d, J = 3.3 Hz, 1H), 3.86 (s, 3H), 3.84 —3.82 (m, 4H), 3.72 (s, 3H), 3.17 (s,
3H), 3.03 (s, 3H), 2.94 (dd, J = 13.2, 6.4 Hz, 1H), 2.81 — 2.73 (m, 2H), 2.63 — 2.56 (m, 1H), 2.39 (dd, J
=14.8,3.2 Hz, 1H), 2.10 (tp, J = 6.4, 3.1 Hz, 1H), 1.70 (dd, J = 14.8, 6.6 Hz, 1H), 1.53 (s, 9H).

13C NMR (101 MHz, CDCls) 6 174.8, 163.8, 158.7, 154.0, 151.0, 131.9, 131.4, 127.1, 112.4, 112.3,
111.7,108.1, 100.6, 84.7, 63.1, 56.0, 55.7, 55.0, 53.0, 52.8, 41.3, 37.3, 35.5, 28.8, 27.7, 21.9.

IR (Vmax, €m™) 3390 (w), 2951 (w), 2929 (w), 2835 (w), 1780 (m), 1732 (s), 1485 (m), 1456 (m), 1439
(m), 1369 (m), 1242 (s), 1215 (s), 1151 (s), 1066 (m), 1020 (m), 912 (m), 835 (m), 796 (m), 758 (m),
731 (s)

HRMS (ESI/QTOF) m/z: [M + H]* Calcd for CagHaoN3010* 578.2708; Found 578.2718.
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O-(4-methoxybenzyl)hydroxylamine (3.53)

o) PMBCI, o
K,COj3, DMSO, r.t. @OMe H,N-NHMe, EtOH, reflux
N-OH N-C @OMe
H,N-O
S 0 87% over 2 steps
3.51 3.52 3.53

O-(4-methoxybenzyl)hydroxylamine was prepared according to a literature procedure, with the ex-
ception of using N-methylhydrazine instead of hydrazine in the protocol.>® The spectroscopic data

were consistent with those previously reported in the literature.*°

methyl (E)-2-(dimethoxymethyl)-4-(hydroxyimino)-10-methoxy-5-oxo-2,3,4,5,8,13-hexahydro-
1H-azepino[1',2':1,2]pyrido[3,4-blindole-13b(7H)-carboxylate (3.49)

MeO [ MeO

H,NOPMB (1.2 equiv)

Sc(OTf); (5 mol%) LiOH [1 N],q. (2.5 equiv)

MeOH, 65°C, 12 h
65%

MeOH : H,0 (5:1), 0°C;
NaHSOQ,, freeze-drying

HATU (1.2 equiv)
Huenig's base (3 equiv)

DMF, 0°C tort,
MeO
Pearlman's cat. (100 mol%)
TES (10 equiv)
/\ MeOH:THF [0.05M], 50°C OPMB
MeO OMe
quantitative up to 800 mg scale 1.1 g scale - 70% over 2 steps
3.49 3.56

To a solution of compound 3.40 (2.41 g, 5.44 mmol) in dry methanol (55 ml) was added O-(4-meth-
oxybenzyl)hydroxylamine (1 g, 6.53 mmol) and Sc(OTf)s (133 mg, 0.270 mmol). The obtained mix-
ture was refluxed until TLC analysis indicated the consumption of the starting materials. The solution
was concentrated under vacuum to ~25 ml and was diluted with ethyl acetate and water. The two
phases were then separated and the aqueous phase was extracted with ethyl acetate three times.
The combined organic phases were washed with water and brine and were dried over Na;SOa. The
solids were removed via filtration and the organic phase was concentrated under vacuo. The oily
residue was purified by flash column chromatography (hexane — ethyl acetate 1:1) to afford 3.54 as
a white foam (2.1 g, 65%).
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1H NMR (400 MHz, Chloroform-d) & 8.16 (s, 1H), 7.28 — 7.18 (m, 2H), 7.14 (d, J = 8.1 Hz, 2H), 6.93 (s,
1H), 6.84 (dd, J = 8.8, 2.3 Hz, 1H), 6.75 (d, J = 8.0 Hz, 2H), 5.12 (dd, J = 11.6, 1.3 Hz, 2H), 3.84 (s, 3H),
3.84 (s, 3H), 3.77 (s, 3H), 3.70 (s, 3H), 3.14 (s, 4H), 3.10 — 2.93 (m, 1H), 2.87 (s, 3H), 2.77 — 2.62 (m,
3H), 2.61 — 2.53 (m, OH), 2.37 (td, J = 14.8 Hz, 1H), 2.09 — 2.05 (m, 1H), 1.73 = 1.51 (m, 2H).

13C NMR (101 MHgz, CDCls) 6 175.0, 164.6, 159.8, 154.2, 131.5, 130.5, 130.5, 128.5, 127.2, 113.9,
113.9, 112.2, 111.8, 108.3, 108.2, 100.7, 63.1, 56.1, 55.4, 55.3, 55.1, 52.7, 41.2, 37.8, 34.8, 28.1,
24.0.

IR (Vmax, cm™) 2931 (w), 2835 (w), 2362 (m), 2337 (m), 1724 (m), 1612 (w), 1514 (m), 1441 (m), 1298
(w), 1246 (m), 1215 (m), 1178 (m), 1119 (m), 1030 (m), 1001 (m), 845 (w), 812 (w), 758 (s)

HRMS (ESI/QTOF) m/z: [M + H]* Calcd for C31H4oN309* 598.2759; Found 598.2761.

To the methanolic (17 ml) solution of 3.54 (800 mg, 1.34 mmol), aqueous LiOH ([1 N], 3.35 ml) was
added dropwise at 0 °C. The obtained mixture was stirred until TLC analysis indicated the consump-
tion of the starting material. NaHSO4 (402 mg, 3.35 mmol) was dissolved and the methanol was
removed under vacuo. The obtained heterogenous residue was freeze-dried overnight to yield the

crude aminoacid (3.55) as a light yellow powder.

The obtained amino acid (3.55) was dissolved in DMF (15 ml) and was added Hunig’s base (856 uL,
5.2 mmol). The solution was cooled to 0 °C and solution of HATU (0.989 g, 2.6 mmol)* in DMF (4 ml)
was added dropwise over 20 minutes. The cooling bath was removed and the reaction mixture was
guenched with water, when TLC analysis indicated the consumption of the starting material. The
obtained mixture was extracted with ethyl acetate (5 x 20 mL). The combined organic phase was
washed with 10% aqueous lithium chloride solution, brine and dried over Na;SO4. After evaporation
of the solvent, the oily residue was purified by flash column chromatography (hexane — ethyl acetate
1:1) to afford 3.56 (552 mg, 73%) as a white powder.

*HATU can be substituted with TATU or COMU peptide coupling agents without any decrease in

synthetic efficiency.

1H NMR (400 MHz, CDCl3) & 7.89 (s, 1H), 7.32 (d, J = 8.3 Hz, 2H), 7.20 (d, J = 8.8 Hz, 1H), 6.94 (d, J =
2.4 Hz, 1H), 6.94 — 6.80 (m, 4H), 5.20 (d, J = 11.7 Hz, 1H), 5.10 (d, J = 11.2 Hz, 1H), 4.62 (dt, J = 13.0,
4.7 Hz, 1H), 4.16 (d, J = 6.1 Hz, 1H), 3.84 (s, 4H), 3.79 (s, 4H), 3.65 — 3.55 (m, 1H), 3.33 (s, 3H), 3.28
(s, 3H), 3.26 (s, 3H), 2.89 — 2.85 (m, 2H), 2.82 — 2.75 (m, 1H), 2.62 — 2.49 (m, 2H), 2.29 (dd, J = 14.1,
4.6 Hz, 1H), 2.18 — 2.06 (m, 1H).
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13C NMR (101 MHz, CDCl3) § 172.5, 165.3, 159.7, 155.6, 154.6, 131.8, 131.7, 130.5, 129.2, 126.5,
113.9, 113.2, 112.2, 110.1, 106.6, 100.6, 77.1, 63.8, 60.5, 56.0, 55.4, 54.4, 54.3, 53.7, 40.3, 35.4,
33.9, 26.2, 20.6, 14.3.

IR (Vmax, cm™) 2935 (w), 1736 (m), 1666 (s), 1512 (m), 1458 (m), 1435 (m), 1385 (m), 1246 (s), 1217
(m), 1176 (m), 1144 (m), 1088 (m), 1032 (m), 908 (s), 812 (w), 729 (s)

HRMS (ESI/QTOF) m/z: [M + H]* Calcd for C3oH36N30s* 566.2494; Found 566.2496.

To a solution of 3.56 (565 mg, 1 mmol) in methanol (70 ml) was added Pearlman’s catalyst (20% on
Pd on charcoal containing 50% water from ABCR, 700 mg, 1 mmol) under Ar atmosphere. The mix-
ture was heated to reflux under vigorous stirring and triethylsilane (1.61 ml, 10 mmol) was added
dropwise over 10 minutes. When TLC analysis indicated the consumption of the starting material,
the reaction mixture was filtered and concentrated under vacuo. Recrystallization of the crude res-

idue from methanol afforded 3.49 (441 mg, quant.) as a white powder.

1H NMR (400 MHz, Acetone-ds) & 9.90 (s, 1H), 7.27 (d, J = 8.8 Hz, 1H), 7.03 (d, J = 2.5 Hz, 1H), 6.77
(dd, J = 8.8, 2.5 Hz, 1H), 5.62 (s, 1H), 4.69 (ddd, J = 12.9, 4.7, 3.8 Hz, 1H), 4.30 (d, J = 5.6 Hz, 1H), 3.49
(s, 3H), 3.46 — 3.34 (m, 1H), 3.34 (s, 3H), 3.32 (s, 3H), 2.72 (dd, J = 18.5, 13.3 Hz, 1H), 2.38 (ddd, J =
18.6, 3.5, 1.7 Hz, 1H), 2.34 — 2.28 (m, 1H), 2.95 — 2.77 (m, 2H).

13C NMR (101 MHz, Acetone) § 172.8, 165.7, 156.5, 155.2, 133.4, 133.0, 127.3, 113.2, 113.0, 109.8,
107.7,101.0, 64.6, 55.8, 55.0, 54.6, 53.8, 41.8, 40.1, 35.2, 35.0, 25.5, 24.4, 21.3, 21.2, 17.8, 14.9.

IR (Vmax, cm) 3373 (s), 3248 (s), 2925 (s), 1730 (s), 1639 (s), 1612 (s), 1485 (s), 1454 (s), 1435 (s),
1410 (s), 1263 (s), 1242 (s), 1217 (s), 1155 (m), 1065 (s), 1047 (s), 1014 (m), 968 (s), 841 (m), 816
(m), 796 (m)

HRMS (ESI/QTOF) m/z: [M + Na]* Calcd for C22H27N3NaO7* 468.1741; Found 468.1738.

2-(dimethoxymethyl)-10-methoxy-1,2,3,4,8,13-hexahydro-5H,7H-4,13b-(epiminomethano)aze-
pino[1',2":1,2]pyrido[3,4-blindole-5,14-dione (3.57)

MeO MeQ

258



Chapter 4 - Experimental part

3.57 was isolated as a side product and it was formed under various starting materials and reductive
conditions. Only one example of those conditions is presented here, but all other procedures are

available upon request.

To a solution of 3.66 (50 mg, 0.1 mmol) in glacial acetic acid (1 ml) was added activated zinc powder
(335 mg, 5.1 mmol). The solution was stirred at 18 °C until TLC analysis indicated the consumption
of the starting material. The reaction mixture was added plenty of ethyl acetate and the solution
was filtered through celite and a short pad of silica gel. The volatiles were removed and 3.57 (40 mg,

guantitative) was obtained as a white solid in quantitative yield.

1H NMR (400 MHz, Chloroform-d) & 8.64 (s, 1H), 7.27 (d, J = 8.6 Hz, 1H), 6.95 (d, J = 2.4 Hz, 1H), 6.86
(dd, J = 8.8, 2.4 Hz, 1H), 6.75 (s, 1H), 4.82 — 4.75 (m, 1H), 4.11 (t, J = 6.2 Hz, 1H), 4.07 (d, J = 5.0 Hz,
1H), 3.85 (s, 3H), 3.31 (s, 6H), 3.19 (d, J = 24.4 Hz, 1H), 3.16 — 3.06 (m, 1H), 2.92 — 2.82 (m, 2H), 2.40
—2.34 (m, 1H), 2.27 — 2.06 (m, 3H), 1.51 — 1.42 (m, 1H).

13C NMR (101 MHz, CDCls) 6 172.4, 169.0, 154.4, 132.9, 132.7, 126.6, 112.7, 112.6, 109.2, 107.0,
100.7, 60.7, 56.1, 55.2, 54.7, 53.8, 38.5, 36.0, 34.2, 29.4, 20.1.

IR (Vmax, €M) 3357 (m), 2925 (m), 2835 (m), 1653 (s), 1487 (m), 1454 (s), 1431 (s), 1361 (m), 1296
(m), 1273 (s), 1217 (s), 1159 (s), 1130 (s), 1095 (s), 1080 (s), 1065 (s), 970 (m), 933 (m), 825 (m), 796
(m), 737 (m), 723 (s)

HRMS (ESI/QTOF) m/z: [M + Na]* Calcd for C21H2sN3NaOs* 422.1686; Found 422.168.
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Methyl (E)-4-(acetoxyimino)-2-(dimethoxymethyl)-10-methoxy-5-oxo0-2,3,4,5,8,13-hexahydro-
1H-azepino[1',2":1,2]pyrido[3,4-b]indole-13b(7H)-carboxylate (3.66)

MeO MeO

Ac,0, DMAP, TEA, DCM, r.t.

General procedure E:

To a solution of 3.49 (124 mg, 0.278 mmol) in DCM (30 ml, [0.01M]) was added triethylamine (97
uL, 0.695 mmol) and N,N-dimethylaminopyridine (3.4 mg, 0.028 mmol). Upon complete dissolution
of the starting materials, acetic anhydride (31 puL, 0.334 mmol) was added dropwise. The obtained
mixture was stirred at 18 °C until TLC analysis indicated the consumption of the starting materials.
The reaction mixture was quenched with H,O (approximately the same volume as CH,Cl;) and the
mixture was transferred to a separatory funnel. The mixture was diluted CH;Cl; and the resulting
organic layer was washed three times with H,0. The organic layer was dried (MgSQa), filtered and
the volatiles were removed under vacuum. The crude residue was purified by flash column chroma-

tography (petrol ether — ethyl acetate 4:1) to afford 3.66 (135 mg, quantitative) as a yellow foam.

1H NMR (400 MHz, Chloroform-d) & 7.96 (s, 2H), 7.22 (d, J = 8.8 Hz, 1H), 6.95 (d, J = 2.4 Hz, 1H), 6.87
(dd, J=8.7, 2.5 Hz, 1H), 4.55 (dt, J = 12.9, 4.9 Hz, 1H), 4.20 (d, J = 5.7 Hz, 1H), 3.84 (s, 3H), 3.72 - 3.65
(m, 1H), 3.61 (s, 3H), 3.31 (s, 3H), 3.29 (s, 3H), 2.91 — 2.88 (m, 2H), 2.81 (s, 2H), 2.64 (ddd, J = 18.6,
4.2,1.6 Hz, 1H), 2.37 (ddd, J = 14.3, 4.5, 1.6 Hz, 1H), 2.23 (s, 3H), 2.20 — 2.07 (m, 1H).

13C NMR (101 MHz, CDCl3) § 172.4, 167.9, 163.6, 163.1, 154.7, 131.7, 131.3, 126.5, 113.4, 112.3,
110.3, 106.2, 100.6, 63.9, 56.0, 54.6, 54.6, 54.3, 40.4, 38.7, 35.4, 33.8, 26.8, 20.5, 19.7.

IR (Vmax, €M) 2939 (m), 2835 (w), 1778 (m), 1738 (m), 1651 (s), 1626 (s), 1514 (m), 1489 (m), 1458
(m), 1427 (m), 1381 (m), 1263 (m), 1236 (s), 1217 (s), 1190 (s), 1146 (m), 1065 (s), 964 (m), 939 (m),
889 (m), 723 (m)

HRMS (ESI/QTOF) m/z: [M + Na]* Calcd for C2saH29N3NaOs* 510.1847; Found 510.1849.
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Methyl (E)-2-(dimethoxymethyl)-10-methoxy-5-oxo-4-(((4-(trifluoromethyl)benzoyl)oxy)imino)-
2,3,4,5,8,13-hexahydro-1H-azepino[1',2":1,2]pyrido[3,4-b]indole-13b(7H)-carboxylate (3.68)

MeO MeO

4-CF;BzCl, DMAP, TEA, DCM, r.t.

3.68 was prepared according to general procedure E.

1H NMR (400 MHz, Chloroform-d) & 8.18 (d, J = 8.1 Hz, 2H), 7.77 (d, J = 8.2 Hz, 2H), 7.22 (d, /= 8.8
Hz, 1H), 6.96 (d, J = 2.5 Hz, 1H), 6.88 (dd, J = 8.8, 2.5 Hz, 1H), 4.57 (dt, J = 12.9, 4.9 Hz, 1H), 4.24 (d, J
= 5.6 Hz, 1H), 3.85 (s, 3H), 3.75 (dt, J = 12.8, 6.3 Hz, 1H), 3.67 (s, 3H), 3.34 (s, 3H), 3.33 (s, 3H), 2.92
(ddd, J = 8.9, 6.6, 3.5 Hz, 3H), 2.88 — 2.77 (m, 2H), 2.40 (ddd, J = 14.4, 4.5, 1.6 Hz, 1H), 2.20 (tt, J =
10.4, 5.8 Hz, 1H).

13C NMR (101 MHz, CDCl3) 6 172.4, 164.9, 163.4, 161.7, 154.8, 135.31 (q, J = 32.9 Hz), 131.8, 131.7,
131.2,130.4,126.5,125.89 (d, J = 3.9 Hz), 123.62 (q, / = 541.9, 270.6, 193.4 Hz), 113.5, 112.3, 110.4,
106.1, 100.7, 63.9, 56.0, 54.9, 54.6, 54.5, 40.5, 35.6, 33.9, 26.8, 20.5.

IR (Vmax, cm) 2939 (m), 2835 (w), 1778 (m), 1738 (m), 1651 (s), 1626 (s), 1514 (m), 1489 (m), 1458
(m), 1427 (m), 1381 (m), 1263 (m), 1236 (s), 1217 (s), 1190 (s), 1146 (m), 1065 (s), 964 (m), 939 (m),
889 (m), 723 (m)

HRMS (ESI/QTOF) m/z: [M + Na]* Calcd for CaoH30F3N3NaOs* 640.1877; Found 640.1882.
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Methyl (E)-2-(dimethoxymethyl)-10-methoxy-5-oxo0-4-((pivaloyloxy)imino)-2,3,4,5,8,13-hexahy-
dro-1H-azepino[1',2":1,2]pyrido[3,4-b]indole-13b(7H)-carboxylate (3.69)

MeO MeO

PivCl, TEA,
DCM/THF, r.t.

89%

3.69 was prepared according to general procedure E.

1H NMR (400 MHz, Chloroform-d) & 8.03 (s, OH), 7.22 (d, J = 13.2 Hz, 1H), 6.98 (d, J = 2.5 Hz, OH),
6.89 (dd, J = 8.8, 2.5 Hz, OH), 4.57 (dt, J = 13.0, 4.9 Hz, OH), 4.24 (d, J = 5.8 Hz, OH), 3.87 (s, 2H), 3.73
(ddd, J = 13.1,7.2, 5.7 Hz, OH), 3.63 (s, 1H), 3.34 (s, 1H), 3.33 (s, 1H), 2.94 —2.88 (m, 1H), 2.87 —2.78
(m, 1H), 2.66 (ddd, J = 18.3, 4.3, 1.6 Hz, OH), 2.44 — 2.39 (m, OH), 2.32 — 2.24 (m, OH), 2.22 —2.12 (m,
OH), 1.33 (s, 4H).

13C NMR (101 MHz, CDCl3) 6 173.9, 172.2, 163.6, 163.6, 154.6, 131.7, 131.3, 126.4, 113.3, 112.3,
110.2, 106.2, 100.6, 68.6, 63.9, 56.0, 54.8, 54.3, 54.3, 40.3, 38.9, 35.3, 33.7, 27.3, 26.6, 21.5, 20.4.

IR (Vmax, €m™) 3284 (m), 2941 (w), 2833 (m), 1763 (s), 1738 (s), 1655 (s), 1483 (s), 1458 (s), 1427 (s),
1263 (s), 1217 (s), 1173 (s), 1128 (s), 1090 (s), 1020 (m), 972 (m), 912 (s), 847 (m), 806 (m), 741 (s),
723 (s), 661 (m)

HRMS (ESI/QTOF) m/z: [M + H]* Calcd for Ca7H36F3N30s* 530.2497; Found 530.2507.
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methyl (E)-2-(dimethoxymethyl)-10-methoxy-5-oxo0-4-(((perfluorobenzoyl)oxy)imino)-
2,3,4,5,8,13-hexahydro-1H-azepino[1',2":1,2]pyrido[3,4-b]indole-13b(7H)-carboxylate (3.70)

MeO MeO

TEA (2 equiv)

DCM [0.01M], 0°C
quant.

3.70 was prepared according to general procedure E.

1H NMR (800 MHz, Chloroform-d) § 7.90 (s, 1H), 7.22 (d, J = 8.7 Hz, 1H), 6.95 (d, J = 2.5 Hz, 1H), 6.87
(dd, J = 8.8, 2.4 Hz, 1H), 4.51 (dt, J = 13.0, 5.0 Hz, 1H), 4.20 (d, J = 5.7 Hz, 1H), 3.85 (s, 3H), 3.77 (ddd,
J=12.8,7.5,5.1 Hz, 1H), 3.66 (s, 3H), 3.30 (s, 3H), 3.29 (s, 3H), 2.92 — 2.90 (m, 1H), 2.90 — 2.85 (m,
1H), 2.79 (dd, J = 14.6, 11.3 Hz, 1H), 2.70 (ddd, J = 18.6, 4.2, 1.7 Hz, 1H), 2.42 (ddd, J = 14.5, 4.3, 1.7
Hz, 1H), 2.18 — 2.12 (m, 1H).

13C NMR (201 MHz, CDCl3) § 172.2, 165.8, 162.9, 154.7, 145.75 (brd, J = 259.8 Hz), 143.93 (brd, J =
261.9 Hz), 137.95 (brd, J = 254.3 Hz), 131.7, 131.0, 126.4, 113.5, 112.3, 110.5, 106.40 (dd, J = 15.0,
3.8 Hz), 106.1, 100.6, 64.1, 56.0, 54.8, 54.7, 54.4, 40.5, 35.4, 33.7, 27.3, 24.0, 20.5.

IR (Vmax, €m-t) 3325 (w), 2925 (w), 2850 (w), 1766 (m), 1738 (m), 1653 (m), 1523 (m), 1500 (s), 1458
(m), 1421 (m), 1325 (m), 1265 (m), 1240 (m), 1217 (s), 1188 (s), 1082 (m), 1003 (m), 885 (m), 849

(w)

HRMS (ESI/QTOF) m/z: [M + Na]* Calcd for Ca9H26FsN3NaOs* 662.1532; Found 662.1525.
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Methyl 2'-(dimethoxymethyl)-9'-methoxy-3-oxo-2',3',7',12'-tetrahydro-1'H-spiro[aziridine-2,4'-
indolo[2,3-a]quinolizine]-12b'(6'H)-carboxylate (3.71)

MeO MeO

Ir(ppy)s, Hantzsch ester
0 MeCN :H,0 (4:1), AcOH

z

\H S _N\ R
o1 o—(
o : o)
—~
MeO OMe
3.68, R = 4-CF4CqH 3.71

The proposed 3.71 was prepared following the procedure disclosed by Nevado and co-workers.>!

1H NMR (400 MHz, Chloroform-d) & 8.09 (s, OH), 7.26 (s, 1H), 6.95 (d, J = 2.2 Hz, 1H), 6.91 (dd, J =
8.8, 2.4 Hz, 1H), 4.33 (dt, J = 13.1, 3.9 Hz, 1H), 4.19 (d, J = 9.0 Hz, OH), 3.86 (s, 1H), 3.83 (s, 1H), 3.74
—3.61 (m, 1H), 3.39 (s, 1H), 3.23 (s, 1H), 3.15 —3.03 (m, 1H), 2.94 — 2.83 (m, 2H), 2.43 (dd, J = 13.0,
6.4 Hz, 1H), 2.39 — 2.33 (m, 1H), 2.25 — 2.05 (m, 2H).

13C NMR (101 MHz, CDCl3) § 170.7, 169.2, 154.7, 132.4, 131.4, 126.8, 113.6, 112.4, 109.7, 105.5,
100.9, 74.3, 69.0, 56.1, 55.3, 53.3, 52.1, 36.6, 32.8, 32.1, 26.0, 21.4.

IR (Vmax, €M) 2926 (s), 2854 (s), 1740 (s), 1689 (s), 1660 (s), 1486 (s), 1454 (s), 1435 (s), 1361 (s),
1339 (m), 1271 (s), 1240 (s), 1217 (s), 1171 (s), 1116 (s), 1062 (s), 1038 (s), 968 (s), 909 (s), 801 (s),
729 (s)

HRMS (ESI/QTOF) m/z: [M + H]* Calcd for C22H28N306* 430.1973; Found 430.1982.
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2-(dimethoxymethyl)-4-hydroxy-10-methoxy-1,2,3,4,8,13-hexahydro-5H,7H-4,13b-(epoxymeth-
ano)azepino[1',2":1,2]pyrido[3,4-b]indol-5-one (3.92)

MeO MeO

To a solution of 3.44 (50 mg, 0.116 mmol) in dry methanol (1 ml) was added sodium borohydride (9
mg, 0.23 mmol) in one portion. The obtained mixture was stirred at 18 °C until TLC analysis indicated
the consumption of the starting material. The obtained mixture was diluted with ethyl acetate and
10% aqueous ammonium chloride solution. The two phases were then separated and the aqueous
phase was extracted with ethyl acetate three times. The combined organic phases were washed
with water and brine and were dried over Na;SOa. After evaporation of the solvent, the oily residue
was purified by flash column chromatography (hexane — ethyl acetate 4:1) to afford 3.92 (42 mg,

90%) as a colorless oil.

1H NMR (400 MHz, Chloroform-d) & 9.06 (s, 1H), 7.21 (d, J = 8.7 Hz, 1H), 6.90 (d, J = 2.5 Hz, 1H), 6.82
(dd, J= 8.7, 2.5 Hz, 1H), 4.98 — 4.91 (m, 1H), 4.41 (d, J = 16.6 Hz, 1H), 4.30 (d, J = 3.9 Hz, 1H), 4.16 (d,
J=16.6 Hz, 1H), 3.82 (s, 3H), 3.44 (s, 6H), 2.89 — 2.72 (m, 3H), 2.66 — 2.61 (m, 1H), 2.52 — 2.37 (m,
2H), 2.35 - 2.24 (m, 2H).

13C NMR (101 MHz, CDCls) 6 166.4, 154.3, 135.5, 132.4, 127.2, 112.5, 112.2, 111.7, 107.2, 103.5,
100.6, 67.5, 61.1, 56.1, 55.8, 55.5, 40.0, 39.2, 38.5, 35.6, 21.4.

IR (Vmax, €M) 3323 (w), 2937 (m), 2833 (w), 1734 (m), 1633 (s), 1458 (s), 1435 (s), 1348 (m), 1273
(s), 1215 (s), 1097 (s), 1063 (s), 1041 (s), 960 (m), 912 (s), 852 (m), 825 (m), 795 (m), 756 (m), 731
(s), 681 (s)

HRMS (ESI/QTOF) m/z: [M + H]* Calcd for C21H27N206* 403.1863; Found 403.1866.

1-(4-(dimethoxymethyl)-6'-methoxy-2-oxo0-4',9'-dihydrospiro[cyclopentane-1,1'-pyrido[3,4-b]in-
dol]-2'(3'H)-yl)but-3-ene-1,2-dione (3.105)
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MeO

CeCl; (3 equiv), THF, -78 °C
+ BrMg. _~

Following Imamoto’s procedure®?, to an over-dried flask was added dry CeCls (51 mg, 0.21 mmol)
and dry THF (600 pL) and stirred overnight. The obtained viscous solution was cooled to -78 °C and
was added a solution of 3.44 (30 mg, 0.07 mmol) in THF (300 uL). The solution was stirred for an
additional hour before vinylmagnesium bromide (1M in THF, 210 pL, 210 mmol) was added at -78
°C at such a pace that the internal temperature did not exceed -70 °C. The obtained mixture was
stirred until TLC analysis indicated the consumption of the starting materials. The reaction mixture
was diluted with ethyl acetate and water. The two phases were then separated and the aqueous
phase was extracted with ethyl acetate three times. The combined organic phases were washed
with water and brine and were dried over Na;SOa. After evaporation of the solvent, the oily residue
was purified by flash column chromatography (hexane — ethyl acetate 5:1) to afford 3.105 (20 mg,

70%) as a colorless oil.

1H NMR (800 MHz, Chloroform-d) § 9.27 (s, 1H), 7.18 (d, J = 8.7 Hz, 1H), 6.91 (d, J = 2.4 Hz, 1H), 6.84
(dd, J = 8.7, 2.4 Hz, 1H), 6.56 (d, J = 17.8 Hz, 1H), 6.48 (dd, J = 17.8, 10.6 Hz, 1H), 6.39 (d, J = 10.6 Hz,
1H), 4.47 (d, J = 2.7 Hz, 1H), 3.91 (ddd, J = 13.0, 4.8, 1.9 Hz, 1H), 3.84 (s, 3H), 3.61 (s, 3H), 3.60 (s,
3H), 3.44 (ddd, J = 12.9, 11.9, 3.7 Hz, 1H), 3.23 —3.18 (m, 1H), 2.92 (ddd, J = 14.9, 11.8, 4.8 Hz, 1H),
2.85—2.75 (m, 3H), 2.68 — 2.61 (m, 2H).

13C NMR (201 MHz, CDCls) 6 210.2, 191.7, 165.7, 154.4, 137.3, 134.2, 133.4, 131.5, 126.5, 112.7,
112.0, 108.5, 108.1, 100.5, 66.5, 56.6, 56.4, 56.1, 44.3, 36.4, 35.8, 34.1, 21.7.

IR (Vmax, €m) 3326 (m), 2925 (m), 1749 (s), 1733 (m), 1685 (s), 1635 (s), 1489 (s), 1457 (s), 1438 (s),
1218 (s), 1185 (s), 1177 (s), 1124 (s), 1046 (s), 918 (m), 718 (s)

HRMS (ESI/QTOF) m/z: [M + Na]* Calcd for Ca3H26N2NaOg* 449.1683; Found 449.1687.

1-((1S,4R)-4-(dimethoxymethyl)-6'-methoxy-2-oxo0-4',9'-dihydrospiro[cyclopentane-1,1'-pyr-
ido[3,4-b]indol]-2'(3'H)-yl)pent-4-ene-1,2-dione (3.111)
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MeO

CeClj (3 equiv), THF, -78 °C

Following Imamoto’s procedure®?, to an over-dried flask was added dry CeCls (51 mg, 0.21 mmol)
and dry THF (600 mL) and stirred overnight. The obtained viscous solution was cooled to -78 °C and
was added a solution of 3.44 (30 mg, 0.07 mmol) in THF (300 mL). The solution was stirred for an
additional hour before allylmagnesium bromide (1M in THF, 210 mL, 210 mmol) was added at -78
°C at such a pace that the internal temperature did not exceed -70 °C. The obtained mixture was
stirred until TLC analysis indicated the consumption of the starting materials. The reaction mixture
was diluted with ethyl acetate and water. The two phases were then separated and the aqueous
phase was extracted with ethyl acetate three times. The combined organic phases were washed
with water and brine and were dried over Na;SOa. After evaporation of the solvent, the oily residue
was purified by flash column chromatography (hexane — ethyl acetate 6:1) to afford 3.111 (17 mg,

56%) as a brown oil.

1H NMR (400 MHz, Chloroform-d) § 9.16 (s, 1H), 7.17 (d, J = 8.8 Hz, 1H), 6.92 (d, J = 2.4 Hz, 1H), 6.84
(dd, J = 8.7, 2.5 Hz, 1H), 5.99 (ddt, J = 17.2, 10.4, 6.0 Hz, 1H), 5.45 (dq, J = 17.2, 1.4 Hz, 1H), 5.35 (dq,
J=10.4, 1.1 Hz, 1H), 4.86 — 4.76 (m, 2H), 4.44 (d, J = 2.8 Hz, 1H), 4.13 — 4.08 (m, 1H), 3.86 —3.82 (m,
4H), 3.60 (s, 3H), 3.58 (s, 3H), 3.48 — 3.40 (m, 1H), 3.37 —3.26 (m, 1H), 3.24 — 3.10 (m, 1H), 3.05 (ddd,
J=16.1,11.7, 4.8 Hz, 1H), 2.88 — 2.84 (m, 1H), 2.81 (d, J = 9.9 Hz, 1H), 2.73 (d, J = 8.9 Hz, 1H), 2.70 —
2.58 (m, 2H).

13C NMR (101 MHz, CDCl3) § 209.0, 192.5, 161.9, 160.8, 154.5, 133.6, 131.7, 130.8, 126.6, 120.6,
112.7,112.1, 109.0, 108.3, 100.7, 67.1, 66.6, 56.7, 56.4, 56.2, 44.8, 36.6, 36.2, 34.4, 30.0, 21.8.

IR (Vmax, €M) 2931 (m), 1801 (m), 1749 (s), 1655 (s), 1599 (m), 1487 (m), 1448 (s), 1350 (m), 1302
(m), 1273 (s), 1215 (s), 1182 (s), 1134 (s), 1119 (s), 1080 (s), 1012 (s), 910 (s), 822 (m), 793 (m), 733
(s), 692 (m)

HRMS (ESI/QTOF) m/z: [M + K]* Calcd for C2aH2s8N2KOs* 479.1584; Found 479.1603.
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methyl 4'-((tert-butyldimethylsilyl)oxy)-2-formyl-4'-isopropoxy-10-methoxy-5-oxo-2,3,8,13-tet-
rahydro-1H,5H-spiro[azepino[1',2":1,2]pyrido[3,4-blindole-4,2'-oxetane]-13b(7H)-carboxylate

(3.117)
MeO MeO
oTBS Sc(OTH); (20 mol%)
.
OiPr THF, rt.
3.44 3.117

To a solution of 3.44 (40 mg, 0.092 mmol) in THF (1 ml) was added Sc(OTf)s (9.1 mg, 0.019 mmol) at
18 °C. After complete dissolution of the catalyst, freshly distilled tert-butyl((1-isopropoxyvi-
nyl)oxy)dimethylsilane (201 mg, 0.9 mmol) was added dropwise, while maintaining the internal tem-
perature at 18 °C. The obtained mixture was stirred until TLC analysis indicated the consumption of
the starting materials. The reaction mixture was diluted with ethyl acetate and water. The two
phases were then separated and the aqueous phase was extracted with ethyl acetate three times.
The combined organic phases were washed with water and brine and were dried over Na,;S0a. After
evaporation of the solvent, the oily residue was purified by flash column chromatography (hexane
— ethyl acetate 3:1) to afford 3.117 (39 mg, 70%) as a yellow foam.

1H NMR (400 MHz, Chloroform-d) 6§ 9.78 (d, J = 1.7 Hz, 1H), 7.74 (s, 1H), 7.17 (d, J = 8.7 Hz, 1H), 6.93
(d, J=2.5Hz, 1H), 6.83 (dd, /= 8.7, 2.4 Hz, 1H), 4.94 (p, J = 6.3 Hz, 1H), 3.86 (d, J = 1.2 Hz, 4H), 3.84
(s, 4H), 3.61 (dd, J = 15.5, 6.1 Hz, 1H), 3.44 (d, J = 16.3 Hz, 1H), 3.33 — 3.24 (m, 1H), 3.16 (ddd, J =
15.4, 11.8, 5.8 Hz, 1H), 2.88 — 2.77 (m, 2H), 2.66 — 2.57 (m, 1H), 2.61 (d, J = 16.2 Hz, 1H), 2.22 (ddd,
J=13.2,5.8, 2.1 Hz, 1H), 2.17 (d, J = 2.3 Hz, 1H), 2.11 (dd, J = 13.1, 11.4 Hz, 1H), 1.98 (dd, J = 13.2,
11.7 Hz, 1H), 1.18 (d, J = 6.3 Hz, 3H), 1.14 (d, J = 6.3 Hz, 3H), 0.75 (s, 8H), 0.21 (s, 3H), -0.09 (s, 3H).

13C NMR (101 MHz, CDCls) 6 202.4, 170.9, 169.3, 154.2, 134.1, 131.9, 127.5, 116.1, 112.3, 111.8,
109.8, 100.7, 95.4, 71.8, 68.5, 56.0, 52.7, 48.3, 42.5, 41.3, 39.7, 38.5, 25.8, 21.9, 21.9, 21.1, 17.7, -
2.8,-3.2.

IR (Vmax, €M) 2927 (s), 2021 (s), 1766 (s), 1728 (s), 1460 (s), 1369 (s), 1259 (s), 1215 (s), 1171 (s),
1151 (s), 1109 (s), 1068 (s), 1030 (s), 966 (s), 912 (s), 881 (s), 835 (s), 783 (s), 742 (s), 729 (s), 696 (s),
685 (s), 663 (s)

HRMS (ESI/QTOF) m/z: [M + H]* Calcd for C31HasN20gSi* 601.2945; Found 601.2947.
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methyl -2-(dimethoxymethyl)-4-hydroxy-10-methoxy-4-(2-methoxy-2-oxoethyl)-5-oxo-
2,3,4,5,8,13-hexahydro-1H-azepino[1',2":1,2]pyrido[3,4-b]indole-13b(7H)-carboxylate (3.122)

MeQ MeO

o DMF, r.t.
OTMS 70-80%

To a solution of anhydrous CsF (66 mg, 0.43 mmol) in DMF (1 ml) was added dropwise a solution of
3.123 (25 mg, 0.043 mmol) in DMF (200 uL) at 18 °C. The mixture was stirred until TLC analysis
indicated the consumption of the starting material. The reaction mixture was diluted with ethyl
acetate and water. The two phases were then separated and the aqueous phase was extracted with
ethyl acetate three times. The combined organic phases were washed with water and brine and
were dried over NaySOa4. After evaporation of the solvent, the obtained crude residue could not be

purified further.

1H NMR (500 MHz, Chloroform-d) & 8.20 (s, 1H), 7.17 (d, J = 8.7 Hz, 1H), 6.93 (d, J = 2.5 Hz, 1H), 6.82
(dd, J=8.8, 2.5 Hz, 1H), 4.36 (d, J = 4.2 Hz, 1H), 3.84 (s, 4H), 3.50 (s, 3H), 3.49 (s, 3H), 3.45-3.33 (m,
1H), 3.27 = 3.22 (m, 1H), 3.01 — 2.94 (m, 1H), 2.93 — 2.81 (m, 3H), 2.75 — 2.59 (m, 1H), 2.49 — 2.39
(m, 3H).

HRMS (ESI/QTOF) m/z: [M + H]* Calcd for C2sH33sN209* 505.2181; Found 505.2177.

IR (Vmax, €M) 2951 (m), 2935 (m), 2831 (m), 1737 (s), 1661 (s), 1627 (m), 1487 (m), 1455 (s), 1437
(s), 1388 (m), 1361 (m), 1295 (m), 1258 (s), 1216 (s), 1177 (s), 1170 (s), 1124 (s), 1096 (s), 1073 (s),
1064 (s), 1029 (s), 989 (m), 970 (m)
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4-(dimethoxymethyl)-6'-methoxy-2',3',4',9'-tetrahydrospiro[cyclopentane-1,1'-pyrido[3,4-b]in-
dol]-2-one (3.128)

LiAIH,4 (1 equiv)
THF, r.t. \

- @ . N
H

3.128 was isolated as a side product and it was formed under various starting materials and reduc-
tive conditions. Only one example of those conditions is presented here, but all other procedures

are available upon request.

To a stirred solution of 3.123 (20 mg, 0.034 mmol) in THF (0.3 ml) was added LiAlH4 (1.4 mg, 1 equiv)
at 18 °C. The mixture was stirred until TLC analysis indicated the consumption of the starting mate-
rial. The reaction mixture was diluted with ethyl acetate and water. The two phases were then sep-
arated and the aqueous phase was extracted with ethyl acetate three times. The combined organic
phases were washed with water and brine and were dried over Na;S04. After evaporation of the
solvent, the obtained crude residue was purified with flash column chromatography (hexane — ethyl
acetate 2:3) to afford 3.128 (6.21 mg, 52%) as a colorless oil.

1H NMR (800 MHz, Chloroform-d) 6 8.01 (s, 1H), 7.16 (d, J = 8.7 Hz, 1H), 6.93 (d, J = 2.4 Hz, 1H), 6.81
(dd, J = 8.7, 2.5 Hz, 1H), 4.34 (d, J = 4.6 Hz, 1H), 3.84 (s, 4H), 3.48 (s, 3H), 3.47 (s, 3H), 3.28 (td, J =
18.8,17.7,11.4 Hz, 1H), 3.16 (dt, /= 13.6, 4.8 Hz, 1H), 2.97 — 2.91 (m, 1H), 2.83 (dd, J = 18.8, 8.9 Hz,
1H), 2.79 - 2.75 (m, 2H), 2.41 —2.35 (m, 2H), 2.29 — 2.23 (m, 1H).

13C NMR (101 MHz, CDCls) 6 212.5, 154.3, 133.5, 132.9, 131.4, 127.6, 112.3, 111.8, 111.4, 108.0,
100.7,77.4, 63.2, 56.1, 55.8, 55.0, 40.2, 38.1, 38.0, 34.6, 22.4.

IR (Vmax, €m™) 2934 (s), 2835 (m), 1738 (s), 1456 (s), 1215 (s), 1124 (s), 1074 (s), 1058 (s)

HRMS (ESI/QTOF) m/z: [M + H]* Calcd for C19H25N204* 345.1809; Found 345.1809.
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4-(dimethoxymethyl)-2-((2-hydroxy-5-methoxy-3-((trimethylsilyl)oxy)tetrahydrofuran-3-yl)oxy)-
6'-methoxy-2',3',4',9'-tetrahydrospiro[cyclopentane-1,1'-pyrido[3,4-blindol]-2-ol (3.140)

MeQO

CpoZr(CH (4 equiv)
THF, r.t.

revised structure
3.140

In a glovebox, to a stirred suspension of Schwartz reagent (36 mg, 4 equiv) in THF (0.3 ml) was added
a solution of 3.123 (20 mg, 0.034 mmol) in THF (0.2 ml). The mixture was stirred until TLC analysis
indicated the consumption of the starting material. The reaction mixture was directly introduced to
a preparative TLC plate and was eluted with ethyl acetate three times to afford 3.140 (15 mg, 79%)

as a colorless oil.

1H NMR (400 MHz, Chloroform-d) & 8.08 (s, 1H), 7.75 (s, 1H), 7.25 — 7.20 (m, 2H), 6.96 — 6.93 (m,
2H), 6.86 — 6.81 (m, 2H), 5.13 (d, J = 10.9 Hz, 1H), 4.93 (s, 1H), 4.24 (dd, J = 8.0, 5.9 Hz, 2H), 4.14
(ddd, J = 8.7, 6.3, 2.9 Hz, 1H), 4.02 — 3.90 (m, 3H), 3.87 — 3.85 (m, 6H), 3.72 (dt, J = 13.7, 3.6 Hz, 2H),
3.41(d, J = 1.7 Hz, 6H), 3.36 (d, J = 3.9 Hz, 6H), 3.33 — 3.23 (m, 2H), 2.92 — 2.76 (m, 2H), 2.75 — 2.57
(m, 3H), 2.47 — 2.31 (m, 3H), 2.24 — 1.81 (m, 6H), 1.73 (t, J = 12.5 Hz, 1H), 1.65 (s, 1H), 0.12 (s, 9H),
0.04 (s, 9H).

13C NMR (101 MHz, CDCl3) 6 154.0, 154.0, 135.3, 132.0, 131.9, 128.2, 127.9, 127.7, 127.5, 127.2,
114.9, 113.9, 111.8, 111.7, 111.6, 109.0, 107.4, 106.8, 101.9, 100.5, 100.5, 100.0, 97.4, 73.2, 72.4,
66.5, 65.8, 56.0, 56.0, 55.2, 54.4, 53.9, 44.6, 41.7, 41.2, 38.2, 37.9, 37.8, 33.8, 31.6, 20.8, 20.3, 1.7,
1.6.

IR (Vmax, cm™) 2936 (m), 1484 (s), 1457 (s), 1438 (m), 1331 (m), 1323 (m), 1283 (s), 1273 (m), 1250
(s), 1216 (s), 1177 (s), 1157 (s), 1130 (s), 1077 (s), 1068 (s), 1044 (s), 984 (m), 974 (s), 966 (s), 922 (s),
912 (s), 902 (m), 888 (s), 881 (s), 867 (s), 843 (s), 823 (m), 759 (m), 748 (m), 734 (s), 719 (s), 686 (m)

HRMS (APPI/QTOF) m/z: [M + H]* Calcd for C26Ha1N20sSi* 536.2627; Found 536.2636.

2-(4'-(dimethoxymethyl)-6-methoxy-4"-((trimethylsilyl)oxy)-2,3,4,9-tetrahydrodispiro[pyr-
ido[3,4-b]indole-1,1'-cyclopentane-2',2"-[1,3]dioxolan]-4"-yl)ethan-1-ol (3.142)
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MeO

NaBH3;CN (1.2 equiv)
AcOH (1 quiv)

DCE, r.t.

MeO—" OTMS
OMe

revised structure revised structure
3.140 3.142

To a solution of 3.140 (15 mg, 0.028 mmol) in DCE was added acetic acid (1.6 uL, 0.028 mmol) and
NaBHs3CN (2.11 mg, 0.033 mmol) at 18 °C. The solution was stirred until TLC analysis indicated the
consumption of the starting material. The reaction mixture was directly introduced to a preparative
TLC plate and was eluted with ethyl acetate to afford 3.140 (9 mg, 79%) as a colorless oil.

1H NMR (400 MHz, Chloroform-d) & 7.45 (s, 1H), 7.09 (d, J = 8.7 Hz, 1H), 6.79 (d, J = 2.5 Hz, 1H), 6.70
(dd, J = 8.7, 2.4 Hz, 1H), 4.10 (d, J = 6.1 Hz, 1H), 3.72 (s, 3H), 3.65 — 3.59 (m, 1H), 3.57 — 3.51 (m, 1H),
3.48 —3.42 (m, 1H), 3.24 — 3.21 (m, 6H), 3.16 (s, 2H), 2.67 (dt, J = 17.3, 8.8 Hz, 1H), 2.54 — 2.41 (m,
2H), 2.29 (ddd, J = 12.7, 6.1, 2.1 Hz, 1H), 2.03 — 1.93 (m, 1H), 1.86 — 1.77 (m, 1H), 1.66 (t, J = 12.5 Hz,
1H), -0.00 (s, 9H).

13C NMR (101 MHz, CDCl3) § 154.2,132.0, 127.6, 114.2,111.8, 111.6, 109.4, 107.0, 100.7,99.4, 72.2,
64.1, 58.8,56.1,54.9,53.4,43.9,42.1, 38.4,37.7, 20.8, 1.8.

IR (Vmax, cmY) 3344 (w), 2935 (m), 1483 (m), 1458 (m), 1439 (m), 1356 (m), 1315 (m), 1275 (m), 1252
(s), 1215 (s), 1153 (s), 1132 (s), 1043 (s), 964 (m), 931 (m), 910 (m), 881 (s), 845 (s), 756 (m), 735 (s),
719 (s), 654 (m)

HRMS (APPI/QTOF) m/z: [M + H]* Calcd for C2sHa1N205Si* 521.2683; Found 521.2714.
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