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Abstract :

After the discovery of manzamine A, a macrocyclic marine alkaloid, Baldwin and Whitehead

proposed the biogenesis of a whole class of natural products arising from partly reduced

alkylpyridine derivatives . Although manzamine A was quickly con quered by total synthesis
around the turn of th e millennium, a family of alkaloids emerging early in the biogenesis of
these natural products remained elusive. In a total synthesis campaign, alkaloids of the
ingenamine estate were targeted, pursuing an approach purely based on chemical logic.
Therein, a Michael/Michael cascade was developed forging the common tricyclic core in
diastereoselective fashion.Furthermore, the transformation proved highly flexible concerning
the introduction of requisite handles for macrocyclization.

o
X
o I NBoc
=

| oTBS

| Michael acceptor
OJ\OMe (alkyne-bearing)

(o] Br
Michael donor >
(alkyne-bearing) | 5
— p— Br
0 42\
z NBoc 0” “OMe
- Michael donor
Keramaphidin B (vic-dibromo alkene)
OTBS
) Nominal njacamine | NHBoc
Michael acceptor
(alkene-bearing)
FZ
| X
P
N o

Quinoline fragment

For the total synthesis of keramaphidin B the macrocyclization strategy relied on the use of
ring -closing alkyne metathesis (RCAM) for the 13-membered macrocycle and ring-closing
olefin metathesis (RCM) for the 11-membered macrocycle. While the RCAM proved highly
reliable, the RCM reaction had to be optimized carefully. Eventually, however, the inaugural
total synthesis of keramaphidin B was accomplished in 19 steps along the longest linear
sequence(LLS) and 0.93% overall yield.

As the more recently discovered njaoamines carry an additional L ewis basic amine
functionality in the quinoline annulated to one of the macrocycles, the use of RCM became less
inviting. After the identification of vic-dibromo alkenes as sufficient alkyne surrogates
nominal njaoamine | was synthesized employing two subsequentRCAMs in 21 steps LLS and
1.14% overall yield. The total synthesis revealed a positional misassignment of the triple bond
in the 17-membered macrocycle, which was revised by an in-depth NMR study.



Furanocembranoids are a diverse family of diterpenes. Their macrocyclic framework features,
in most cases,a furan and butenolide moiety of some sort. One of the most intriguing
molecules found within this class is providencin. Apart from its highly oxygenated nature i t
is recognized easily by the trans-fused cyclobutane bearing an allylic alcohol and an exocyclic
methylene unit. Despite numerous efforts to bring this target down by total synthesis,
providencin remains elusive. In particular the exceptionally high ring -strain of the macrocycle
and the highly functionalized cyclobutane represent major challenges in an attempted
synthesis.

Herein, a new route towards the cyclobutane sector of providencin was established, which

was used to evaluate the application of RCAM in the context of macrocyclization. At the

centerpiece, an Ircatalyzed photosensitized [2+2] cycloaddition was harnessed to build the

furanyl -cyclobutanol fragment. Stereochemical relay of a neighboring stereocenter onto the
cyclobutane rendered this approach asymmetric. Furthermore, this handle served as the
linchpin to open the thus constructed bicycle via oxidative cleavage. Subsequent
functionalization of the furan with a highly electrophilic hypoiodite reagent opened entry into

a 2-iodofuran paramount for coupling requisite handles for macrocyclization.
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At this stage, Suzuki coupling was found to be optimal and an alkyne -bearing E-olefinic
fragment could be introduced into the molecule. After acce ssing a viable diyne it became clear
that the macrocycle was too strained to be forged by RCAM, because this reactionis largely
entropically driven.

These setbacks notwithstanding, a Suzuki coupling could be carried out with potassium
vinyltrifluoroborate giving rise to an intermediate, which is expected to be elaborated into
providencin via a literature known route previously established in the group of Mulzer.



Inhalt :

Nach der Entdeckung von M anzamine A, einem macrocyclischen, marinen Alkaloid, schlugen
Baldwin und Whitehead die Biosynthese einer gesamten Klasse an Naturstoffen vor, welche
sich von teilweise reduzierten A Ikylpyridin Derivaten ableiten. Obwohl Manzamine A um die
Jahrtausendwende durch Totalsynthesen zuganglich gemacht wurde, blieben andere
Alkaloide, welche im Biosyntheseweg deutlich frihe r angesiedelt sind, unerreicht. Diese
Alkaloide der Ingenamine Familie wurden in dieser Arbeit durch eine Strategie basierend auf
chemischer Logik anvisiert. Dazu wurde eine Michael/Michael -Kaskadenreaktion entwickelt,
welche das tricyclische Zentralfragment diastereoselektiv aufbaut. Des Weiteren zeigte sich
eine hohe Toleranz dieser Transformation gegenuber der Mitfilhrung von unterschiedlichen
Verknipfungselementen zur Makrocyclisierung.
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In der Totalsynthese von Keramaphidin B wurden zwei verschiedene Strategien zur
Makrocyclisierung der beiden Ringe verfolgt. So wurden der 13-gliedrige Ring mittels
ringschlieBender Alkinmetathese (RCAM) und der 11 -gliedrig e Makrocyclus mithilfe von
ringschlieBender Olefinmetathese (RCM) cyclisiert. Wahrend sich die RCAM als hochst
zuverlassig herausstellte, musste die RCM sorgfaltig optimiert werden. Letztlich konnte
Keramaphidin B jedoch in 19 Schritten und 0.93% Gesamtaudeute synthetisiert werden.

Da das im 13gliedrigen Makrocyclus von Njaoamine eingeglieder te Quinolin ein weiteres
Lewis-basisches Stickstoffatom aufweist, sahen wir von der Verwendung einer RCM zum
Aufbau dieses Ringsystems ab. Nachdem vic-Dibromoalkene als hinreichende
Alkinschutzgruppe befunden wurden, konnte nominales Njaoamine | durch den Einsatz
zweier aufeinanderfolgender ringschliel3ender Alkinmetathesen in 21 Schritten und 1.14%
Gesamtausbeute synthestisiert werden. Die fehlzugeordnete Position des Alkins im 17 -
gliedrigen Makrocyclus konnte durch detaillierte NMR -Studien neu zugewiesen werden.



Die Furanocembranoide sind eine diverse Familie an Diterpenen. Eines der wohl
interessantesten Molekile dieser Klasse ist vermutich Providencin. Neben der hoch oxidierten
Natur des Grundgerusts sticht es durch eintrans-anneliertes Cyclobutan mit einem allylischen
Alkohol und einer exocyclischen Methyleneinheit ins Auge. Trotz zahlreicher Versuche
Providencin zu syn thetisieren, wurde bisher keiner dieser Versuche erfolgreich abgeschlossen.

In dieser Arbeit wurde eine neue Route zum Cyclobutanfragment Providencins etabliert,
welche genutzt werden konnte, um die Applikation von Alkinmetathese zum Ringschluss zu
testen. Als Schlisselschritt zur Herstellung des Furanyl-Cyclobutanolfragments fungierte eine
Ir-katalysierte photosensibilisierte [2+2] Cycloaddition. Darin wurde ein benachbarte s,
enantioselektiv eingefiihrtes Stereozentrum genutzt, um die Stereoinformation auf das
Cyclobutan zu tbertragen und di e Synthese mit asymmetrisch durchfiihren zu kénnen. Des
Weiteren konnte die so eingefiihrte funktionelle Gruppe als Knotenpunkt dienen, um den
vorher aufgebauten Bicyclus oxidativ zu 6ffnen. Funktionalisierung des Furans mittels eines
hoch elektrophilen Hyp oiodit -Reagenzes erdffnete den Weg zu einem 2lodfuran, welches
zentrale Bedeutung fiir die Kupplung andere r Fragmente tragt.
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So konnte ein E-konfiguriertes Olefin mittels Suzuki Kupplung eingefiihrt werden, welches
ein Alkin fiir eine mdogliche RCAM mittragt . Jedoch konnten die synthetisierten Diine nicht
mittels der weitgehend entropie -getriebenen RCAM cyclisiert werden, was auf die grol3e
Ringspannung des Makrocyclus zurtickgefuhrt wurde.

Trotz dieser Ruckschlage konnte mithilfe einer Suzuki Kupplung mit Kaliumvinyl -
trifluoroborate ein Intermediat erschlossen werden, welches durch die Verfolgung einer
literaturbekannten Syntheseroute der Mulzer Gruppe Providencin ergeben sollte.
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1. Introduction

The field of total synthesis emerged in 1828by the serendipitous discovery of Wohler, who

was surprised to find that isocyanic acid and ammonia, under certain conditions, converted

into urea.l! Later in 1845 Kolbedisclosed the formation of acetic acid from its elements. In this

publication ‘Z1 B~ —Ze1 «'Z1eZ>-10¢—e'Ze’el Qeeil ¢—e'Z@Z U1l+"1Zc
chemical compound from other substances? Numerous heroic efforts followed, 34 but it was

not until the 20t century, that Robert B. Woodward elevated the field to new heights.

Woodward became assistant professor at Harvard University in 1937 at the age of 20.During
a period when total synthesis primarily served for the struc tural elucidation of natural

products, Woodward conquered the most complex molecular architectures of the time. His
artistic syntheses featuredthe novel use of ring systems to control stereochemical elementsor
unveil functional groups by ring-cleavage His implementation of mechanistic rationale to
predict reaction outcomes was unprecedented and in the case of pericyclic reactionsled to the
development of the Woodward -Hoffman rules, together with Roald Hoffmann (Chemistry
Nobel Prize 1981) In 1965,R.B. Woodward received the chemistry Nobel Prize for the art of
organic synthesis. Some of hisgroup s most notable achievements are shown in Figure 1.1,
with quinine as their first synthetic target in 1944, 158 strychnine (1954)[" reserpine (1958)l
cephalosporin C (1966)F marasmic acid (1976)!% and erythromycin A 11131 as their last in
198104

Figure 1.1. Selected syntheses by the Woodward group (19441981).
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The advent of new analytical techniques through out the 20" century (FT-NMR 1517, X-Ray
diffraction , etc.) was followed by an avalanche of new natural products and hence new
synthetic targets. Simultaneously, however, a new player arrived on scene, who would change
the field of total synthesis drastically.



In 1959, Elias J. Coreymoved to Harvard University as a full professor at the age of 31. As
such, he would build his research program on a logical approach towards total synthesis,
paired with the development of meth odologies that would fill voids in chemical space needed

to engage new classes of moleculesThe total synthesis of longifolene in 1961 was the first to
be devised by using the princi ples of retrosynthetic analysis:[*8l a concept which simplifies a
target molecule in iterative fashion, until a commercially available starting material is

identified. 9 In the following years, the concept enabled students to be taught the logic of
synthesis , changing the perception of the field from that of an art form into that of a precise
science.Notably , the offspring from his synthetic ventures might e ven be more impressive.
The development of various protecting gr oups (for example: silyl ethers,20-22] allyl ether 231 or
the MEM group 24), new reagents such as pyridinium chlorochromate 251 named reactions for
novel functional group transformations as the Corey -Seebach2sl Corey-Chaykovsky, 271 Corey-
Fuchs[28 or enantioselective methodologies as the Corey-Bakshi-Shibata-reduction 2930
certainly changed the art of synthesis we practice today. Corey was awarded the 1990 Nobel
Prize in chemistry for his development of the theory and methodology of organic synthesis. 14

Selected total syntheses by the Corey group in the time from 1961 6 1993 are shown in kgure
1.2, starting with the racemic synthesis of longifolene (1961)/:8 prostaglandin F x.(1969)31
porantherine (1974) 32 picrotoxinin (1979),33 ginkgolide B (1988) 24 the enantioselective total
synthesis of (+)}biotin (1988),33 (+)-miroestrol (1993)i¢ and (+)- Felemene (19957

Figure 1.2. Selected syntheses by the Corey group (19641993).
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Especially, the fall of ginkg olide B bears witness of the notion that a new era was entered, in
which any given target molecule, regardless of its complexity, might b e conquered by total
synthesis.

Entering the 1990s, however, new molecular architectures were discovered that would, yet
again, challenge chemists to achieve their synthesis. New concepts, as atom economy!38:3
arose, driving the developmen t of new methodologies to reduce chemical waste, which would
accumulate in a poorly planned syntheses. Additionally, organic chemists started to use their



expertise to probe daunting biological hypotheses interweaving the field with biology and
medicine 4041

In the 21t century, the field of total synthesis has reached an aweinspiring level. More

complex targets are being synthesized, with the aim to become mae efficient in regards of
step and redox economy.“246l Total synthesis has matured from an art form that targeted

molecular architectures to show they could be synthesized, to an exact, pracical science that
strives for an ideal synthesis of any given compound, regardless of its complexity. [47 49

Incidentally, it provides students with the most rigorous training. Individuals that pursue a
natural product will eventual ly be presented with challenges that demand ingenuity,
perseverance and the highest experimental skill. Furthermore, an organic chemist sees a
certain beauty in complex molecules. Thus, awell-executed total synthesismay be compared
with a painting in arts . The composition of different brushstrokes defines apainting, just like
an original sequence of synthetic transformations defines a total synthesis.



2. A Unified Approach to Polycyclic A Ikaloids of the
Ingenamine Estate

2.1 Introduction

In 1986 manzamine A (7) a novel antitumor alkaloid was isolated from an Okinawan sponge

(Haliclona sp) in Japanls The alkaloid s structure was unprecedented in nature and its
biogenesis remained a mystery for half a decade Eventually Baldwin and Whitehead

proposed a biogenetic pathway that would not only rationalize the origin of manzamine A ( 7),
but also predict a class of alkaloids belonging to its biosynthesis which would be isolated after
this postulate was made.[5154

In their theorem (Figure 2.1), they propose a bis-dihydropyridine intermediate ( 1), which
undergoes a transannular [4+2] cycloaddition forging a pentacyclic iminium ion ( 3). If this
iminium species (3) is reduced, keramaphidin B (2) can be isolated. In case of a redox exchange
within the molecule another iminium intermediate ( 5) is formed, which upon hydrolysis
reveals the core structure of the ircinals, ircinols and manzamines among other natural
products.

Interestingly, in this class of natural products, enantiomeric species have been isolated,
depending on the synthesizing organism. This rare phenomenon was first observed, when
ircinol A and B (6) were allegedly found to exhibit an antipodal configuration of the
corresponding core structure, if compared to the ircinals and manzamines. Since then more
alkaloids of this genus were found as enantiomeric congeners like keramaphidin B (2) or
manzamine F 5557 While it is rare that both enantiomeric forms of a natural product can be
isolated from the same organism, it is widely accepted that the synthesis of manzamine
alkaloids is a result of a symbiotic relationship of these sponges with certain microorganisms .
However, efforts to elucidate the biosynthesis of these alkaloids remains challenging, since
identification and culturing of bacterial isolates from manzamine -producing sponges are
challenging .19

Due to their intriguing chemical structure and biological activity, the family of manzamine
natural products has received widespread attention in the chemical community over the years.
This attention resulted in hallmark syntheses by Winkler et al.in 1998and Martin et al.in 2002,
each targeting manzamine A (7), ircinal A and i rcinol A.55859 Furthermore these authorswere
able to provide evidence that ircinal A and ircinol A are in fact of the same enantiomeric series,
contrary to what was originally proposed by Kobayashi et al®8! While natural products that
originate in the Baldwin -Whitehead pathw ay (e.g. keramaphidin B (2)) had been targets of
biomimetic studies by Baldwin et al%%61 ealy on, all purely synthetic approaches failed to
provide any of these compounds, until a foray by Firstner et al.ultimately provided (nominal)



xestocyclamine A (11).152 The isolation and structure of some of these alkaloids is discussed in
the following chapter.

Figure 2.1. lllustration of the Baldwin -Whitehead postulate in the context of the biosynthesis of
keramaphidin B (2), ircinal B (4), ircinol B (6), manzamine A (7 (i 1 S —8hjdrixymanzamine A ( 8).
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2.1.1 Isolation and Structure

With the aim of investigating biogenetic siblings of ircinals A and B (4), Kobayashi etal.
successfully isolated keramaphidin B (2) (Scheme 2.2)5151 Methanol extracts of
Amphimedorsp, collected in the waters of Kerama Island in Okinawa (Japan), were partitioned
between ethyl acetate and water. The ethyl acetate soluble material was subjectd to
chromatography furnishing k eramaphidin B (2) in 0.003% yield (referring to wet weight of the
sponge). Besides2, the literature known alkaloids ircinal A and B (6), aswell as manzamines



A (7), B, G andH were isolated as minor components. Structural elucidation was initiated via
extensive 2D-NMR studies, unveiling a 1,4-etheno-bridged 2,7-diazadecalin core and one
unsaturation within the 11 - and 13-membered macrocycles each. The two disubstituted ¢>5+
and ¢8 768 double bonds were assigned asZ-configured . These features wereconfirmed by
single crystal X-Ray analysis of a suitade sample grown in acetonitrile, leading to the structure
of 2 shown in Figure 2.2. Keramaphidin B showed cytotoxic activity against P388 murine
leukemia and KB human epidermoid carcinoma cells with IC so-values in the low J%ge
regime.

While isolated in the presence of the ircinals and manzamines A (7), B, G and H,
Kobayashi etal. reported keramaphidin B (2) as a racemate. Laterhowever, they discovered
that despite the crystals grown for X -ray studies being racemic, the mother liquor itself seemed
to contain one of the enantiomers in excess

Figure 2.2. Selectedpentacyclic alkaloids isolated from Amphimedon sp(keramaphidin B), Xestospongia
ingens(keramaphidin B and i ngenamine) and Xestospongia sgxestocyclamine A) thought to derive
from similar pathways.

24

nominal

(+)-Keramaphidin B (2) (+)-Ingenamine (9) Xestocyclamine A (10) Xestocyclamine A (11)

This supposition was then further investigated and chiral phase HPLC analysis revealed that
the mother liguor wa s indeed a 20:1 mixture of (+}keramaphidin B (major enantiomer, 2) and
(9-keramaphidin B (minor enantiomer , ent-2).[53 Interestingly , once theabsolute configuration
of (+)-keramaphidin B (2) was determined via derivatization to the corresponding Mosher
esters it became clear that(+)-2 had the opposite absolute configuration to manzamine A ( 7).
This conclusion was supported by th e isolation of enantiopure (+)-keramaphidin B (2) from
Xestospongia ingersollected by Andersen et al.in Papua New Guinea.!5¢l

Besides (+)-2, a closely related family of natural products was described, namely the
ingenamine alkaloids. Ingenamine (9) itself only differs from 2 by the presence of analcohol
in the non-bridged section of the tetracyclic core and represents the firstexample of the second
class of marine alkaloids foreseen by the Baldwin-Whitehead proposal, when it was first
isolated in a bioassay guided fractionation approach by Andersen et al.in 199454 As with
keramaphidin B (2), it is in the enantiomeric series to manzamine A (7), as are all other
members of the ingenamine family . 2 showed cytotoxic activity in vitro against murine
leukemia P388 (EDo=1 J%se ).



Nominal xestocyclamine A (11), isolated from Xestospongiap.in Papua New Guinea, was
reported by Crews et al.in 19935 A year after disclosing the first structural proposition , the
team revised the initial structure upon extensive 1D- and 2D-NMR analysis to 11, bearing a
¢2859 ynsaturation in the 11-membered macrocycle and therefore making it a positional
isomer of ingenamine (9).56 Moreover, 11is levorotatory , suggesting it might be antipodal to
the ingenamines and (+)keramaphidin B (2). In a total synthesis effort targeting (nominal)
xestocyclamine A (11), Furstner et al.shed light on these assumptions and provided evidence
that 11is not a positional isomer of ingenamine (9), but the true enantiomer 10.52 While it is
moderately potent against protein kinase C (ICso=4 J%ae ), it also showed activity in a whole
cell IL-1 release assay withan ICsoof 1 J . As it appears to be inactive against other cancer
relevant targets, as Protein Tyrosine Kinase (PTK) and Inosine Monophosphate
Dehydrogenase (IMPDH ), it might be selective.l?!

Since thesebreakthrough discoveries in the 1990s a plethora of related natural products have
been added to the family of these alkaloids.[5768] |solated from the extracts of Reniera spand
Neopetrosia spollected off the Tanzania coast line, the njaocamines display a close structural
relationship to ingenamine (9) and keramaphidin B (2). Sharing the same tricyclic core they
mainly differ in size and degree of unsaturation of the macrocycles as well asthe tryptamine -
derived quinoline moiety attached to the 13-membered ring. Furthermore, a variable oxidation
pattern can be observed on the quinoline nucleus. Their absolute configuration was assumed
to be analogous to ingenamine (9) and (+)-keramaphidin B (2), due to their close biosynthetic
relationship. In the light of previous work, 62 a total synthesis of these natural products would
provide compelling evidence for thei r absolute configuration [©971]

Figure 2.3. Selected members of the njaoamine family isolated from Reniera spin Tanzania.

(nominal)
Njaoamine |
(16)

Njaoamine G (14), X =H

Njaoamine A (12) Njaoamine E (13) Njaoamine H (15). X = OH

This family of natural products shows interesting anticancer activity; for example njaoamine |
(16) was tested against MDA-MB-231 breast, HT-29 colon and NSLC A-549 lung-cancer cell
lines showing Glso-values in the micromolar range. Additionally , 16 was tested in an
enzymatic topoisomerase 1 (Topl) assay with human recombinant enzyme, where even at the



highest concentration tested (100 J ) no inhibition was induced. Neither inhibition of PD -1
(Programmed Cell Death Protein 1) nor the interaction with its natural ligand PD -L1 could be
observed even at the highest concentration tested(100 J ). These results notwithstanding, the
njaocamines arean important sub -class within the family of ingenamine alkaloids, diversifying
both the chemical space and biobgical activity profile of these alkaloids.

2.1.2 Literature Review

In the following chapter synthetic approaches towards alkaloids of the ingenamine estate are
reviewed and the current state-of-the-art in the total synthesis of these intriguing targets is
discussed.

As the first total syntheses of manzamine A (7), ircinal A and ( ent)ircinol A were published
around the turn of the millennium by Winkler and Martin et al. respectively 5859 the
Danishefsky group reported on their quest targeting nominal xestocyclamine A (11).2 In a
forward sense, S—'e‘Zee”¢ 1S ™ ™," S E " lit€kiure KnewiEdXopiperidire 17,
which was prepared in 5 steps from (R)-glutamic acid (Scheme 2.1)73 Protection of the
stereodefined alcohol as a TBDPSether and N-tosylation of th e lactam gave 18in good yield .

~—Y 7>’ —1-ubsdtdrated@malogue 19was achieved by elimination of the preformed
selenoxide upon treatment with m-CPBA in 55% yield over two steps.

OH  1)TBDPSCI, OTBDPS
imidazole, DMF, rt

o) o) - z
HO OH —= . - >
HN 2) n-BuLi, THF, 0 °C, TsN

NH, then TsCl, DMAP,
(R)-glutamic acid o 0°Ctort o
17 84% yield 18

1) LDA, THF, -78 °C,

o i
OTBS then PhSeCl, -50 °C 65% yield

oS 2) m-CPBA, DCM | 85% yield
=
TBDPSO NMe, OTBDPS 1)1y, pyridine, OTBDPS
NG OTBS 21 2 CCly, rt A
PhH, reflux | - 93% yield |
Ts@/ 98% yield TsN N 2) 3-iodoprop-1-ene, TsN
N Pd(PPh3),Cl,,
o \NMez o PhMe, reflux o
| 20 69% yield 19
22

Scheme 2.1 Bicycle formation in Danishefsky s approach towards xestocylamine A (11), starting from
(R)-glutamic acid. "2

Zi*1 «* Zobsition of lactam 19 was functionalized with iodine and pyridine in carbon
tetrachloride, «’Y’'—+ 1>’ ce Z-loddlactam, which could be coupled with 3 -iodo-prop-1-ene
providing 20. To access the 1,4theno-bridged 2,7-diazadecalin, their strategy relied on a
Diels-Alder reaction of dienophile 20with Rawal -Kozmin diene [74.761 21, forgin g bicycle 22 and
setting three important stereocentres, as the reaction proceededwith endeselectivity . Notably
other dienes were not reactive enough to engage20in a [4+2}cycloaddition. 4 After a series



of functional group manipulations on the Diels-Alder adduct 22, dienone 23 was susceptible
to a double 1,4-addition with primary amine 25, releasing tricycle 26, albeit with poor facial
selectivity. For ring -closure of the 11-membered macrocycle they harnessedoororntalkyl Suzuki
methodology. "2

When substitutio n was installed to give Michael acceptor 24, the Michael/Michael cascade did
not proceed, probably due to an unfavorable 1,3-allylic interaction in the primary addition
product. Additional destabilizing interactions between the propyl - and either the iodoalkenyl -
or allyl -group cannot be ruled out. " To date, no additional reports by the Danishefsky group
on progress towards (nominal) xestocyclamine A (11) have been published.

1 (o]
TBDPSO
HZNW B

25

TBDPSO

(0]

TsN aluminum oxide, weakly acidic,

R DMSsO, it, 5d

- O
I
90% yield ;\ _
26:27 2.6:1.0 1 undesired

o for R=H
23: R=H 26 27

| 1) NaBH4, MeOH, 0 °C [ 2) 9-H-9-BBN, THF, rt,

w quant. then H,0, rt,
HyN then dilution w/ THF/DMF

25 and slow addition to TI,CO3,
>< aluminum oxide, Pd(dppf)Clz, AsPhs
weakly acidic, 60% yield
DMSO, rt, 5d

Y

for R=n-Pr
no reaction

Scheme 2.2 Michael/Michael cascade and alkyl-Suzuki coupling forging the 11 -membered
macrocycle.’277

Later, both Fukuyama et all’® and Dixon et all” published their approaches towards
manzamine natural products, with the Dixon group also showing interest in biogenetically
related compounds.8l In 2016, Dixon et al.disclosed their approach towards keramaphidin B
(2) (Scheme 2.3)81]
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“-Valerolactone 29 and furanyl nitroolefin 30, both readily synthesized on gram -scale,reacted
in an organocatalyzed Michael addition with ¢ inchonine-derived bifunctional thiourea 31
This transformation setstwo important stereocentres, necessaryto selectively build the 2,7-
diazadecalin core later. Treating lactone 32 with hept -5-yn-1-amine 33 and formaldehy de in
boiling methanol furnished lactam 34 in moderate yield as a single diastereomer. Albeit
essential for previous steps, the nitro-group in lactam 34 had to be cleaved off in order to
« 7 —7>S « ZunstiBstifuted oxopiperidine. This manipula tion was achieved in good yield by
usage of AIBN and tributyltin hydride in refluxing toluene. In order to install handles for an
olefin metathesis, lactonization with titanium tetraisopropoxide, lactone opening with hex -5-
en-1-amine 35, Swern oxidation of the resulting primary alcohol an d olefinatio n employing
Petasisreagentwere carried out to produce the bis-alkene 36in 15% yield over 5 steps.Despite
having all the necessary handles for an olefin and alkyne metathesis installed, no additional
results were disclosed from this approach.l

A key challenge in synthesizing alkaloids of the ingenamine estate, appears to be generating

the tricycli c core in a waythat toleratesthe requisite synthetic handles for macrocyclisation. In

summary 81 S—'@‘Zee”¢ 1S™™,"SE*1™,"Y «Z el SratBhy fdrthé 41— S E >~ E ¢
membered ring; yet shortcomings in permitting necessary substitution in their Diels-

Alder/double Michael strategy prevented them from installing the appropriate handles for
©7>¢'75172+S<">Se’"—i1 ‘7Z1@S—-271 pprodthk’ Zltmoligh theif syntteesisSnstalls

the corresponding alkyne and olefin linchpins for upcoming macrocyclization events, the

approach falls short at generating the tricyclic core motif of keramaphidin B (2).51

Considering our group s background in both olefin and alkyne metathesis, the ingenamine
alkaloids present a prime target to highlight our macrocyclization methodology. This fact

10



notwithstanding, a new strategy towards the synthesis of the 1,4-etheno-bridged 2,7-
diazadecalin core had to be developed, which would allow for necessaryfunctionalities to be
installed. A first generation total synthesis of xestocyclamine A by our group is discussed in
the following section.[®2

R1

o
Michael
oTBS Z \N7

\,

2 / MeO)C
I Michael 43
BocN 0\/\

o o
42

Scheme 2.4. Retrosynthetic analysis of a first-generation approach towards nominal Xestocyclamine A
(11) by Farstner et alls2

The synthetic blueprint relies partially on literature precedent by Danishefsky et all’a, where
the B-alkyl Suzuki methodology was used to forge the 11-membered macrocycle. Since RCAM
is orthogonal to all kinds of double bonds, these strategies would perfectly complement each
other. The handles for these transformations would ideally be preinstalled before the tricyclic
core is assembled. This boundary condition cannot be metvia [4+2] cycloaddition as outlined

above. Ultimately, the chosen methodology needed to set four consecutive stereocentres
ideally in an enantioselective fashion.

Regarding the construction of the tricyclic core, a Michael/Michael cascade was determined
feasible, as a close literature precedent by Passarellat all#2 existed. In general, sequential 1,4-
additions represent a powerful tool for generating complex structures with high efficiency
regarding stereoselectivity.8381 The stereocenter included in Michael acceptor 42 was
anticipated to steer the stereochemicalcourse of the cascade reaction, becaus¢he tricycle 40is
found in its thermodynamically most favorabl e conformation, when the silyl ether is oriented
in the equatorial position. Pd -catalyzed decarboxylative allylation 8687 on intermediate 40was
expected to deliver the allyl -substituent to the core scaffold with stereoretention. Reduction of
the ketone 39and dehydration of the resulting alcohol was thought t o deliver the unsaturation
within the bridged bicycle. Next RCAM on diyne 38 would close the 13-membered ring, and
the iodo-alkene of 37 would be installed via reductive amination after carbamate cleavage.
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Finally B-alkyl Suzuki-cross coupling, would forg e the Z-olefin within the 11 -membered
macrocycle and reduction of the resulting lactam would give rise to nominal xestocyclamine
A (117).[62.:66]

(o] (o} o

3) LIHMDS, allyl
1) TBSCI, chloroformate, THF, A
NBoc " imidazole, DMF__ NBOC  then PhSeCl, 78 °Ctort "o | NBoc
2) 6 mol% RuO,, 4) aq. H,0,, DCM, 0 °C

z NaIO4, EtOAc/H20 =
OTBS

OTBS

OH 55% yield 76% yield
44 over 2 steps 45 over 2 steps 42
3) 1-iodo-3-pentyne,
o 1) CICOOMe, o o K2CO03, acetone, > _
K2COS’ THF/H,0 = reflux /
quant. _ o 36% yield |
2) LIHMDS, allyl chloro- N 4) Pdy(dba)s*CHClj, N
H formate, PhMe, MeCN, reflux
-78°Ctort )\ quant. )\
50% yield (o) OMe o OMe
46 a7 43

Scheme 2.5. Syntheses of Michael acceptor 42 and Michael donor 43.62

As the literature -known route towards Michael acceptor 42would require nine steps from (R)-
glutamic acid, a new route was envisaged.’388 This route commences with O-silylation of

commercially available enantioenriched alcohol 44 and subsequent regioselective GH
oxidati on with catalytic RuO 2 using stoichiometric amounts of NalO 4 as theterminal oxidant,

furnishing piperidinone 45 in 55% vyield over two steps with essentially perfect preservation
of stereochemistry (>99% ee). Subsequent addition of allyl chloroformate and phenylselenyl

chloride to the lithium enolate of 45, generated with excess LIHMDS, gave rise to a selenide
intermediate. Treatment with H 20z triggered elimination of the in situ generated selenoxide,
producing the Michael acceptor 42.

For the preparation of the prime Michael donor 43, 4-piperidone 46 was N-protected as the
methyl carbamate and acylated via a lithium enolate with allyl chloroformate. Next the
ketoester 47 was alkylated with 1 -iodo-3-pentyne, employing potassium carbonate in acetone
at reflux. The relatively low yield of the alkylation, was attributed to decomposition upon ring -
opening of the enolate with expulsion of the carbamate unit. Finally , 43was obtained via a Pd-
catalyzed decarboxylative dehydrogenation, which proceeded in excellent yield and
regioselectivity. Notably, this methodology , first pioneered by Tsuji et al,%%I! provided the
best results, when no additional ligand was present.

With both Michael acceptor42and donor 43available at gram scale, the cascade reaction itself
was examined. In presence of LIHMDS, the lithium -derived enolate of the 1,3-dicarbonyl unit
turned out as a formidable leaving group, causing the second step of the cascade to be
reversible. While the stereocenter generatedat C-1 of the Michael adduct 48 was set with
excellent stereocontrol, the C-2 stereochemistryon 48 could not beinfluenced. Once potassium
carbonate was identified as an appropriate base for mediating the intramolecular Michael
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addition in a second pot and the C-2 isomeric product could be separated at this point, this
two -step approachwas deemed asan efficient entry into the tricyclic core of 40.

; \/\o j 6 0
LiIHMDS, o NBoc K,COj, 10 mol% Pd(PPhs),,
THF, -78°C /lL H MeCN, reflux PhMe_ 50 °C
MeO 43% yield quant.

OTBS over 2 steps

43

48

N 1) NaBH,,
\ 1) 2,6-lutidine, 170 °C, MeOH. 0 °C
then TBSOTf, DCM, rt 2) MsCl NEtS
72% yield DMAP, DCM
- < ,
N_O 2)NaH, 50, DMF, 0°C 81% yield
Y 91% yield over 2 steps
| OMe
38 49 39

PhMe, 110 °

25 mol% 51,
25 mol% 52, |85% yield
c

50

Scheme 2.6. Michael/Michael cascade, elimination and RCAM s equence!6?]

With all critical stereocentres on the core of xestocyclamine A(11) established, the stage was
set for the installation of the allyl -substituent on C-6 of 40. This transformation was
accomplished under Pd catalysis in toluene at slightly elevated temperature. The observation
of the formation of a singl e diastereomer in perfect yield underlines the rigidity of the built -
up core structure. Ketone 39was then reduced stereoselectively with sodium borohydride and
the resulting alcohol was converted to mesylate 49. After extensive experimentation it was
found that reaction of mesylate 49 at 170 °C inneat 2,6-lutidin e, furnished the desired olefin
with concomitant N-Boc and partial TBS cleavage. In any way, TBS-reprotection of the
secondary alcohol after the elimination proceeded smoothly using TBSOTf at 0 °C. The lactam
was alkylated with 7 -iodo-2-heptyne 50 affording diyne 38. Next, ring closing alkyne
metathesis was performed utilizi ng the two -component catalyst system of Mo complex 51and
trisilanol ligand 520192 The 13membered macrocyclic product 53 could be isolated in good
yield after ten minute sreaction time. With the structure of cycloalkyne 53confirmed by single
crystal X-ray diffraction, substrate 37 had to be prepared for the following alkyl Suzuki
macrocyclization (Scheme 2.7. Therefore the methyl carbamate was cleaved by means ofL-
Selectride and the free amine subjected to reductive amination conditions with aldehyde 54.
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(i) 9-H-9-BBN, THF;

(ii) H20, HOAc, THF;
(iii) THF, NaHCO3;

(iv) cat. Pd(dppf)Cly,

cat. AsPhg, TI,COg,
THF/DMF/H,0 (6:3:1)

1) L-Selectride, THF, 40 °C
2) 54, NaBH(OAc); DCM
89% yield
over 2 steps

53

\

48% yield

37

DIBAL-H, THF,

then MeOH 3

57% yield

Scheme 2.7. Total synthesis endgame for nominal xestocyclamine A (11) by Furstner et allé2

Differing to the model study by Danishefsky et all’2 compound 37 bears an additional triple -
bond and an internal trisubstituted olefin. With an excess of 9H-9-BBN, hydroboration of the
terminal olefin as well as of the cycloalkyne was observed, while the trisubstituted alkene
remained intact. Treatment of this intermediate 55 with dilute acetic acid resulted in
protonation of the alkenylborane furnishing the ¢87%68 Z-olefin 56.°3 Since thealkyl borane
and the Z-iodoalkene moieties were unaffected, subsequent quench ofresidual acid with
sodium bicarbonate and slow addition of the resulting mixture into a solution of catalytic
Pd(dppf)Cl 2, AsPhs and TI2COs in THF/DMF/H 20 initiated the ring -closing alkyl Suzuki
reaction. This semireduction/alkyl Suzuki sequencefurnished diene 57 as the bisZ-isomer in
a reproducible manner. Finally lactam reduction and silyl cleavage wereeffected by DIBAL -
H in THF, revealing nominal xestocyclamine A (11).62

With an indisputable proof of the constitution and stereochemistry of the synthetic material, a
structural misassignment was recognized, since the NMR data of neither the free base nor the
11 dihydrochloride salt aligned with that reported in the isolation paper.(s¢ Revisiting the
biosynthesis of xestocyclamine A in the light of ingenamine ( 9) and keramaphidin B (2), an
error in the assignment of the position of ¢>85%olefin seemed most likely. However , to
ultimately proof this theory, a synthetic sample of the isomeric ¢°%° “-olefinic material was
required.
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1) [Ph3P(CH3)4COOH]Br (59),
NaHMDS, THF, 0 °C, \
then 58, —90 °C to 0 °C

2) L-Selectride, THF, 40 °C

1) 9-H-9-BBN, THF, \\
then NaBO3°H,0O

2) PDC, 4A MS, DCM
38 ) >

74% yield
over 2 steps

| DIPEA, DCM
@N Cl 39% yield
| over 3 steps

1) Ni(OAC),*4H,0, NaBHj,

ethylenediamine, EtOH, 30 mol% 51 \\

then H, (1 atm) 30 mol% 52,
‘ 86% yield O _ PhMe, 100 °C
- B —
2) LiAlH4, AICI3, THF 82% yield
58% yield

Scheme 2.8 Total synthesis endgame for revised xestocyclamine A (10).162

In pursuance of actual xestocyclamine A (10), diyne 38 was chosen as an appropriate entry
point to di vert the synthesis (Scheme 2.8. Initially , chemoselective hydroboration of the
terminal alkene was achieved with 9-H-9-BBN in THF followed by oxidative work -up and
oxidation of the resulting alcohol provided aldehyde 58 in good vyield .4 Wittig olefination ,
employing the commercially available phosphonium salt 59, revealedthe ¢°25%-Z-olefin and
cleavage of theN-carbamate furnished cyclization precursor 60. 2”S’'¢ S-S ce 1>&l$hed —-1
mediated the macrolactamization event to give diyne 62in 39% yield over three steps®>%IThe
subsequent RCAM readily provided pentacycle 63. Finally nickel boride effected the
semireduction of the alkyne and in situ generated AlH s reduced both amides, while cleaving
the silyl ether.®71 With an X-ray structure of synthetic ( ent)-ingenamine 10 leaving no doubt
about its structural integrity, the NMR spectra in [D4]-MeOH were found to match the freebase
isolated ingenamine.®2%! With the structure of xestocyclamine A (11) resolved, the
levorotatory rotation of synthetic and natural xestocyclamine A (10) led to the conclusion that
xestocyclamine A (10) is the enantiomer of ingenamine (9).62

Consequently a secondgeneration synthesis of ingenamine (9) and its sibling keramaphidin B

(2) as early intermediates in the Baldwin -Whitehead pathway would shed more light on th e
natural products Baldwin and Whitehead proposed almost 30 years ago.5! If successful, the
underlying strategy might also give access to the njacamines as new biologically active
members of this family. With these goals in mind , ingenamine (9), keramaphidin B (2) and
(nominal) njaoamine | (16) were chosen as targets for an adapted approach.
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2.2 Second Generation Approach tow ards Ingenamine and Total Synthesis
of Keramaphidin B

Theretrosynthetic analysis was deed in collaboration with Dr. Zhanchageng.

At the outset of the second-generation approach towards (+)-ingenamine (9) and (+)-
keramaphidin B (2), a few chemical, tactical and strategic issues from the firstgeneration
synthesis had to be addressed. First, both Michael donor 43 and Michael acceptor 42 were
prepared on multigra m scale, however, their synthesesproceeded only in moderate yields.
Secondly, a redesign of the Michael acceptor 42 was deemed necessary, sincehe resulting
enolate formed after the first Michael addition step 41 was too stable, rendering the second
Michael addition step reversible. Thirdly, in the light of biological testing, an entry into the
correct enantiomeric series would be desirable. Penultimately, flexible introduction of
substituents, other than allyl, at the C6-bridgehead would drastically impr ove the scope of the
synthesis. Finally, a larger set of chemically orthogonal macrocyclization strategies would
render the synthetic blueprint more co mprehensive.

2.2.1 Retrosynthetic Analysis

With these caveats in mind, we set out to tackle as manyof these problems as possible while
preserving the reliability of the successful strategictransformations in the first -generation
synthesis®2 As the B-alkyl Suzuki reaction would require a vinyl handle at the C6-bridgehead,
in order to install the ¢°%%%-olefin, a different cyclization strategy was preferable. Albeit n ot
strictly orthogonal to alkynes, olefin metathesis has been successfully applied in
macrocyclizations to form 11-membered rings.?-101 Additionally, the requisite alkene moiety
could be easily installed on the Michael acceptor 67 via alkylation . The absence of a 1,3
dicarbonyl unit in 67 would in turn decrease the stabilization of the enolate after the first 1,4 -
addition step. This small detail, in combination with a well matched base, was envisioned to
render the Michael/Michael sequence into a true cascade reaction (Scheme 2.9) The
deoxygenated core of keramaphidin B (2) was anticipated to arise from a dehydration of the
masked alcohol in 65 and subsequent reduction of the thus formed enamide, diverting the
synthesis between keramaphidin B (2) and ingenamine (9) at this stage. In general,
keramaphidin B (2) would be accessedvia reduction of a bis-amide in combination with RCM
on the deoxygenated core 64. Silyl cleavage and dehydration followed by reduction of the
resulting enamide, traces back to the ingenamine core of65. En routeto ingenamine (9) this
intermediate would be subjected to RCM intercepting the pentacycle accessal in our first -
generation approach, therefore completing a formal synthesis of the target. The central
intermediate 65 would be formed via N-acylation after carbamate cleavage,following the
RCAM of the diyne substrate arising from N-alkylation of the amid e, which in turn stems from
the previously applied elimination sequence exercised on ketone 68. This compound leads
back to the requisite Michael acceptor 67 and donor 43, which can be merged in a 1,4-addition
cascade.
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Lindlar reduction ~ Lindlar reduction
(+)-Keramaphidin B (2) (+)-Ingenamine (9)

see
Ref. [62]

RCM =\
\

Alkylation =2~ N
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o
=!= Carbamate
)_ cleavage & -
64 RCAM 65 N-acylation 66
Ketone reduction &
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Boc TBSO =
= N” N '\mf OMe |
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N
° °° A
67 Michael/ 43

i

Scheme 2.9. Retrosynthetic analysis of keramaphidin B (2) and ingenamine (9).
2.2.2 Synthesis of the Michael Donor

In the first-generation approach towards Michael donor 43, the N-methylcarbamate group was
preinstalled on piperidone 46. Although this route ultimately provided building block 43 on
scale, this approach was found to be suboptimal, since the alkylation of fketoester 47
proceeded in rather low yield (S cheme 2.10).

It was envisaged that A could expel the N-residue adjacent to the enolate for the leaving group
properties of this terminus. If this were true, a more electron rich N-protecting group (e.g.
benzyl) might alleviate this problem. The assumption was tested, when commercially
available N-benzyl prot ected piperidone 70was transformed into fketoester71viaa literature
known procedure. 192 Gratifyingly, the alkylation with 1 -iodo-3-pentyne and caesium
carbonate as base now proceeded in high yields on scale. TheN-benzyl group was swiftly
exchanged for the previously used methyl carbamate by treatment with methyl chloroformate
in refluxing toluene, taking advantage of the electron -rich nature of the benzyl substituted
nitrogen atom. The final palladium -catalyzed decarboxylative dehydrogenation furnished the
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target molecule 43 with excellent regioselectivity for the internal double bond and very good
yield.

NaH, diallyl carbonate,
THF, 0°Ctort

o
45% yield o o 1-iodo-3- Q /\/
—

o
(R=Bn) pentyne, (o)
ﬁjj = 0\Z Cs;C0,
> —_—
N LIHMDS, allyl DMF, rt N =

| chloroformate, PhMe, ) 91% yield

R —78°Cto0°C R Ph
69:R=CO,Me  50% yield 47:R = CO,Me 6'?&2‘3"9
70:R =Bn (R=CO,Me) 71:R=Bn 72
1-iodo-3-pentyne,| 36% yield chlorofol:ﬂn?;tt]gl quant.
K,COj3, acetone, 56 °C| (R=CO,Me) PhMe. 110 °G | ° 9 Scale
o(j o] o 9 /\/ o P
N OM (o) =z
- C 5 mol% Pdy(dba)s |
Decomposition —_—
N7 N — MeCN, 80 °C N
\ .
96% yield
o OMe OJ\OMe 1.5 g Scale OJ\OMe
A 73 43

Scheme 2.10 Revised gynthesis of Michael donor 43162

With this revised sequence, building blocks (and potential analogues) of 43 can be accessed in
an efficient manner with great flexibility regarding the side chain. The route has p roven to be
reliable and scalable on different systems {ide infrg).

2.2.3 Synthesis of the Michael Acceptor

As in the previous approach, the synthesis of Michael acceptor 67 starts with commercially
available enantiopure N-Boc hydroxypiperidine ent44, which after O-silylation and
regioselective C-H oxidation with catalytic RuO 2 and NalO4 gave siloxypiperidone 45 on
decagram scalell%3] As this approach targets alkaloids of the dextrorotatory ingenamine estate,
the enantiomeric entry to our previous approach was chosen.®2 Sloxypiperidone ent45was
acylated with allyl chloroformate and the resulting 1,3 -dicarbonyl compound alkylated with
4-bromo-1-butene, in order to install the requisite handle for the planned RCM.

1) LIHMDS, allyl

1) TBSCI, NEt3, chloroformate, PhMe, I
DCM, rt -78°Cto0°C (o]
, o) AN o o]
NBoc quant. 94% yield \/\o
25 g Scale NBoc 16.5 g Scale NBoc 5 mol% Pd,(dba)s | NBoc
> o _—
2) 6 mol% RuO,, NalOy, 2) 4-bromo-1-butene, MeCN, 80 °C
OH EtOAc/H,0 1:3, rt Cs,CO3 DMF, rt / 83% yield
55% yield OTBS 94% yield OTBS 5.9 g Scale OTBS
38.5 g Scale 19.5 g Scale
ent-44 ent-45 74 67

Scheme 2.11 Revised synthesis of Michael acceptor 67.

In the first foray a stoichiometric selenation/selenoxide elimination had been employed to
'— e« See1 anddturatédt lactam, since the preceding Michael acceptor was more
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electrophilic and therefore more sensitive to forcing reaction conditions (Scheme 2.5) Since
the second foray targets a much less electrophilic intermediate, Mi chael acceptor67 could be
formed via 07"’ eedtalyzed decarboxylative dehydrogenation in good yield .189.9]

With b oth building blocks for the Michael/Michael sequenceavailable on gram scale, it was
time to test whether the redesign of the Michael acceptor in the form of compound 67 would
destabilize the enolate arising in the cascadeto a sufficient degree to render that step
irreversible.

2.2.4 Michael/Michael Cascade and RCAM

The starting point of the initial screening for the Michael/Michael cascadewas adopted from
a literature report. 82 Therein, LIHMDS gave good results, while a slightly stronger base such
as LDA showed no product formation at all. Gratifyingly, t he system described herein
produced the cascade product with LIHMDS as base, afterwhich subsequent reduction of the
ketone gave tricycle 75 as a single diastereomer, albeit inmodest yield (Entry 1). This result
indicated that the redesign of the Michael acceptor (67) to generate a less stallized enolate
upon 1,4-addition indeed rendered the intramolecular addition step irreversible and turned
the sequence into a true reaction cascade. Although DMPU seemed to accelerate the reaction
initially , no improvement in yields was observed (Entry 2).

Table 2.1. Screeningconditions for the Michael/Michael cascade

o o
Z
I . =z NBoc 1) see table
2) NaBHy,
J\ MeOH, 0 °C
o OMe OTBS
43 67
Entrya Base To/°C Additive Time /d Yield (02s)
1 LIHMDS B0 : rt - 2 26%
2 LIHMDS S0 : rt DMPU 2 27%
3 LIHMDS %50 : °0 - 2 30%
4 NaOtBu B0 : rt - 1 40%
5 LiOtBu B0 : rt - 1 50%
6 LiOtBu %50 : rt DMPU 1 41%
7c LiOtBu B0 : rt - 2 50%
8ede LiOtBu B0 : rt - 1 53%

a All reactions were performed in THF (0.1 M), ratio of 43:67 =1:1; before workup BocO (2 eq.) and DMAP (2 eq.) were
added. ® Temperature gradient was run over 3h. ¢ Ratio of 43:67=1.2:1.4 Scaleup to 740 mg of 43. e Temperature gradient
was run over 5 h.
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Quenching the reaction at a lower temperature ( °10 °C), which had beneficial effects in the
report by Passarella and coworkers 82 did not have great influence in our case (Entry 3).
However, changing to sodium tert-butoxide as basecauseda slight but noteworthy increase
in yield (Entry 4). Another constructive adjustment was changing the cation of the tert-
butoxide base from sodium to lithium, which now furnished tricycle  75in 50% yield over two
steps.Interestingly , with LiO'Bu as base, completeN-Boc cleavagewas observed after one day,
necessitating reprotection before workup. With LIHMDS this cleavage was only found to
proceed partially and it might be argued that N-Boc cleavage on the cascade product might
render a potential retro -Michael unlikely, since the thus formed enolate is furth er destabilized.
Besides added DMPU now reduced the yield (Entry 6) and a longer reaction time paired with
a slight excess of donor43 (Entry 7) did not improve the outcome of the cascade reactioreither.
Finally the optimized conditions (Entry 8) furnished cascade product 75, with LiO 'Bu as kase,
a slight excess of Michaeldonor and a one day reaction time, in a reproducible 53% yield over
two steps (740mg scale, single largest batch).

TBSO 1) MsClI, NEt; DMAP,
Ja\" ome DCM.0°Ctort
BocN N‘\( 91% yield 1-iodo-5-heptyne (50),

2.7 g Scale o

d’ Ho” o g - NaH, DMF, 0 °C

2) 2,6-lutidine, 170 °C, 95% yield
then TBSOTf, DCM 1.3 g Scale
73% yield | |
// 2.6 g Scale

75

Scheme 2.11 Base induced elimination of mesylate and elaboration towards RCAM precursor 77.

After the access to tricycle 75 was established, the substrate could be elaborated towards the
RCAM step. Along these lines, the mesylate derived from 75 was eliminated under harsh

conditions at 170 °C in 2,6lutidine. Thorough drying of the intermediate mesylate in high
vacuum was required prior to the next step to obtain reproducible yields. Concomitant N-Boc
cleavage provided lactam 76, which could readily be converted into diyne 77 by alkylation

with 1 -iodo-5-heptyne (50) (Scheme 2.1).

When diyne 77 was treated with the prem ixed two -component system of Mo complex 51 and
trisilanol ligand 52 at elevated temperature in toluene, ring closure occurred to give 78in 79%
yield (T able 2.2 Entry 1).91 With a new molybdenum alkylidyne complex 79 available in our
laboratory, this structurally well-defined complex was tested for RCAM on diyne 77.1104.105]
While a low catalyst loading of 10 mol% only provided the cycloalkyne 78in moderate yield

(Entry 2), anincrease to 20 mol% of 79 could alleviate this inconvenience and provide 78in
good yields on scale (Entry 3). Interestingly, the analogous ethyl-derivative 80 resulted in a
significant drop in yield while operating at higher catalyst loading. This result illustr ates the
dramatic effect of different substituents at siliconon the tripodal catalysts of type 79.
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Table 2.2. Catalyst screening for RCAM .

Entrya Catalyst T/°C Solvent Yield
25 mol% 51

1 100 PhMe 79%
30 mol% 52

2 10 mol% 79 110 PhMe 63%

3 20mol % 79 110 PhMe 83%

4 30 mol% 80 110 PhMe 39%

a All reactions were performed in PhMe (2 mM), in presence of 5AMS. b 1.3 g scale.

The constitution and stereochemical integrity of 78 was unambiguously established by X-ray
diffraction of a sample grown in acetone.

Figure 2.3. Structure of cycloalkyne 78in the solid state.
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2.2.5 Endgame and Completion of the Total Synthesis

With a concise, efficient and scalable access to cycloalkyner8 established, it was time for
further elaboration towards the second macrocyclization event. To this end, compound 78was
treated with L-Selectride in THF at elevated temperature (40 °C) to afford reductive cleavage
of the N-methylcarbamate. Thus formed, the secondary amine 81 was engaged in the
installation of two different olefinic handles (Scheme 2.12)Reductive amination with hex -5-
enal and sodium triacetoxyborohydride gave tertiary amine 82 in nearly perfect yield, while
treatment of 81 with pregenerat ed hex-5-enoyl chloride formed amide 65in good yields.

a) hex-5-enal,

NaBH(OAc)3,
DCM, 0 °C to rt
96% yield
43 mg Scale
L-Selectride
THF, 40 °C
o
19: 2 é'cea'fe b) hex-5-enoyl
’ chloride, NEts,
DCM, 0 °C to rt
78 81 71% yield
880 mg Scale

65

Scheme 2.12 Syntheses of amine 82 and amide 65, via secondary amine 81

With dienes 82 and 65in hand, we turned our attention towards the upcoming RCM. Albeit
its widespread application in natural product synthesis in general,1%.107 gccessing 11-
membered rings via RCM is rather rare and the yields are in many casesmoderate.[99101,108121]
The main driving force of RCM is the reaction entropy (¢5), since a diere substrate is
converted into a cyclic olefin and ethylene, which evaporates under the reaction conditions. It
is for this reason, that large enthalpic barriers cannot be overcome (¢) 5 P r). Additionally, the
chemical and physical attributes of 11-membered rings largely originate from transannular
and angle strain, imposing another hurdle for ring closure in the transition state. 122

On top of these intrinsic aspects the potential cross-reactivity of standard olefin metathesis
catalysts wit h our preinstalled cycloalkyne in 82/65 needed to be considered Since metal
carbenescan react with both olefinic - and acetylenic- ”-systems, a potential crossover would
also be possiblehere. Although this would be detrimental to our strategy, it was hypothesized
that the rigid tricyclic core separates the olefins and the cycloalkyne enough in space, which
alleviates the risk of such an event. Furthermore the total synthesis of manzamine A (7) by
Fukuyama et all*23 provides precedent, affording ring closure of an 8 membered cycloalkene
in the presence of a 13membered cycloalkyne using the Ru-carbenecomplex 85(Scheme2.13)
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OTBDPS

100 mol% 85,

p-methoxyphenol, S
DCM, rt /T“—
—_—
41% yield Cli 0 NO,
Et
nitro-Grela
8 84 catalyst (85)

Scheme 2.13 RCM in the total synthesis of manzamine A (7) by Fukuyama etal.[123]

Notably, Fukuyama et all'23] encountered both participation of the tertiary amine and the
alkyne in their RCM reactions. After optimization they found that stoichiometric amounts of
nitro -substituted derivative of the Hoveyda -Grubbs Il class of catalysts85developed by Grela
et all241in the presence ofp-methoxyphenol 1251 generatesproduct 84in moderate yield at room
temperature. The phenol additive has been shown to increase TON especially in the case of
Grubbs | catalyst 87.1124.125]

The screening was initiated with tertiary amine 82and Grubbs | catalyst 87in dichloromethane
(Entry 1). Surprisingly, there was no reaction with neither the free basenor the protonated
amine of 82 Switching to the second-generation catalyst 88 generated small quantities of
dimeric products (Entry 2), however more forcing conditions in boiling toluene led to
decomposition of the starting material (Entry 3). These results suggesthat the conformational
preorganization enforced by the tricyclic core is negated by the high degree of flexibility from
the tertiary amine. Additionally, free amines remain challenging functional groups in the
context of RCM in natural product syntheses, since they are often observed to shut down
catalytic activity in the case of Ru-carbene catalysts/1o]

Gratifyingly, when amide 65 was reacted with Grubbs | catalyst 87 (30 mol%) in

dichloromethane at 40 °C, the cyclic product 66 was obtained in low yields, although as a 1:1
mixture of E/Z isomers (Entry 4). Stoichiometric quantities of 87, now furnished cycloalkene

66 in moderate yield, slightly favoring the formation of the E-isomer of 66 (Entry 5). The
initiation of Ru-carbene 87 highly varies with the chosen solv ent.l'2¢1 Therefore, chlorinated

solvents can give drastically different reaction profiles, compared with non-chlorinated

solvents and vice-versa. Grubbs | catalyst 87 in toluene at elevated temperature provided 66
in very good yield, although the high temperatures now favored the E- over the Z-Isomer

(Entry 6).

The catalyst loading could be decreased to substoichiometric amounts by slow addition of the
catalyst in toluene (Entry 7). The best result was obtained, when the concentration was
increased (1 mM) and the catalyst was slowly added over a period of three hours as asolution
in toluene (Entry 8).
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Table 2.3. Condition screening for second macrocyclization via RCM .

conditions
—_—

cif Tu=\Ph / Tu_ © N?—':/Rr_
PCy, \C'(o ® o0
Grubbs | Grubbs I Hoveyda-Grubbs Il Z-selective
catalyst (87) catalyst (88) catalyst (89) Grubbs catalyst (90)

Entrya X Catalyst Solvent T/°C Yield E:Z ratio Comment
1p CHz 87 (50 mol%) DCM 40 - - no reaction
2 CH2  88(30 mol%) DCM 40 - - low conversion to

dimer

3 CHz  89(30 mol%) PhMe 110 - - decomposition

4 C=0 87(30 mol%) DCM 40 22% 50:50 -

5 C=0 87(100 mol%) DCM 40 55% 55:45 -

6 C=0 87(100 mol%) PhMe 100 94% 64:36 -

& C=0 87(50 mol%) PhMe 100 73% 60:40 -

8ed C=0 87(50 mol%) PhMe 100 97% 60:40 -

9 C=0 89(100 mol%) PhMe 100 - - decomposition
10 C=0 90(100 mol%) 1,2-DCE 83 - - no reaction
1lede  C=0 87(50 mol%) PhMe 100 33% 66:34 -

a All reactions were performed at a concentration of 0.5 mM and 10 mg scale, unless noted otherwise. E:Z-ratios were

determined by crude *H-NMR. PCSA as additive. ¢ Slow addition of catalyst in PhMe over 3 h. dThe reaction was run at 1 mM

concentration. €270 mg scale.
Due to competitive decomposition of the first -generation Grubbs catalyst 87 and the necessity
for elevated temperatures, the secondgeneration Hoveyda-Grubbs catalyst 89 was tested
(Entry 9). Bearinga chelating isopropoxy -group covalently bound to the benzylidene moiety
instead of alabile phosphine ligand , this catalyst possessesemarkable stability towards water
and air. Smilar to our previous results with tertiary amine 82 and catalyst 89 (Entry 3)
however, treatment of amide 65 with the latter only resulted in decomposition of the diene
substrate (Entry 9). Furthermore, the Z-selective Grubbs catalyst90was employed in order to
correct the lack of stereoselectivity, observed in all previous iterations. 2271 Unfortunately,
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complex 90 proved unreactive towards amide 65 (Entry 10). Attempted scale-up using the
refined conditions (Entry 8), showed problems in reproducibility, when pentacycle 66 was
isolated in poor yields and in favor of the undesired E-lsomer (Entry 11). Nevertheless,
compound 66 could be accessed in sufficient quantities to perform HPLC separation of the
stereoisomers arising from RCM, providing ( Z)-66 and hence intercepting our previous route
towards (+)-ingenamine (9).162

see ref. [62]
—

(Z2)-66 (+)-9
Scheme 2.14 Interception of our previous route towards ( +)-ingenamine (9).

Therein, pentacycle (Z)-66 is treated with nickel boride®” to afford semihydrogenation of the
alkyne, followed by reduction of the remaining amide groups with excess AlH s, generated in
situ from LiAIH 4 and AICl s (Scheme 2.14) Concomitant cleavage of the silyl ether furnishes
ingenamine (9).162

While the TBSether plays a quintessential role in inducing chirality in the Michael/Michael
cascade and therefore relays its stereochemical infornmation onto four stereocenters of the
tricyclic core, an approach towards keramaphidin B (2) would now ask for a removal of this
critical substituent. The efforts towards keramaphidin B (2) were diverted at the stage of diene
65, when it was found that alcohol 91, which was afforded after silyl cleavage, swiftly
succumbs to dehydration with M S>e’— el ce &b «ctevitedZtemperature in toluene
(Scheme2.15)128 The resulting enamide was subsequently reduced with sodium
cyanoborohydride and trifluoroacetic acid, giving rise to compound 64, bearing the desired
oxidation state at C-9 of keramaphidin B (2).1129.1301At this time, the stage was set for yet another
RCM attempt. In line w ith our previous results, Grubbs | catalyst 87 was envisaged to mediate
this transformation. With the crystal structure of diene 64 at our disposal, the structural
preorganization was illustrated by the pendant 5-hexenamide and the butenyl group coming
off the rigid tricyclic core both pointing upwards, away from the cycloalkyne. Although the
conformation in solution might differ from the structure in the solid state, no competing
enelyne crossover was observed

In practical terms, treatment of diene 64 with Grubbs | catalyst (50 mol%) in boiling 1,2-DCE
was necessary to afford ring closure (Scheme 2.16) The product was obtained in 83% yield as
a 1:1 mixture of double bond isomers. The reaction in toluene favored the undesired E-isomer
(66:34E:Z-isomeric ratio), and is also being inferior in terms of yield (55% yield). Additionally,

the RCM in 1,2-DCE was scalable and showed a high degree of reproducibility. After

25



semihydrogenation of the alkyne with nickel -boridel®” the E-isomer was separatedvia flash
chromatography and the resulti ng (2)-bislactam 93 was reduced with DIBAL -H in a mixture
of diethylether and hexanes yielding keramaphidin B ( 2).

1) TBAF, THF, 0 °C
99% yield
502 mg Scale

2) Martin's sulfurane,
o) PhMe, 100 °C

97% yield
378 mg Scale

92
NaBHsCNl 73% yield

TFA, DCM,| 77 mg Scale

0°Ctort

Scheme 2.15 Dehydration/r eduction sequence and X-ray structure of compound 64in the solid state.

Although discrepancies between the NMR data acquired in methanol-d4 and the previously
reported data by Anderson et all569%] suggested a different protonation state, our synthetic
sample of (+)}2 measured in CDCIs showed an almost perfect agreement of the spectral
properties report ed by Kobayashi et all>4

1) 50 mol% Grubbs I,
Z N DCE, reflux

2) Hy, Ni(OAc), 4 H30,

NaBHyg, ethylenediamine, DIBAL-H,
EtOH, rt - Et,O/Hexanes, rt _
37% yield Z-lsomer 36% yield
over 2 steps 6 mg Scale
64 (2)-93 keramaphidin B (+)-2

Scheme 2.16 Endgame in the total synthesis of keramaphidin B (2).
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2.3 Total Synthesis of Nominal Njaoamine |

The total synthesis of nominal njaoamin€lb) was carried ouin cooperation with DrZhanchao
Meng. The NMR studies supporting the structural revision of njaoamine | were carried out by Sandra
Tobegen anbr. Christophe Fares.

By virtue of the advancements made through the second-generation approach of ingenamine
(9), as well as the inaugural total synthesis of keramaphidin B (2), an extension of our synthetic
program towards more complex targets was tempting. The njaoamine family of natural
products (see chapter 2.1.1) provides a stringent testing ground, as one of he macrocycles is
annulated to a functionalized quinoline bearing two additional basic nitrogen atoms.
(Nominal) n jaoamine | (16) was chosen asthe target compound, sincethe intact triple bond in
the peripheral ring seemed tempting for a late-stage RCAM. A failed first foray 231 will not be
covered in the following sectio n, however the considerations following from this approach
will be discussed in the retrosynthetic analysis.

2.3.1 Retrosynthetic Analysis

The macrocyclization strategy in an approach towards (nominal) njaoamine | (16) had to be
selected carefully. Since RCM had been troublesome in the presence of basic amine
functionalities en routeto keramaphidin B (2) (see chapter 2.2.5) and the respective natural
product additionally bearsaquinoline and aprimary amine, this transformation was excluded
from th e analysis at the start. With the alkyne in the periphery of the 17-membered ring
inviting the use of RCAM, this strategy would require either a methodology completely
orthogonal to alkynes, or the masking of the respective alkynes in order to carry out tw o
subsequent RCAMs. Although a cross-coupling strategy, as used in the synthesis of
xestocyclamine A (11),1%2 was also a viable option, the choice fell on the use d two consecutive
RCAMs (Scheme 2.17) Most common protecting groups for alkynes did not meet the
boundary criteria, as theywould have to withstand basic, acidic, oxidative, different reductive
conditions, and fluoride. Eventually, vic-dibromoalkenes were selected!*321%lknowing that the
halide atoms could be inimical for the Pd -catalyzed Tsuji dehydrogenation and the required
semireduction of the alkyne over a (noble) metal catalyst. Therefore, a late stage RCAM would
forge the 17-membered ring, revealing (nominal) njaoamine | ( 16) after N-Boc cleavage. The
diyne 99 results from reductive cleavage of the corresponding vic-dibromides, semi-
hydrogenation of the cycloalkyne 97 to the corresponding cis-olefin and amide reduction. As
discussed, cycloalkyne 97 arises from cleavage of the methylcarbamate, followed by reductive
amination with the requisite quinoline fragment 98 and RCAM. The previously employed
dehydration/reduction - and reduction/elimination -sequence would install the core, which
shows similarities to keramaphidin B ( 2). Retrosynthetically this would trace back to the
Michael cascade product 96. The required building blocks 94 and 95would be synthesized as
previously described (see chapter 2.2.2 and 2.2.3).
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Scheme 2.17. Retrosynthetic analysis of nominal njaoamine | (16).
2.3.2 Synthesis of the Building Blocks

The synthesis of the quinoline fragment 98 commences with oxidative cleavage of the C2-C3
bond of N-trifluoroacetylated tryptamine 100 and subsequent hydrolysis of the resulting
formamide (Scheme 2.18)Aniline 101lundergoes a Dieckmann-type condensation with 102to
give hydroxyquinolin e 103 on scalel'3 Treatment of 103 with tr iflic anhydride in pyridine
furnishes the corresponding triflate, which was employed in a Suzuki cross coupling with
borate 104. The latter was generated via hydroboration of TBS -protected 3-butene-1-ol with 9 -
H-9-BBN and formation of the ate-complex after addition of stoichiometric amounts of sodium
methanolate.['35-137 The enolate derived from ketone 105can be trapped with phenyl triflimide
and succumbed to spontaneous elimination with excess KHMDS. 138 Quenching with Boc:20
and subsequent addition of NH 4Cl interchanged the protecting groups at the primary amine.
Cleavage of the silyl ether using TBAF and oxidation of the primary alcohol under Parikh -
Doering conditions furn ished aldehyde 98in good yield .[139]
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(o}
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’( fo) (o) Fs;C NH
HN=\p. () NalOy MeOH/H;O, |
3 0°Ctort o JOL OH 9
(ii) aq. HCI, MeOH,
QA 65 °Ctort H CF3 102 | N
> —_—
81% vield PhMe, 110 °C, Z
N oy NH, then Si0, N™ "OH
94% yield
100 101 103
® 1) Tf,0, pyridine,
Na 0°Ctort
88% yield
Be o
“BA"otBs  [2) 104, 5 mol% Pd(PPhy),
MeO THF, reflux
104 73% yield
oY
1) (i) PhNTf,, KHMDS (excess), )I\
NHBoc THF, =78 °C FiC NH
(i) Boc,0, DMAP, MeCN
2) TBAF, THF, 0 °C to rt (o]
= 72% yield
I A ‘ over 3 steps | A
Z " 3) pyridine-SO; DMSO, NE =
S 3 . NEts,
N (o} 0°C to rt N OTBS
98 77% yield 105

Scheme 2.18 Synthesis of the quinoline fragment 98.

The Michael acceptor94, required for the Michael/Michael cascade was synthesizedn analogy
to the route shown in chapter 2.2.3. Instead of 4bromo-1-butene, 1-iodo-3-pentyne was
Z-—™e"¢Ze1'—1e'7Z1S "¢ kBtotSter Hemved Foht 45,

I W
o o —
fﬁ)go/\/ 106
Cs,CO3 o
N DMF, rt -
k 67% yield
Ph
72
Methyl
chloroformate, | 97% yield
PhMe, 110 °C
[o] Br
| A 5 mol% Pd,(dba)s
N Br MeCN, 80 °C
J\ 92% yield
o OMe
95

Scheme 2.19 Synthesis of the Michael donor 95.

In terms of the Michael donor 95, the adaptation was slightly more elaborate (Scheme 2.19).
The vic-dibromide alkyne surrogate 106was united with tketoester 72 via alkylation and the
resulting N-benzyl protected piperidone 107 reacted with methylchloroformate in  boiling
toluene to give the desired N-methyl carbamate protected piperidone 108
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In this case the Pd-catalyzed Tsuji dehydrogenation proceeded smoothly, as no competing
reactivity of the vic-dibromides was observed. Shce this process is catalyzed byPdz(dba)sin
the absence of any external ligand the Pd species in solution seemsto lack the required
electron density to engage the alkenyl halides.

2.3.3 Completion of the Total Synthesis

With all building blocks in hand, the goal was setto reach the first RCAM event. In practical
terms, the previously optimized route towards the core structure of keramaphidin B (2) proved
highly reliable.

(o]
\/\é
| NBoc

v 1) MsCl, NEts,
OTBS DI:AAP, DCM,
1) LiO'Bu, THF, 0°Ctort
o -50°Ctort 94% yield
—— >
* 2) NaBHy, 2) (i) 2,6-lutidine, 170 °C
(o] Br MeOH, 0 °C (ii) TBSOTf, DCM, 0 °C
P 55% yield, 78% yield
| S over 2 steps
Br e
N
OJ\OMe
95 1) 106, NaH, DMF/THF,
0°Ctort
2) TBAF, THF, 0 °C
92% yield
Br. Br.
/ 1) Martin's sulfurane, /
Br PhMe, 100 °C Br
. quant.
2) NaBH3CN, TFA,
DCM, 0 °C to rt
66% yield

Scheme 2.20, Elaboration of the njaoamine | core.

The base mediated Michael/Michael cascade followed by reduction of the ketone with NaBH 4,
furnished alcohol 109, as a single diastereomer in good yield. The harsh conditions (170°C,
5d) used for unveiling the etheno -bridge on the core did not harm the vic-dibromides and
provided lactam 110in reproducible fashion, when the starting material was vigorously dried.

N-Alkylation of the free amide, fluoride mediated cleavage of the silyl ether and dehydration
of the resulting alcohol 111 '«*1 S>e’— oce 1 ceprecsed8d-without problems . Only the
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reduction of the enamide with excess NaBHCN/TFA had to be quenched as soon as full
conversion of the starting material was observed, as otherwise decomposition occured.

Although the N-methyl carbamate had been areliable protecting group previously, problems
with the reductive cleavage were encountered in the presence of thevic-dibromides . When L-
Selectride was used, extensive reduction of the vic-dibromo olefins was observed, leaving no
choice but to search for another reagent capable of carbamate cleavage After some
experimentation it was found, that TMSI 140 served this purpose and revealed the N-terminus
for the following reductive amination. HBr in acetic add did also mediate this transformation,
however the yields were low and hydrobromination of the free alkyne was detectable. Trace
amounts of HI, from hydrolysis of TMSI, were deemed equally problematic. Consequently,
fresh TMSI was used directly upon receipt from the vendor.

Merger of the free amine and aldehyde 98in a reductive amination reaction furnished diyne
114 ready for the first macrocyclization event (Scheme 2.21)As expected the RCAM worked
well, regardless whether the two -component system (51/52)1 or the structurally well -defined
Mo-complex 79104105lwas employed. The vic-dibromoalkenes did not interfere with the Mo -
catalyzed RCAM, nor did they get damaged. Since this functional group had not been tested
previously in context of alkyne metathesis, it can now be added to the list of functional groups

compatible with the Mo -alkylidy nes.

a) 30 mol% 51, 30 mol% 52,
MS 5A, PhMe, reflux

1) TMSI, DCM, rt ’
77% yield

2) 98, NaBH(OAc)s,

DCM, rt N or
b) 30 mol% 79, MS 5A,

67% yield
OMe over 2 steps PhMe, reflux
77% yield

Y

113 114
Scheme 2.21 Synthesis of diyne 114 and first macrocyclization event.

With cycloalkyne 97in hand, investigations for the semi-hydrogenation of the newly formed
triple bond were initiated . This represented another crucial step in the strategy, as it would
show, whether the vic-dibromoalkenes can withstand the noble metal catalyzed reaction. The
Cu-NHC catalyzed process developed by Lalic et all*4t only provided olefin 115 in minute
amounts (Table 2.4, eatry 1). When a hydroboration/protodeborylation strategy, similar to the
first generation synthesis of nominal xestocyclamine A (11),52 was employed with
dicyclohexylborane, as the reagent,only decomposition was observed. It may be noted, that
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substrate 97 bears a quinoline moiety, which is known to be a potential poison for

heterogeneous catalyst systemg!42 Gratifyingly, heterogeneous hydrogenation over
unpoisoned Pd/CaCOsin THF served its purpose and provided the Z-olefin 115in moderate
yields. Although superst oichiometric quantities of the Pd specieshad to be used, these
conditions turned out as an almost singular hit in the reaction screening. With other solvents
as EtOAc (Entry 4) or toluene (Entry 5) the CaCGOs supported Pd species was rendered
unreactive towards alkyne 97. Finally, we intended to poison Pd/C by using pyridine as the

reaction solvent (Entry 6), however this hydrogenation attempt resulted in extensive
overreduction of the vic-dibromoalkenes.

Table 2.4. Condition screening for the semi-hydrogenation of alkyne 97.

/
Br Br
Conditions N
BocHN
115
Entry Catalyst/Reagent Solvent Result
1 IPrCuCl, NaO tBu, PMHS, tBuOH PhMe <10% yield
2 Cy2BH THF decomposition
3 H2, Pd/CaCOs(2.0 eq.) THF 52% yield
4 H2, Pd/CaCOs(1.5 eq.) EtOAC no reaction
5 H2, Pd/CaCOs(1.5 eq.) PhMe no reaction
6 H2, Pd/C Pyridine overreduction

Next, studies towards the selective reduction of the amide embedded in the core of the
molecule were initiated . Only after considerable experimentation it was found, that DIBAL -H
in Et20 was selective in reducing solely the amide (Scheme 2.22)The choice of the solvent was
critical and the reaction time had to be monitored carefully, in order to avoid reduction of the
- »1<«"— Jbmiendgame of the total synthesis turned out to be a little more straightforward.
Unmasking of the alkynes with Zn -dust in a protic medium proceeded smoothly. [32133]|n line
with previous results, the following RCAM  on 99 furnished the 17-membered macrocycle 116
with both the two -component system comprised of 51 (30 mol%) and 52 (30 mol%), as well as
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with the well defined canopy catalyst 79(30 mol%). Notably, the latter provided cycloalkyne
116in essentially quantitative yield, which marks the success of alkyne metathesis employing
silanolate ligated high -valent molybdenum alkylidynes of type 79. Neither the presence of two
tertiary amines and a quinoline, nor a Lewis -basic carbamate group masking a primary amine
terminus compromises the reactivity. When put in perspective with the RCM of 82 bearing a
single tertiary amine, which shut down any react ivity of the Grubbs -type ruthenium carbenes,
regardless of the protonation state, this result is remarkable.

a) 30 mol% 51,

30 mol% 52,
MS 5A, PhMe
reflux
1) DIBAL-H, 73% yield
Et,0,0°Ctort or
2) Zn, THF, HOAc b) 30 mol% 79,
44% yield MS 5A, PhMe,
over 2 steps reflux
98% yield
RHN
HCI, EtOAc 116: R = Boc
quant. (+)-16: R=H

Scheme 2.22 Synthesis of diyne 99 and final macrocyclization event.

Ultimately , cleavage of theN-tert-butyloxycarbonate group with HCl in 1,4 -dioxane/EtOAc[143]
furnished the structure, which had been proposed as njaoamine | (L6) by the isolation team.[71]
Surprisingly , however, the analytical and spectral data gathered from our synthetic sample
(16) showed small but significant deviations from the tabulated NMR data from the isolated
natural product .11 A comparison with an authentic sample, generously made available by the
isolation team, confirmed the suspicion that, although the differences are extremely subtle and
the compounds were indistinguishable by HPLC analysis, the discrepancy was indeed non-
neglible. The differences were surmised to most likely originate fro m the positioning of the
triple bond in the 17-membered macrocycle. To test this hypothesis, anin-depth study into the
origin of the mismatch was initiated.

2.3.4 Structural Revision of Njaoamine |

In order to investigate the positional misassignment of the alkyne in the macrocycl e, the 12
carbon chain in the northern part of the molecule had to be reassigned unambiguously. A
challenging task, considering the high dilution of 117 in pyridine -ds, which rendered
heteronuclear long-range coupling experiments, primarily HMBC, impractic al. Furthermore,
the assignment was obstructed by limited resolution, especially crucial in the region b etween
1.1 and 1.7 ppm where 20methylene protons (14 of the 12carbon fragment under
investigation) and one methine proton resonate Additionally, the assignment of two 3C-NMR
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signals at 27.7 and 27.8 ppm proved challenging andcould only be distinguished by very high -

resolution multidimensional experiments.

Figure 2.4. Comparison of nominal njaoamine | (16) and the revised structure of njaoamine | (117).

Ve

njaoamine | (16) njaoamine | (117)
(nominal) (revised structure)

At first, all *H-signals of the 10 methylene groups belonging to the 12carbon chain in question,
were identified in a high resolution HSQC experiment. Secondly, the methylen e chain was
surveyed through 33u in a CLIP-COSY experiment#4 linking the chain -terminating
methylenes H44 and H33 to their respective propargylic CH 2-groups flanking the alkyne.

Figure 2.5. HSQC-TOCSY experiment of actual njaoamine | (117) shown as ordered strips correlating
each13C-atom to the respective H-signals within their associated spin -system.

H39a H39b H43aH43b H41 H40  H42aH42b

13C (ppm)

T T T T T T T T T T T T T T T T
185 180 175 170 1.65 160 155 150 145 140 135 130 125 120 115 110

T T T T T T T
305 215 210 205 200 195  1.90
1H (ppm)

T T
315 3.10
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Especially in the center of the aliphatic chains, ambiguity persisted. Finally, a long, high -
resolution HSQC-TOCSY experiment correlated all 13C signals with the proton signals within

their associated spin system. This supported the supposition, that the alkyne was indeed
positioned at the C37C38 position (Figure 2.5. As the same pattern of correlations was
observablein a 1D H-TOCSY, selectively irradiating the terminal methylene protons at H44
and H33, along with the methylene protons H39 and H36, the revised structure of njaoamine
I (117) (Figure 2.4) could be confidently proposed .

Additionally , the observed specific optical rotation of our synthetic njaoamine | (16) is worth

a comment. Although actual njaocamine | (117) and our synthetic nominal njaocamine | (16) are
isomeric to each other, their observed dextrorotatory nature suggests them being compounds
of the same enantiomeric series asxestocyclamine A (10). This stands in contrast to the
depiction in the isolation paper[™, which insinuates (+)-117 to have the same absolute
configuration as ingenamine (9).

2.3.5 Concerted Macrocyclization Event

In attempts to elucidate the biosynthetic pathway of keramaphidin B (2), Baldwin et alls0.61
carried out synthetic studies trying to emulate the formation of the tricyclic core by Diel s-Alder
reaction (Chapter 2.1). Moreover, they generated a tetraene substrate, which allowed them to
attempt the concurrent formation of the two macrocycles. These efforts met with minimal
success, when keramaphidin B(rac-(2)) was only observed in minute amounts ( 1-2% yield). It
was for this exact reason, that we pursued a stepwise approach in all our macrocyclization
strategies.

Grubbs |
catalyst (87)

10 mol% 87
—_—
DCM, 40 °C

7

rac-118 rac-119 rac-2
10-20% yield 2% yield

Scheme2.23 See '—1S—e1 ‘"e7'78e @1SeeZ-—™el " e1E" —EZ>>5Z—+1 1>Z8SE>s’

(2) scaffold.lo1

The fact, however, that a RCAM/RCM sequence could be executed en routeto 2 and no
competing enelyne-crossover was observed, insinuated that there was a favorable bias
towards the formed macrocycles. If there was indeed a structural preorganization of the
pendant side-chains, a concerted macrocyclization event might be feasible with our system.
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1) L-Selectride, J

THF, 40 °C
2) 98, NaBH(OAc)3, N N 60 mol% 51, 60 mol% 52,

14 DCM, HOAc - 0 MS 5A, PhMe, reflux
67% yield \ 35% yield + 17% isomer
over 2 steps \
If —
N
N/
BocHN
120 121

Scheme 2.24 Double RCAM of tetra yne 120,

Since clean reduction of the vic-dibromoalkenes was found when L-selectride was employed
for reductive cleavage of the methyl carbamate 114, advantage was taken of this
transformation for the synthesis of the projected tetra-yne 120 (Scheme 2.24) The latter was
afforded after reductive amination of the secondary amine with quinoline aldehyde 98. The
concerted RCAM worked equally well with bo th the two component system 51 (60 mol%), 52
(60 mol%) and the well defined canopy catalyst 79 (30 mol%). Unfortunately, purification
issueswere encountered, since the silanolate ligand co-eluted with the desired biscycloalkyne
121, resulting in impeded material recovery of 35%. This technical issue notwithstanding, the
herein (yet unoptimized) result opens up new avenues for the target-oriented synthesis with
RCAM. Since thechemoselectiYZ1+z—E e+’ ~— S+’ £ S+’ C32hlkyhe witHouy Mi@hing
the more S E E Z ce ce C37Aripleyhdhd in 121 was practically impossible, the synthetic use
of the concurrent RCAM was limited in our context.
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2.4Summary and Outlook

In a secondgeneration approach towards ingenamine (9) several improvements were
implement ed into the synthetic blueprint. First, the synthesis of the required building blocks
for the Michael/Michael cascade was optimized concerning versatility, scalability and
productivity. Conditions were found to successfully construct the tricyclic core of alkaloids of
the ingenamine estate from these two building blocks in a single step with full
diastereoselectivity. Access was thus extended to the non-hydroxylated core of
keramaphidin B (2) and the njaoamines 12-16. Two macrocyclization strategies were applied
constructing the 11- and 13-membered rings of ingenamine (9) and keramaphidin B (2), as well
as the 13 and 17-membered macrocycles of nominal njaoamine | (16). In particular, the
RCAM/RCM strategy applied in the total synthesis of keramaphidin B (2) showcased the
necessity of orthogonal metathesis basedmethodologies, when the most pressing drawbacks
of Ru-catalyzed olefin metathesis became apparent (functional group tolerance towards basic
amines and stereoselectivity). In the light of thesechallenges the performance of RCAM in all
of these settings becomes more impressiveParticularly the well -defined metathesis activeMo-
alkylidyne complex 79was put through a number of challenging transformations, attesting to
a remarkable and enabling functional group tolerance. These e&amples challenge the
orthodoxy that highly functionalized compounds impede high-valent early transition metal
catalysts.

The inaugural total synthesis of keramaphidin B (2), a molecule central in the biosynthetic
pathway first proposed by Baldwin and Whitehead et al51 thirty years ago, and especially the
conquest of (nominal) njaoamine | (16) leading to a structural reassignment, advocates for the
integral role of total synthesis in the realm of natural products.

The concerted use of RCAM might inspire future synthetic strategies, if the target provides
sufficient conformational preorganization and the thus formed triple bonds can be
functionalized in parallel. An intriguing target is present in njaoamine C % since this natural
product bears two Z-olefins within its macrocycles and a double semi-hydrogenation is
feasible.

Interestingly, a literature survey reveals another synthetic gap in the manzamine estate.
Whereas manzamine A (7) and its biogenetic precursors ircinal A and ircinol A were the first
members of this class to be targeted by several groups over the yeargs8®.79.12Imanzamine B
(7), ircinol B (6) and ircinal B (4) have been completely left out of the picture. Although
seemingly less complex, due to theabsence of aC-N bond, almost all total syntheses rely on
this stereodefining element early in their synthesis (see scheme 2.22.)Winkler and Axten,
harness the 8membered ring, as their stereodefining element,8 while Martin et all*¥ rely on
the 5>membered ring in their Diels -Alder disconnection building up the central 6,6,5tricycle.
—1 272¢S-S 1 S™M™,"SE" 1 -N bbndZise iMtrddEcedY éther late, possibly
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amendable to target the aforementioned natural products 126 4 and 6.3 However, Di j"— ce 1l
strategy completely relied on the formation of the 5,8bicycle at the start of the synthesis!’

H

4N
X :
N \
Boc

OTBDPS
122 23

Winkler et al. Martin et al.

JACS, 1998, 120, 6425-6426 JACS, 2002, 124, 8584-8592

N
». inert C-N
l *f---" bond

Manzamine A (7)

124 125
Dixon et al. Fukuyama et al.
JACS, 2012, 134, 17482-17485 JACS, 2010, 132, 10233-10235

Scheme 2.25 Summary of synthetic efforts towards manzamine A ( 7).

Albeit fit to purpose in targeting manzamine A (7), these strategies do not allow an easy
strategic switch towards the natural products in the realm of manzamine B ( 126),5253.14%5due to
the inert nature of the indicated C-N bond.

Ircinol B (6) Ircinal B (4) Manzamine B (126)

s, biomimetic
C-N bond cleavage

---3 |rcinol B (6)

127 127 128

Scheme 2.26 Unconquered natural products of the manzamine estate and a possible biomim etic entry
along intermediate 127.
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Since our strategy builds on the synthesis of the ethencbridged diazadecalin core, a ring-
opening might be a feasible entry to the core scaffold of the manzamine B (126) family. If
tetracycle 127, closely related to previously pr epared substrates64 and 82, is activated at the
tertiary amine, nucleophilic attack by an acetate Se1 «*Z 1 S« &aOA—atdm.might be
regioselective, when the reaction is releasing strain of the tricyclic core. A viable synthetic
equivalent of this disconnection is precedented in the work from Han et al (Scheme 2.27)461

AgOAc, 0 °C
— AgBr

[
60 °C, then| 70% yield
aq. workup |> 0.5 g Scale

|
MeO,C cCo,

Me™—oac
D

Scheme 2.27. Biopatterned reorganization of a catharantine scaffold (A) towards the
chippiine/dippinine -type frameworks, adopted from Han et all14d]

This approach takes advantage of the instability of certain difluoromethylated ammonium

salts B or C), which were accessed throughin-situ generated difluorocarbene in presence of a
tertiary amine (A). These semistable adducts can undergo GN bond cleavage, when the
Scee " E’'SeZ+1 S—'~—-pdSitiers & 'thre Iyclié ammonium cation ( C). In order to
implement different nucleophiles, the au thors utilized an anion exchange strategy, which
takes advantage of the high affinity of silver(l) species towards halide anions (B \ C). After
agueous workup, the reorganized N-formamide protected product ( D) was obtained in good

yield. 146
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3. Studies towards the Total Synthesis of Providencin

3.1Introduc tion

The biomass in coral reef environments is largely dominated by gorgonian and soft corals.
While reefs in the Indo -Pacific region are populated by soft corals (especially Sinularia sp), the
predominant species in the northwestern Atlantic ocean and the Caribbean Seaare gorgonian
coralsil ‘ZoeZ1 ceZS hdted afitothe feather-like appearance of their branches,seem to
have very few predators, such asfish or other competing reef or ganisms. This observation can
be explained by certain metabolites, which act as chemical defense compounds and are known
as the cembranoids. The most well-studied class of cembranoids from corals might be
represented in the so-called furanocembranoids (Figure 3.1).1247

Figure 3.1. General furanocembranoid skeleton and representative examples.

furanocembrane
skeleton (129)

Pukalide (130) Bielschowskysin (131)

This class of natural products presents itself with a 14-membered ring, embedding a furan
from C3 to C6 and abutenolide unit from C10 to C12. Generally, the metabolites can be highly
oxidized bearing almost all possible oxidations states at C18 (except forCH20H), epoxidations
in the C7-C8 and the C11C12 positions, acetoxylation at C13 and oxidation at C2 and/or C16.
Notably, in natural products with the trans-configuration between C7 and C8, an epoxide at
this position is observed in most cases/4]

The first member of this family t o be characterizedin 1975 by Scheueret all’4l was pukalide
(130 from Sinularia abrupta The diverse and rich chemistry of furans is reflected in several
rearranged natural products, [147150culminating in arguably one of the most complex molecular
architectures in bielschowskysin (131), isolated from Pseudopterogorgia kallos 2004 .51
Although most metabolites of this gorgonian octocoral are not oxidized at C18,152lan exception
was found in providencin (132 a natural product isolated in 2003.1*53 The isolation and
structure of the aforementioned furanocembranoid is described in the following section.

3.1.1 Isolation and Structure

Specimen of Pseudopterogorgia kallosvere collected near Providencia Island in the
southwestern Caribbean sea. The dried material was homogenized in a mixture of
dichloromethane and methanol, before it was concentrated in vacuo Partitioning between
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hexane, chloroform and ethyl acetate with subsequent purification of the chloroform -soluble
material via size-exclusion chromatography, yielded providencin ( 132 20 mg, 0.012% dry
weight). The chemical structure was elucidated with the help of different 1D - and 2D-NMR
experiments, while X-Ray diffraction of a suitable single crystal grown in
methanol/chloroform (9:1 v/v) provided proof. It is dextrorotatory ( Uf*= +7.9°,c = 1.2 in
CHCI5s), however, the absolute configuration of the natural product remains unknown. (153

Figure 3.2. Structure of providencin ( 132) and its proposed biogenetic precursor bipinnatin E ( 133).

CO,Me
°|\I 0
Norrish-Yang i/ Xe
un
o OAc
o
Providencin (132) Bipinnatin E (133)

The diterpene features abicyclo[ 12.2.Q hexadecane ring system with atrans-fused cyclobutane
at C1-C2. An exemethylene moiety (C15C16) and an allylic alcohol at C17 decorate the
cyclobutane unit, while the C7-C8 E-alkene and the C1%:C12 position of the butenolide are
epoxidized. Another attribute of highly oxidized furanocembranoid members is the
acetoxylation at C13. hterestingly, the C18 terminus of the furan unit (C3-C6)is oxidized and
subsides as the methyl ester, which is unusual for a metabolite extracted from
Pseudapterogorgia kallags!

Biosynthetically , providencin ( 132 was proposed to arise through a Norrish -Yang cyclization
from bipinnatin E ( 133).15415% This hypothesis is supported by model studies carried out by
Pattenden et al,*58l who could show that irradiation of a structurally simplified substrate
indeed furnished the cyclobutanol, albeit in low yields.

Beyond the intriguing chemical architecture, providencin was tested for biological activities in
various cell assays. Therein, it showed modest cytotoxicity in vitro against MCF7 breast cancer,
NCI-H460 non-small cell lung cancer and SF268 CNS cancer cellgt]

Overall, providencin ( 132) has been at the top of the list for synthetic chemists, ever since its
discovery in 2003. In particul ar, the tetrasubstituted cyclobutane sub-unit attracted a lot of
attention, since it appears as a unique feature of this particular natural product. A short
overview of the literature tackling this highly oxidized marine diterpene is provided in the
follow ing section.

3.1.2 Literature Review

In 2007, Mulzer et al.reported their initial work targeting providencin (  132).11571 Regarding the
cyclobutane secion of the natural product, they identified racemic bicycloheptenone ( 134) as
their starting point (Scheme 3.). Diastereoselective reduction of 134furnishes alcohol rac-135
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which can be diverted into acetate rac-136 (pathway a), or chloroacetate rac-137 (pathway b).
The enzymatic resolutions are both satisfactory in terms of yield and enantioselectivity,
however, acetate rac136 only converts slowly over two weeks, while chloroacetate shows
favorable kinetics reaching its endpoint in 24 hours.[58l

a) Aczo pyr. enzymatic
resolutlon
quant ’[k 35-40% yield

14d
H H b) rac-136 H
e O -~
H o 9 91% yield H OH N H OH
rac-134 rac-135 enzymatic (+)-135

pyr DCM resolutlon
quant 45% yield
24h

rac-137
Scheme 3.1 Synthesis of enantioenriched bicycloheptenol 135via enzymatic resolution. [158]

With the enantioenriched cyclobutanol in hand, they set out to install the furan moiety

(Scheme 3.2) In practical terms, O-silylation of (+)-135 followed by ozonolysis and in situ
reduction of the bis-aldehyde gave diol 138 in good yields. 58 Selective tritylation using
monomethoxytrityl chloride (MMTrCl) gave a sepaable mixture of mono -protected alcohols
139and 140 The desired alcohol 139 was oxidized to the aldehyde by means of IBX, which,
upon treatment with catalytic potassium carbonate in methanol, results in epimerization,
yielding the now trans-configured cyclobutyl -aldehyde 1411258 Reformatsky reaction with
bromoacetate142 S —el ez« Z8727Z—+17 i’ «S « "ketobst@riBHvant goddlyield.

H H

H
1) TIPSCI, DCM HO MMTrCI, DMAP, R'O
Cb 2) 04 then NaBH, pyr., DCM
—_— -_——
-, 93% yield ., 55% yield -,
7, s, "
H OH over2steps H OTIPS 2 H OTIPS

HO R20
(+)-135 138 139: R' = H, R? = MMTr
140: R' = MMTr, R?>=H
o 1) IBX 92% yield
Br\)j\ 2) K,CO3, MeOH | over 2 steps
o OMe
MeO 142
€ 1)142, Zn NG
2) IBX
"'OTIPS 89% yield “,
MMTrO H over 2 steps MMTrO H OTIPS
143 141

Scheme 3.2 Synthesisof the enantioenriched tketoester 143[158]

Next, deprotonation followed by alkylation wi th propargyl iodide 144furnished alkyne 145
as a mixture of diastereomers (Scheme 3.3) Pd-mediated Wipf cyclization 159 afforded furan
146as a 1:1 mixture of E-/Z-isomers, which were equilibrated to the desired E-isomer through
a radical addition/elimination pathway with diphenyl diselenide. 1581 Subsequent MMTr
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cleavage in HFIP and introduction of the phosphonate moiety for an intramolecular HWE
reaction was achieved over four steps.Deprotection of the prim ary TBSether with ammonium
fluoride in methanol and oxidation to the aldehyde gave macrocyclization precursor 148in
moderate yields. The olefination proceeded well, with n-butyllithium in HFIP at high dilution,
considering the extraordinarily high ring s train presumably exhibited by the trans-fused
cyclobutane and the E-configured C7-C8 olefin.

B0 = !

OMe TBSO
144
1) Pd(OAc),, dppf,
K,CO3 MeCN/H,0
NaH, THF, then 144 2) (PhSe),, THF

85% yield TBSO \y ‘OTIPS  80-90% yield

TBSO

TBSO

H OTIPS over 2 steps
OMMTr TBSO TBSO  MMTrO
143 145 146
1) HFIP
2) DMP, DCM 61% yield
3) n-BuLi, MeP(O)(OMe), | over 4 steps
4) DMP, DCM
CO,Me CO,Me

1) NH4F, MeOH

n-BuLi, HFIP 2) DMP, DCM

b, OTIPS  45%yield TBSO
over 4 steps

45% yield TBSO

P(O)(OMe), P(O)(OMe),
148 147

Scheme 3.3, Furan formation and macrocyclization via HWE olefination. [15]

Despite disclosing this late-stage intermediate in combination with the proposal of an
endgame-strategy, no further work was published by Mulzer et al.pursuing this approach.

Instead, a different strategy was engaged in which t he macrocyclization event was changed
from the intramolecular HWE olefination to an olefin metathesis. Furthermore, the site at
which the ring closure was going to be carried out was revised to the C7-C8 alkene. In practical
terms, this approach was deemed to bemore convergent and allowed for the preparation of
more simplified fragments. Although already mentioned in their 2009 publication on synthetic
efforts towards providencin ( 132), it took another five years until the total synthesis of 17-
deoxyprovidencin (160 was disclosed 16

In similar fashion to the first -generation approach, the synthesis of the furan fragment
commenced with enantioenriched Fketoester 143 generated via enzymatic resolution
(Scheme 3.1) At this point, alkylation of 143 with simpl e propargyl iodide 150 furnished
alkyne 151, which was cyclized under base catalysis to give furan 152 (Scheme 3.4)
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Detritylation under acidic conditions and oxidation of the resulting primary alcohol by IBX in
boiling EtOAc , gave rise to the vinyl furan fragment 153160

MeOZCO/\ !

1) PPTS,
150 DCM/MeOH
2) IBX, EtOAc,

NaH, 150, THF
143 ’ o reflux
95% yield 90% yield
TIPS over 2 steps
Me0,CO

151 152 153
Scheme 3.4 Synthesis of the vinyl furan fragment 153160l

Selenolactonel54, synthesized from (R)-glycidyl tosylate in four steps, wasdeprotonated with
LDA at cryogenic temperatures and treated with aldehyde 153 generating the aldol product
(Scheme 3.4) The latter was oxidized with aq ueous hydrogen peroxide, to mediate selenoxide
elimination, thereby forging the butenolide 155 as a mixture of diastereomers @dr 1.5:1)60
This mixture was treated with catalytic amounts (20 mol %) of Grubbs Il catalyst (88) in
refluxing benzene, affording the unsaturated macrocycle exclusively, as the undesired Z-
isomer. Separation of the Cl3diastereomers and subsequent acetylation of the secondary
alcohol produced bis-olefin 156.

1) LDA, THF, -78 °C,

then 153 1) 20 mol% Grubbs II,

2) H,0, DCM, PhH, 80 °C
sat. NH,CI 76% yield
SePh 57% yield 2) Ac,0, DIPEA,
o over 3 steps DMAP, 0 °C
° (R)-156: 95% yield

154
Scheme 3.4. Fragment coupling and subsequent RCM.[160]

Epoxidation at the butenolide subunit proceeded smoothly when (R)-156 was treated with
sodium hypochlorite in pyridine (Scheme 3.5) At this stage, the Z-olefin 157 was isomerized
under irradiation with UV -B light resulting in a separable mixture of E-/Z-isomers in low
yield. 269 The E-isomer 158was desilylated with TBAF, revealing the secondary alcohol, which
was oxidized to the corresponding ketone 159 Only this intermediate succumbed to
epoxidation with DMDO in diastereoselective fashion, while a final Wittig olefination
furnished 17-deoxyprovidencin ( 160).[160]
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ag. NaOCl, hv (UV-B),
(R)-156 pyr., =15 °C MeCN, rt
87% yield TIPS 41% brsm

158

1) TBAF, THF 70% yield
2) IBX, THF/DMSO| over 2 steps

1) DMDO, acetone, 0 °C
2) MePPh3Br,
KOtBu, THF/Et,0
41% yield
over 2 steps

Scheme 3.5, Photoinduced E-/Z-isomerization and endgame towards 17-deoxyprovidencin (160).[160]

This heroic effort by Mulzer and coworkers represents the most advanced foray towards
providencin (132). To this date, however, no further attempts were disclosed moving from 17 -
deoxyprovidencin (160 to actual providencin (132.

#‘0 1) NaH, PMBCI, HO
o :__O TBAI, THF Ho = .0 PPhs, Iy, o
3 "o 84% yield 3 "o imid., PhMe m-uo
H > H P —
SR 2) AcOH/H,0 S g 94% yield &
/\ 0, iel /\
HO 86% yield PMBO PMBO/\
161 162 163
1) HCI, MeOH | 62% yield
2) TBSOTT,
2,6-lutidine, | 98% yield
DCM

— OH Cp,ZrCly, n-Buli, OMe
BF5E4,0 ats
~~— /

- ‘, 86% yield
\\ 7,
oTBS
pmeo” PMBO

165 164
Scheme 3.6. Cyclobutane formation via oxygen atom excision from furanoside 164.1161

In 2009, White et al.disclosed their take on providencin (132). Starting from the chiral pool,

specifically D-glucose, bis-acetonide 161 was synthesized in four stepsli62163 Standard
protecting group manipulations gave rise to diol 162 which under treatment with

triphenylphosphine, iodine and base transforms to olefin 163(Scheme 3.6)A cetonide cleavage
in acidic methanol, followed by TBS protection furnished methyl-furanoside 164 In situ
generated dicyclopentadienyl zirconium(ll ) mediates a stereoretentive oxygen atom
abstraction, producing cyclobutanol 165in good yield. [164]
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After protection of th e secondary alcohol as the TIPS®ther, Wacker-Tsuji oxidation 1165 revealed
the methyl ketone 166 from the vinyl handle formed in the cyclobutane formation
(Scheme3.7). Ketone 166 was reacted with LDA and the resulting enolate trapped with
methylcyanoformate. T he resulting t-ketoester wastreated with D-glyceraldehyde acetonide
167under acidic conditions , converting slowly into a mixture of silylated (168 and desilylated
products (169 after the initial Knoevenagel condensation. Ley-Griffith oxidation 166 of
benzylic alcohol 168furnished aldehyde 170in good yield. 1264

o]
1) TIPSOT(, pyr.,
= OH DMAP, DCM OTIPS
98% yield
—_—
&y 2) PdCl,, CuCl, S
OTBS : OTBS
S dn O, DMF/H,0 pMBOT
165 77% yield 166
1) MeO,CCN, LDA, | 500, - -
THE, —78 °C 70% yield
o)

2) 167, PPTS, MeOH o\)\
CHO

167

Y

CO,Me CO,Me
o/ o) I OTIPS HO o I OTIPS
TPAP, DCM
o, 88% yield o,
N R
PMBO/\ OTBS PMBO/\ OR

168: R = TBS 42% yield

170 169:R=H 25% yield

Scheme 3.7. Further elaboration of the cyclobutane fragment 165°'—1 “'«Z ce1SmeamM,~SE |

To this end, HWE olefination with phosphonate 171 produced ester 172in high E-selecivity
(Scheme 3.8). Thigoute, however, was abandoned after it was found that TBScleavage with
PPTS at elevated temperatures in ethanol and final oxidation of the secondary alcohol to the
ketone resulted in a substrate which could not be moved forward. Problems of distinguishin g
the different ester moieties and examethylene installation forced the authors to pursue a
different approach. (161

0
Eto-P~ -CO:Et
CoMe Fto T COMe ) pprs,
7 % I OTIPS 171 E0,c—7 T\ J oTips  ETOH, 65°C
171, NaHMDS, THF_ 85% yield
/\\\‘. "'OTBS 84% yield o /\\\\. "’oTBs 2) ';Zf‘/p _DCM
PMBO PMBO o yield
170 172

Scheme 3.8. Synthesis of the final intermediate 173 °— 1 ‘’a Hrst-generation approach.i164
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In practical terms, intermediate 165was selected aghe starting point for the second-generation
approach. A laborious sequence of protecting group manipulations led to acetate 174, which
undergoes oxidative cleavage of the alkene in presence of sodium periodate and catalytic
amounts of osmium tetroxide (Scheme 3.9)1167]

1) DDQ, DCM/aq. buffer

OTIPS 65% yield oTips 1) 0804, NMO, NalO,, N\ OHH
= 2) TsOH, EtOH 2,6-lutidine, dioxane/H,0 H omies
53% yield 68% yield o
& - -, » TBSO |
OTBS 3) PivCl, pyr., OAc » “OAc
) DMAP, DCM > /\Br >
PMBO 64% yield PivO 1880 _Z" PivG
4) Ac,0, pyr., 175
165 DCM 174
87% yield 2) 175, SnCl,, Nal, DMF
53% yield 1)3?;/',\3 NaHCOs, | 974 yield
2) AgNO3; on silica
(10% w/w), 79% yield

DCM/hexane

74 i OTBS
MePPh;Br, (o) 1) K2CO3, MeOH 0 OTIPS
n-BuLi, THF 82% yield
48% yield N (o] 2) TPAP, NMO, DCM N “0Ac
> 94% yield >
PivO' PivO’ PivO
180 179

Scheme 3.9. Synthesis of a modified cyclobutane fragment 180in a second-generation approach.167

Reaction of this aldehyde with propargyl bromide 175in presence of stannous chloride gave
the allenic alcohol 176 as a single diastereome. Following oxidation to the corresponding
ketone, silver nitrate on silica mediated the cyclization to the furan , a procedure by Marshall
and coworkers.[168169 Fyran 178 undergoes acetate cleavage andsubsequent oxidation with

Z ¢ remfent to furnish ketone 179. This building block, as similar as it seemed to the first-
generation intermediate 173 succumbed to methylenation with the corresponding Wittig salt
and n-butyl lithium as base. The authors eventually concluded that the failed methylenation
at the stage of theformer ketone intermediate 173 must not be attributed to the substituents
on the cyclobutane, but rather to the furan moiety. 167

At this stage, two distinct pathways were investigated (Scheme 3.10) Reductive cleavage of
the pivalate and subsequent oxidation furnished aldehyde 184 Next, treatment of fragment
182 with LIHMDS and oxidative selenide elimination gave the aldol product 185
Unfortunately, all attempts to cyclize 185via C-H activation on the furan led to decomposition
of the substrate. Therefore, a second pathway was tested, in which pivalate cleavage was
followed by functionalizing the furan through deprotonation in the 2 -position and quenching
of the corresponding anion with trimethyltin chloride . Stille crosscoupling with alkenyl
iodide 182 afforded the selenide product, but, all attempts to oxidize the primary alcohol in
presence of the phenylselenide substituent led to oxidative elimination. T his unexpected
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pitfall forced the authors to abandon the attempted total synthesis of providencin ( 132 along
the lines investigated.167]

1) DIBAL-H, DCM 1) DIBAL-H, DCM

__ 78%yield 78% yield
N 2) sec-BuLi, TMEDA, N 2) TPAP, NMO,
> THF, =78 °Cto 0 °C > DCM
HO then Me3SnCl, -78 °C  piv0O 60% yield
181 180
1) 182, Pd(PPh3), | 54% yield .
1) 182, LIHMDS
Cul, DMF, rt over 2 steps , , .
X : SePh THF 51%2!/'?"’
2) gé\:ﬂ'\i NaHCO3 43% yield 2)H,0, THF  |over 2 steps
0
Iz o

Scheme 3.10 Attempted e—++S—-71"+1 ‘’«7 agérmerati@ approach towards
providencin (132).1267]

Apart from these in -depth studies by the groups of Mulzer 1157.158.160lgnd White [164167] another
effort was undertaken by Wood et all'7, who disclosed a short, but racemic, route towards a
viable cyclobutane fragment in 2011 Therein, diethyl ketene acetal 186 was reacted with
diethyl fumarat e 187 in presence of diisobutyl aluminium chloride in toluene at cryogenic
temperatures, affording the [2+2]-cycloaddition product 188(Scheme 3.11).

OEt -Bu,AICI, DIPEA, OEt 1) LAH, THF 0
CO,Et PhMe, —40 °C OEt  67% yield
)\OE + B0, N0 T & > A
t 90% yield & 2)NaH, BnBr, DMF  BnO— 0Bn
186 187 EtO:C gg CO2E! 3)HoSO, MeCN 189
76% yield
CO,H over 2 steps
X TBSOTY, THF, 78 °C,
then LIHMDS
o
J~-COaMe 192
% I o 1)192, LDA, THF, -78 °C Br 0 oTBS
then 191, ~78 °C W:/(/ NBS, THF, 0 °C E(/
< <« NBS. THRE 0°C
8 2) CH;Ny, Et,0 BnO—" OBn 40% yield  BnO—<" OBn
BnO—" OBn  3) LiHMDS, THF, over 2 steps
193 —78°Ctort 191 190

60% vyield
over 3 steps

Scheme3.11 """« @ 1ce ¢ —-«*Z odurengl-eyickskiitanone fragment 1931170

Exhaustive reduction employing lithium aluminium hydride, followed by double benzyl
protection and acetal hydrolysis gave rise to cyclobutanone 189 Formation of the silyl enol
ether 190 and subsequent trapping with NBS produced bro mo ketone 191 as a mixture of
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diastereomers (dr 6:1). The installation of the furan was anticipated to proceed via the 1,2
addition product of ketone 191 In practical terms, 3-furoic acid (192 is deprotonated and
attacks the ketone forming a tertiary alcohol as evidenced in NMR studies. This intermediate
can be reacted with diazomethane to form the methyl ester, which after treatment with base
undergoes a 1,2shift with displacement of bromine, to furnish furanyl -cyclobutanone
fragment 193 Despite this concise entry into a possible synthesis of providencin (132, no
further developments along these lines have been disclosedsince.
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3.2Towards the Total Synthesis of Providencin via a Ring Closing Alkyne
Metathesis Approach

To this day, the furanocembranoid providencin (132 remains an elusive target in natural

product synthesis. Intrigued by previous heroic efforts from Mulzer [157.158.160gnd White [161.167]
aretrosynthetic analysis of 132was devised, which tries to addressthe shortcomings of earlier
approaches, to eventually conquer this puzzling diterpene. It was conjectured that the use of
RCAM at the centerpiece of the retrosynthesis might resolve the major challenge of
macrocyclization in this highly strained system. Previous studies on the total synthesis of
lactimidomycin revealed the advantages of RCAM over RCM, when the ring strain can be

attribut ed to transannular interactions rather than angle strain.t711741\With this caveat in mind,

asynthetic program towards providencin ( 132 was initiated , ideally going through a versatile

intermediate .

3.2.1 Retrosynthetic Analysis

Since the installation of the examethylene group in 132 was shown to be highly sensitive to

substituents on the furan, when installed from the corresponding ketone, [16%.167lwe anticipated

to reveal this functionality by means of a formal late-stage dehydration (Scheme 3.12)Final

deprotection on the C17 alcohol would then afford providencin (132). Intermediate A was

envisaged *~ 15>’ Z1e>"—10eeZ™ '@Z17Z™ eS¢’ —351S1™,ZYOimeetleZ e
an ideal setting the C16-OH, serving as the handle for exo-methylene installation, should be

orthogonally protected to the C17-OH.

CO,Me

Epoxidation COzMe
" OH  Dehydration & ) OPG'
o) deprotection o,
OH
A \ oA
Lactonization™ O
o (o} Pd-catalyzed
. ) Epoxidation carbonylation
Providencin (132) A B

oTBS
Y
Z -
|Cross coupling

trans-hydrostannation

Cc

Scheme 3.12 Retrosynthetic analysis of providencin (132).
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Although these hydroxy groups should be distinguishable due to their primary - and
secondary substitution, an orthogonal protection strategy seemed to be the more sensible
option. Butenolide B was planned to be assembled through carbonylation of the
corresponding alkenyl stannane[?21751 which after desilylation should readily cyclize to
produce the butenolide unit. Alkenyl stannane C could arise from trans-hydrostannation of
the corresponding mono-protected butyne-1,4-diol subunit. 1761771Macrocylization via RCAM
of the corresponding bis-propargylic compound D would forge the precursor of C. Cross
coupling of furan building block F and properly functionalized enyne fragment E were
anticipated to allow access toD.

The fragment coupling was especially well precedented in the literature, since both Negishi
and Stille cross couplings were extensively used to assemble the carbon skeletons of various
furanocembranoids. 1781811

In terms of fragment E, our own group had established a racemic route to similar building
block in the total synthesis of manshurolide. 2 Along these lines, the route was expected to
allow certain modifications that would rende r the synthesis asymmetric. Particularly the
asymmetric propargylation by Carreira et al.was deemed promising in this setting. (182

Halogenatlon

X, / / CO,Me J / CO,Me J I CO,Me
OA bo} OAc o 0\\(
> . O

\ “,_-OTBDPS \ “,_-OTBDPS

\o,
2\
0|-| /
// Alkyne Addition Selective Dehydration
Protection Dihydroxylation &
F 195 Oxidative Cleavage
7 CO,Me Noyori Reduction
I of Ynone CO,Me
o oM oTBS
Br \_ '
4
198 ’\/\/\/‘ ! —OX|dat|on
C [ “BPin : :
+ (o]
Suzuki Hydroboration OTBS
Coupling Ir-Catalyzed
L AN r- yz
PinB OoTBS Photocyclization
199 197 196

Scheme 3.13 Retrosynthetic analysis of the furanyl -cyclobutanol fragment.

The cyclobutane containing fragment F, however, turned out more involved (Scheme 3.13)
Since the direct enantioselective access to cyclobutanes is extremely challenging, only a few
appropriate methodologies could be found in the literature. At the start of the synthetic
campaign, two routes were considered, employing either an enantioselective allenoate-alkene
[2+2] cycloaddition developed by Brown et alt83187 or a photosensitzed [2+2] cycloaddition
developed by Yoon et ali*88.189 Although , the first approach could generate the cyclobutane in
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enantioselective fashion, the introduction of the desired oxidation state at C17 was not well
precedented by using that strategy. Additionally, the intrinsic instability and sensitivity of the
prerequisite alkynoates were expected to bepotential troublemaker s.

On the other hand, Yoon et al.could introduce the hydroxyl function into their cyclobutane
scaffolds via oxidation of the secondary pinacol boronic esters, however, no enantioselective
access to the cyclobutanes was developedt®d This fact notwithstanding, the substrate scope
contained heterocycles, including furans, making it the prime candidate in the setting of
providencin. Furthermore, a relay of stereoinformation from a distant chiral center, onto the
cyclobutane upon diastereosdective ring formation was envisaged to circumvent the lack of
options for introducing chirality directly. Thus, it was conjectured that fragment F could arise
from oxidative cleavage of cyclopentene 195 followed by differentiation of the resulting
primary alcohols (Scheme 3.13) The alkene moiety would be introduced through the
dehydration of an enantioenriched secondary alcohol in 196, serving the purpose of rendering
this route enantioselective.

CO,Me
<r
o—,  BPin

/ @

N o \ o BPin

TBSO(S) N\ BP; ----- > o H
H

CO,Me

200
Scheme 3.14 Possible conformersof 197in the [2+2] cycloaddition step.

It was presumed, that the photosensitized [2+2] cycloaddition could proceed with facial

selectivity, because the two possible pseudochairlike transition states resulting from folding

of linear alkenyl boronate 197 exhibit either an axial- or equatorial-oriented TBS-ether,
producing two distinct diastereomers. However , this stereochemical model is significantly
simplified and excludes the possibility of other half -chair conformers of the open-chain
cyclopentane section in the transition state 10

Cyclobutanes 200/201can be traced back to alkenylboronate197, which in turn was envisaged
to be produced via hydroboration of a terminal alkyne. The critical stereocenter was projected
to be introduced via Noyori transfer hydrogenation of the corresponding TMS -capped
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ynone.[t911921 A Syzuki coupling merges bromofuran 198and alkenyl boronic ester 199, before
the TBSether is deprotected, oxidized and treated with deprotonated trimethylsilylacetylene.

3.2.2 Synthesis of the Furanyl -Cyclobutanol Fragment

Reduced to practice, commercially available 3-furoic acid (192 was transformed into 2-
bromofuran -3-carboxylic acid via a literature procedure. 123 The crude material was subjected
to methyl iodid e and potassium carbonate in DMF at elevated temperature, affording the
crude methyl 2-bromofuran -3-carboxylate (198), which was purified by flash chromatography
yielding the desired furan building block in 60% vyield over two steps and a single
chromatographic purification step on decagram scale(Scheme 3.1% The coupling partner was
prepared via O-silylation of 202 followed by hydroboration in neat catech olborane and
subsequent pinacol-for-catechol exchange. The alkenyl boronatel99was isolated in 61% yield
over 2 stepsio4

a) COH 1) n-BuLi, then Br,

THF, -78 °C
0 o™ X
o 2) K,CO3, Mel, 0~ Ng,
DMF, 90 °C
192 60% yield 198

over 2 steps
20 g Scale

CO,Me

1) TBSCI, imidazole,
DCM, rt o
///\/\OH - PinBWOTBS

2) Catecholborane,
202 70 °C then pinakol 199
61% yield
over 2 steps
3 g Scale

Scheme 3.15 Syntheses of the Suzukicoupling precursors 198and 199

The Suzuki coupling proceeded smoothly under standard conditions, giving access to the
alkenylfuran 203 in good yield on gram scale (Table 3.1) To prove the feasibility of this
approach, we initiated our first foray towards the [2+2] cycloaddition in a ra cemic manner.

Thus, desilylation of the TBS-ether, Parikh-Doering oxidation 139 of the primary alcohol and

lithium acetylide addition into the aldehyde furnished propargyl alcohol  204in reproducible
fashion. Next, TMS-cleavage andO-silylation with TBSCI gave the terminal alkyne, ready for
hydroboration. Although the hydrob oration proceeded in low yields ‘Z—1 S—e« el
conditions 198 were employed using catalytic Schwartz reagent, recourse to the 9H-9-BBN
catalyzed hydroboration of the terminal alkyne, known as the Arase -Hoshi conditions, [196.198]
furnished the desired alkenyl boronate rac-197in good yield .
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Table 3.1 Racemic synthesis of the [2+2] cycloaddition precursorrac-197.

7 CO,Me 5 mol% Pd(dppf)Cla, CO,Me
Cs,CO
I + oo AN — > { \
PinB OTBS -
qr in 1,4-Dioxane/H,0, o) Z ores
80 °C
198 199 91% yield 203
1.6 g Scal
g Scale 1) TBAF, THF, rt

93% yield
2) SO3pyr complex, NEts,
DMSO, DCM, 0°C

80% yield
3) Me3SiC=CH, n-BuLi,
THF, -78 °C
1) K,CO3, MeOH, rt v 3% yield
2) TBSCI, imidazole
DCM, rt
CO,Me 92% vyield CO,Me
/ ) . < over 2 steps / ) _ TMS
o Z X BPin 3) for hydroboration [e] FZ Z
OTBS see below OH
rac-197 rac-204
Entry Catalyst Reagents Solvent T/°C Yield
1 10 mol% Cp2ZrHCI HBPIn, NEts - 60 °C 33%
2 10 mol% 9-H-9-BBN HBPin THF 60 °C 80%

At this stage alkenyl boronate 197 was ready to be cyclized in presence of photocatalyst 205
(Scheme 3.16under conditions previously described by Yoon et allt88.18% Treatment with the
Ir-catalyst 205 in carefully d egassed acetonitrile accomplished the [2+2] cycloaddition in
impressive fashion, yielding a diastereomeric mixture (1.6:1 dr) of cyclobutanes rac-201 and
rac-200in a combined yield of 92%.

CO,Me cone tBu
CO,Me
\ 2 1 mol% 205, BPin oBPin
blue LED
N\ X _BPin —>“e +  Hu)—LoH
MeCN, rt, 4h
n "
OoTBS 50 mg Scale '0TBS '0TBS
rac-197 rac-201 rac-200
54% yield 38% yield

Scheme 3.16 Photosensitized intramolecular [2+2] cycloaddition of furan rac-197.

NOE-studies of the separated diastereomers showed that the isomers are enantiomeric
regarding all the substituents on the cyclobutane. Although we had hoped, that the TBS -ether
might ind uce higher levels of diastereoinduction (Scheme 3.14), the fact that the absolute
configuration of providencin ( 132 remains elusive, necessitatedacces to both enantiomers of
the furanyl -cyclobutanol fragment. To test whether higher levels of stereoinduction could be
achieved when bulkier silyl ethers are installed at the stage of the propargyl alcohol 206 TIPS
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and TBDPSprotected 209 and 210 were targeted (Scheme 3.17) Silyl protection under
standard conditions furnished terminal alkynes 207 and 208 which readily succumbed to
“Ce> <">Se’"—17’—e1 >SeZ1S—-.109%GEHe mhdtobyeldo@aditich> groceeded
smoothly, although no superior diastereoselectivity was observed for adducts 211 and 212
Interestingly, the stereoselectivity compared to the TBS-ether 197is actually slightly worse (1:1
dr). With these results in hand, the synthesis was intended to be pushed forward with TBS -

ether 197, since it is the most simple of the three protecting groups and worked equally well,
if not somewhat better than the others.

CO,Me CO,Me
(1/\/\/ R-Cl, imidazole, DCM, rt M
OH OR
rac-206 rac-207: R = TBDPS, 99% yield

rac-208: R = TIPS, 86% yield

10 mol% 9-H-9-BBN,
HBPin, THF, 60 °C

CO,Me CO,Me
i I 2 (]/ 2
o BPin o—-,  BPin  1moi 205, CO,Me

. el < DUelED
H H HiofeH - 0een m an X BPin
""OR ""OR

rac-211: R = TBDPS, 1:1 dr, 87% yield* rac-209: R = TBDPS, 65% yield
rac-212: R = TIPS, 1:1dr, 94% yield rac-210: R = TIPS, 78% yield

* combined yield of diastereomers
Scheme 3.17. Synthesis of different silyl -protected alcohols for [2+2] cycloaddition.

With a route towards the cyclobutane core established, the efforts turned to rendering the
synthesis asymmetric. As indicated in the retrosynthetic analysis (see scheme 3.13)t was
envisaged to introduce the critical stereocenter via Noyori  aeansfer hydrogenation of a silyl -
capped ynone l'*11921|n order to test the influence of the silyl -cap on the enantioselectivity of
the Noyori reduction, three easily a ccessible ynones wereprepared (Scheme 3.18) Starting
from aldehyde 213 addition of the corresponding lithium acetylide s afforded the TES- and
TIPS-capped propargylic alcohols 214 and 215 respectively in quantitative yields . Due to
partial TMS cleavage, the TMS-capped propargylic alcohol 204was isolated in only 85% yield.
Oxidation of the propargylic alcohols with PCC?3 furnished the corresponding ynones 216
218in moderate yields. With access to the ynones securegdthe transfer hydrogenation, using

“¢7>’ ceicyihene complex (R,R)-219 resulted in excellent enantioinduction for all silyl -

capped derivatives, while delivering the enantioenriched alcohols (R)-204, (R)-214and (R)-215
in near quantitative yields.
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CO,Me CO,Me

i . 4 R
MQ RC=CH, n-Buli, THF, =78 °C__ o\ _ =

OH

213 204: R = TMS, 85% yield
214: R = TES, quant.
215: R = TIPS, quant.

Ts
Ph N
\ PCC, silica,
Ru-| DCM, rt
iy
Ph” J

CO,Me (R,R)-Noyori Catalyst (219) CO,Me
\ Z R 1 mol% 219 7\ Z R
0" ~\F g h iPrOH, rt 0" \F
OH o]
(R)-204: R = TMS, 98% ee, 99% yield 216: R = TMS, 59% yield
(R)-214: R = TES, 97% ee, quant. 217: R=TES, 75% yield
(R)-215: R = TIPS, 98% ee, 97% yield 218: R = TIPS, 72% yield
Scheme 3.18 Examination of the influence of different silyl -ES™ ™M Ze¢1¢ —"—Z1~"—1

hydrogenation.

As the current route from alkene 203to enantioenriched alkenyl boronic ester 197 comprised
of three silyl group manipulations and two oxidation steps, a cha nge in the starting material
was envisaged in order to improve the atom and redox economy in our first scale-up. The
synthesis of the corresponding alkenyl boronate 216 proceeded similarly to our previous

fragment 199(Table 3.2) The yield was slightly diminished , due to increased instability of the
pinacol boronic ester 216 towards silica. For further improvements to this short sequence,
recourse to the Epin-boronic ester’®d for increased stability towards silica gel should be

considered.

The Suzuki coupling of bromofuran 198and thus form ed boronic ester216produced ester 218
in good yield on decagram scale. The Weinreb amide was selectively formed from the alkyl
ester, ready for addition of the carbon nucleophile. While the addition of the organolithium
arising from trimethylsilyl acetylene was accompanied by serious amounts of the desilylated
alkynoate (Table, 3.2, Entry 1), the TMS-cleavage could be reduced by using EtMgCI asabase
(Entry 2).
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Table 3.2 Alkynoate synthesis viathe Weinreb amide 218

5 mol% Pd(dppf)Cly, CO,Me

Cco,Me
/ A 002Me Cs,CO3 - / \
q + pinB” TN 1,4-Dioxane/H,0, o Z OMe
Br 80 °C 3
198 216 90% yield 218
12.8 g Scale 1) HN(Me)(OMe)eHCl,
1) SOCl,, MeOH, _ PrMgCl, THF,
0°Ctort 34% yield, —-30 °C to —20 °C
2) Catecholborane, | ©Ver 2 steps 78% yield
70 °C, then pinakol | 15-6 9 Scale 12.7 g Scale
2) for alkyne addition
CO,H see below
z Y
217 CO,Me
R
4
| FZ
o]
o)
216: R = TMS
218: R = TIPS
Entry Alkyne Base T/°C  Solvent Yield
1 Mes ' O n-BuLi °78 tort THF 55%
2 Mes ' O EtMgCI Otort THF 76%
3 iPrs * O n-BuLi 78tort  THF 99%

This inconvenience oould be completely circumvented when triisopropyl acetylene was
deprotonated with n-butyllithium and the corresponding nucleophile added into the Weinreb
amide derived from ester 218 (Entry 3). In this case no cleavage of thebulkier silyl cap was
observed.

Surprisingly , TBAF mediated cleavage of the TIPSgroup was quite low yielding (Table 3.3,

Entry 1). When conditions using silver fluoride, originally reported by Kim et all20 were

employed, copious amounts of the aldehyde were detected (Table 3.3, Entry 2. The formation

of aldehyde 213 from propargyl alcohol 215 might be explained via a fragmentation first

observed in steroid systems by Gardi et all2°1 Therein, silver acetylide produced after silyl -

cleavage abstracts a proton of the propargylic alcohol (A) and thereupon aldehyde (B) and

silver acetylide (C) are generated(Table 3.3. The formation of the latter presumably represents

the driving force of this reaction 2021 ee*~7e‘1e'Z10@E " ™Z1 —1 '— celeez+¢1E " —+S’ —
alcohol, this fragmentation does not appearto be operative in their case![20
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Table 3.3 Attempted silyl cleavage on TIPScapped alkyne 215(a) and proposed mechanism for AgF-
mediated aldehyde fragmentation.

a) Silyl-Cleavage of TIPS-capped alkyne
CO,Me CO,Me

TIPS / \
Condltlons S _ //

see below

b) Proposed Mechanism for Aldehyde Formation in AgF mediated Silyl-Cleavage

:f;;i e

Entry Reagent T/°C Solvent Comment
1 TBAF 0°C THF 48% yield
2 AgF rt MeCN 3.8:1219213

2Ratio determined by *H NMR .

With these results in hand, the trimethylsilyl -capped alkynoate 216 was pushed forward. As
expected, Noyori transfer hydrogenation was perfectly transferable to multigram scale and
provided alcohol (9)-204 in practically perfect optical purity and quantita tive yield
(Scheme3.19)1.1921Cleavage of the slyl cap under basic conditions followed by standard TBS-
protection furnished terminal alkyne 220 in very good yields over two steps. Arase and

scale n a highly reproducible fashion. [196.198]

CO,Me CO,Me
7 _ TMS 1 mol% (5,6)219
0 N zZ iPrOH, rt
o 99% ee
99% yield
216 9.5 g Scale (S)-204
1) K2CO3, MeOH, rt| 95% yield
2) TBSCI, imidazole | 9.4 g Scale
DCM, rt over 2 steps
CO,Me
10 mol% 9-H-9-BBN, CO,Me
. _BPin __ HBPin, THF, 60 °C
83% yield
oTBS 10.1 g Scale
OTBS
(S)-197 (S)-220

Scheme 3.19 Scaleup of the enantioselective route towards alkenyl boronic ester (S)}-197.

Next, the scale-up of the photosensitized [2+2] cycloaddition was investigated. Since blue light
is absorbed by neither glass nor water, the reaction was run in a water cooled, jacketedvessel
to ensure sufficient heat transfer. Assuring efficient convection should mitigate long reaction
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times, arising from inefficient light penetration in the larger reaction container. Reduced to
practice, a solution of (S}197accompanied by Ir-catalyst 205in carefully degassed MeCN was
irradiated with a blue LED (Scheme 3.20)thus resulting in the formation of cycloadducts 200
and 201, which were easily separated by flash chromatography at decagram scale.

The modest diastereoselectivity (dr 1.5:1) ofthe transformation notwithstanding, it is worth

mentioning, that the resulting products 200and 201 S>71 3758 —e«'"—7Z>00 1>ZS>e’—ele
cyclobutane subunit. As they are separable by flash chromatography, they should allow access

to both enantiomers of fragment 195 (Scheme 3.1} which is desirable since the absolute
configuration of providencin (132 remains unknown.

COo,Me CO,Me
CO,Me (j/ / /
BPln BPin

/ \ = X _BPin 1 mol% 205
(o}

e LED, LED, H

OTBS
MeCN, rt oTBS oTBS
(S)-197
200
54% yield 38% yield
5.8 g isolated 4.0 g isolated

Scheme 3.20 Scaleup of the photosensitized [2+2] cycloaddition with enantioe nriched alkenyl
boronic ester (S)-197.

Reaction of 2000201 with sodium perborate resulted in slow decomposition of the substrates.

Conditions using aqueous hydrogen peroxide in a biphasic mixture of THF and aqueous
NaOH, however, delivered the desired secondary alcohol 196in good yield (Scheme 3.21)8°
Acetylation of the secondary alcohol 196 preceded desilylation with TBAF revealing the

hydroxy group attached to the five-membered ring in 221

CO,Me 1,0, (0 y COo,Me 1) Ac,0, NEts, DCM y COo,Me
l BPin THF/NaOH (aq.), o / OH 97% yield o OAc
0 °C, 10 min 2.5 g Scale
e e -
H H 81% yield H H 2) TBAF, THF, rt H H
ores 49 Scale otBs 4% yield OH
2.7 g Scale
200 196 221
Martin's | 970, vielq
sulfurane, 1.8 g Scale
pcm, rt | %9
i. 0sO4, NMO
Co,Me ! 4 ' CO,Me
77 z THF/H,0 77 2
% OAc ii. NalOg, THF/H,0 OAc
__ then NaBH,, MeOH
&, _OoH 77% yield H H
- 1.8 g Scale
HO
222 195

Scheme 3.21 Elaboration of the minor diastereomer 200arising from the [2+2] cycloaddition.
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The acetate was identified as a viable protecting group, as it is easily cleaved under basic and
reductive conditions, while displaying full compatibility with Pd  -mediated transformations ;
moreover it is orthogonal to silyl protecting groups. Alternatively, a MOM -ether might be
introduced, having the advantage of tolerating strongly basic conditions and strong
nucleophiles.

With the stage set for the dehydration event, it was found that M a>+’— ce 1 ce Zwitiiou§ — Z
external base, was optimal to afford olefin 195in excellent yield. Although ozonolysis le d to

full decomposition of the substrate, OsOs-catalyzed dihydroxylation, follow ed by periodate
cleavage andin situ reduction of the bis-aldehyde worked exceptionally well and provided

diol 2220n gram scale.

Parallel to the minor diastereomer 200, the major diastereomer 201, arising in the [2+2]
cycloaddition, was converted to cycloolefin ent195 (Scheme 3.22) Noticeable are the
diminished vyields at the stage of TBScleavage and dehydration of the respective alcohol.
These observations might be explained by the orientation of the C16-OH group, as it points
into the concave face of thecisfused bicycle, shielding it from the attack of fluoride in the
desilylation as well as the attack ontoMS>e’'— oceleZee?>S—71"—1e'Z1e¢Z'¢Ce>Se’"—il ce
are accompanied by decomposition at longer reaction times, the yields are lower, when

compared to the diastereomeric series

y CO,Me J CO,Me 1) A0, NEty, DCM CO,Me Y CO,Me
| . H205 (aq.) | 4% vield | Martin's |
0—, BPin THFNaOH (aq), o—v, OH % yie o—, DAc o
H

R ™ sulfurane, 2, ‘\OAC
g 0°C, 10 min ) 250 mg Scale ) DCM, 1t ™
Hi wiH 86% yield Hin wiH 2) TBAF, THF, rt Hiu wiH 80% yield U wiH
OTBS 400 mg Scale OTBS 80% yield oH 125 mg Scale
250 mg Scale
201 223 224 ent-195

Scheme 3.22 Elaboration of the major diastereomer 201arising in the [2+2] cycloaddition.

The deprotection of acetate 222 could be afforded by means of in situ generated HCI, from
AcCl in MeOH (Scheme 3.23) As triol 225 now consisted of a 1,3diol moiety, it was
conjectured that the latter might be selectively masked by a thermodynamically formed
acetonide. Unfortunately, the trans-configured acetonide 226 turned out as highly sensitive,
which led us to abandon this approach.

cOo,Me cOo,Me CO,Me
i z
Y | OAc o l OH o I °\|<
AcCLMeOH.tt o, Y e, - 1
67% yield S,
\ »—OH 450 mg Scale \ ~—OH \ .
HO HO HO
222 225 226

Scheme 3.23 Acetate cleavage and projected acetonide protection of the 1,3-diol in 225.
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Due to the high polarity of triol 225 resulting in complicated c ompound handling and low

yields when the triol had to be recovered, diol 222was moved forward . To this end, selective
tritylation of the less sterically demanding primary alcohol gave the desired
monomethoxytrityl -protected cyclobutane 227(Scheme 3.24)along with the undesired mono -
and bis-protected cyclobutanes 227aand 227b respectively. The latter two were recycled to
diol 222after separation through flash chromatography. Protection of the remaining primary

alcohol of 227 with TBDPSCI gave fully protected building block 228 which upon treatment
with catalytic amounts of PPTS in a mixture of DCM and MeOH delivered the orthogon ally

protected cyclobutane 194

7 CO,Me CO,Me CO,Me CO,Me
o I OAc
MMTrCl, pyridine, DMAP

& %,__OH DCM, -42°C s “,__OMMTr s‘ “,__OMMTr e “,__OH
1.1 g Scale
HO HO MMTrO MMTrO
222 227a 227b 227
7% yield 5% yield 46% yield
10 mol% PPTS (88% brsm)
T DCM:MeOH 4:1 | | TBDPSCI, DMAP, 93% yield
80% yield NEts, DCM, rt l840 mg Scale
J I CO,Me CO,Me
o OAc |
o OAc

10 mol% PPTS

& %__OTBDPS DCM:MeOH 4:1
) 94% yield
HO 1.1 g Scale
194 MMTrO™ 228

' ,__OTBDPS

Scheme 3.24 Selective tritylation of 222and following protecting group manipulations.

Oxidation with Dess -Martin periodinane furnished the aldehyde 229in satisfying yield and
purity (Table 3.4) The alkynylation was tested with both lithium - and magnesium-derived
species (Entry 1 and 2 respectively), where the latter proved to be superior. Further
functionalization of furan 230 via electrophilic bromination with NBS in various solven ts or
with the aid of sulfonyl hypoiodit e generated from AgOMs and |2 in MeCN failed, 293 as
decomposition of the substrate was observed.
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Table 3.4 Towards the coupling precursor (Scheme 3.12).

CO,Me
CO,Me CO,Me l
| DMP, NaHCOs, 7 | ’ 0 OAc
o OAc DCM, 0 °C to rt o OAc Conditions L
93% yield see below S “%4_-0TBDPS
" “,__OTBDPS 10 mg Scale & “,__OTBDPS
) > y OH
HO 0/ /
194 229 230
Entry Reagent T/°C Solvent Yield
1 HsCC @Li °78 THF 18% (dr 1.5:1%
2 HsCC @MgBr °40to °20 THF 59% (dr 1.5:1%

aRatio determined by H NMR .
Deprotonation at the 2-position of the furan and subsequent trapping of the carbanion was not
attempted, because the acetate ir230was known to be sensitive to strong bases necessary to
abstract the most acidic proton of the furan moiety.

The crude NMR spectra indicated involvement of the triple bond, which le d us to investigate
the functionalization of the furan, before the alkyne was installed. After a considerable amount
of experimentation it was ¢~ Z—e31 «'Sel ’eeZ20%d01 cothbiiation with a modified

workup procedure provided iodofuran 231 (Scheme 3.25)The modified procedure, consisted
of an aqueous work up with sodium thiosulfate prior to concentration of the substrate, in order
to render the unreacted hypoiodit e reagent harmless, as significant decomposition was

observed otherwise.
co,Me co,Me
I 2 | / ’ 2
o OAc AgOMs, Iy, o] OAc
Li,CO,4
& %__oTBDPS MeCN, 1t & %,__OTBDPS
56% yield
HO crude material HO
194 231
Scheme 3.25 Successful iodination of furan 194 2 e’ —e1 'eeZ> 1B~ —e’'e'"— ]|

Subsequently, coupling of vinyltrifluoroborate salt 232 to this fragment was attempted

(Scheme 3.26) This would not only give the proof-of-conceptthat a viable building block for

cross-coupling was prepared, but also strategically '—e+Z>@EZ ™e1 7e£7> @l>" 727171 ™5~
(132. Adopting the literature route, which allowed intermediate  234to be converted into 17-
deoxyprovidencin (160, should allow entry for our vinyl furan 233to be elaborated into actual

providencin (132.
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co,M COo,M : CO,M :
—~7 2ve 232 7 2le : 77 e :?ycy
o OAc 5 mol% 235, 4 o OAc : 7 o : P77 ¢
K3PO, THF, 55 °C : ! iPr iPr “pa”
R 44% yield . : . : O H N O
7,
OTIPS !

' %__OTBDPS  gyer 2 steps < “,__OTBDPS; S
> > : > Do P O
HO HO' : HO' :
231 233 E Mulzer's intermediate (234)5 XPhos-Pd-G2 (235)

Scheme 3.26 Suzuki coupling of vinyltrifluoroborate salt 232with iodofuran 231and the
E>>720@™" —e’ —el’'—e7>5-7'Se71'—1 -dedkyprocatmeit (1602 el «1W]

Finally, with an enantioselective access to iodofuran231 established and the first coupling
reaction performed, our attention turned towards a properly functionalized alkenyl building
block, to pursue the RCAM strategy towards providencin (132).

3.2.3 Synthesis of the Weste rn Fragment

For the synthesis of the western fragment, an approach was selected which was very well
precedented by work from our own group. Specifically, in the synthesis of manshurolide, a
MAP -kinase inhibitor, 3-butyn-1-ol (236) was converted into alkenyl iodide 238 in three
steps!®l Although this sequence was carried out in racemic fashion, employing an asymmetric
prop ynylation step developed by Carreira et all*82 might allow access to the enantioenriched

material.
1) DMP, NaHCOg3,
DCM, 0°Ctort
22 mol% Cp,ZrCly, 2) Zn(OTf),, NEt3,
AlMej, H,O, DCM, (=)-N-methylephedrine,
-25°Ctort, PhMe, propyne, OH
/\/// then Iy, Et,0 /\)\/I 0°Ctort . _ S|
HO 71% yield HO 94:6 e.r. =z
1.8 g Scale 32% yield
236 237 1.3 g Scale 238

Scheme 3.27. Synthesis of enantioenriched alcohol 238via S>>7'>S @1Se"¢—¢eSe' " —j

In practice, Zr-mediated carbometalation of 3-butyn -1-ol (236) provided (E)-alkenyl iodide 237

in good vyield and excellent regioselectivity (Scheme 3.27) Gratifyingly 81 S>>72'>S el
alkynylation using propyne delivered propargyl alcohol 238 in good enantioselectivity,

though in poor yield.

With the literature known compound 238in hand, TBS-protection preceded the attempt to
synthesize the corresponding alkenyl stannane 240 (Table 3.5) Although crude NMR showed

signals arising from the desired stannane, every purification of the highly acid sensitive
molecule resulted in quantitative prot odestannylation. Therefore, the focus was put towards
alkenyl boronic ester 241
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Table 3.5 Derivatization of alkenyl iodide 239into viable coupling partners.
n-BuLi, BuzSnCl,

OTBS
-78 °C to rt, Et;0 X _SnBu;
—
/
OH TBSCI, imidazole, OTBS Z
DCM, 0 °C to rt 240
S !
o
Z 10604/0 ylseldl = oTBS
mg Scale for borylation . _BPin
-
238 239 —
see below =z

241

Entry Reagents T/°C Solvent Yield
1 Pd(PPhs)Cl2, PPhs, B:Pinz, KOPh 50 PhMe 10-40%
2 Pd(dppf)Cl 2, B:Pinz, KOAC 80 DMSO 0%
3 n-BuLi, B(OiPr)s, pinacol o78 to rt PhMe/THF 95%

First, classic Miyaura borylation conditions were employed, resulting in irreproducible yields
ranging from 10 to 40%(Table 3.5, Entry 1)[204.205 Another palladium -catalyzed protocol was
attempted, however, at this time full decomposition of the substrate was observed (Entry 2).[206]
Only recourse to lithium -halogen exchange followed by trapping with triisopropylborate and
addition of pinaco | delivered the boronic ester 241in reproducible fashion (Entry 3).[207]

The 1,4butyne-diol moiety is arguably one of the hardest motifs to build through alkyne
metathesis. Additionally, the mono -TBSprotected subunit was unprecedented, so we also
planned to target a MOM -protected building block 243 which in turn would give us a well -
precedented scaffold previously built by RCAM.® In practical terms, fragment 242bearing a
MOM - instead of a TBSether was synthesized from enantioenriched alcohol 238 via the
previously established route (Scheme 3.28)

n-BuLi, B(OiPr)3,

OH MOMO MOMO
MOMCI, DIPEA then pinacol i
) —> | X _BPin
Z DCM, 0 °Ctort Z PhMe/THF, Z
Z Z _78°Ctort Z

238 67% yield 242 84% yield 243
168 mg Scale 127 mg Scale

Scheme 3.28 Synthesis of MOM -protected western fragment 243
3.2.4 Fragment Coupling and Attempted Ring Closing Alkyne Metathesis

Finally, the Suzuki coupling with the originally targeted fragments 241/243and 231 could be
tested. Using Buchwald s 2" generation XPhos-Pd-precatalyst 23528 the fragment merger
provided the desired product s 244and 245, from both the TBS and MOM -protected western
fragments (Scheme 3.29) A high catalyst loading was necessary to ensure full conversion,
which might be explained through impurities resulting from the crude iodofuran 231 or
decomposition products formed at higher temperatures duri ng the course of the reaction.
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