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ABSTRACT
PART { TOTAL SYNTHESIS-QfPE1018

The family of polyketide natural products aiigy from 1,3,5cyclooctatriene intermediatefias grown
significantlyin the last decadeThe oldest and most famous members of this family are the endiandric acids

and more recentlynatural productssuch ashe elysiapyrones, kingianinand ocellapyrones hee been

isolated and synthesized. Tiheaction cascadgthat yield these compoundscommencefrom conjugated

EZZEG SGNI Sy Sas ¢KAOK dzy RS N&guere jeading te hicyclo[®.0]d@liee® O& Of A
For some of these natural products, such as endiandric acid C, this cascade is followed by an intramolecular
Diels Alder reaction.(- )-PF1018 canalso beconsidered a member of this family, sintdés polyketide

originates from a 1,3;8yclooctatriene precursorHowever (- )-PF1018is obtained througha variation of

i KS yDiels Aldekcascade the cyclooctatriene intermediate is interceptedy a dienophile inan
intramolecular[4+2] cycloadditionbypasingtKk S ¢~ St S O NHHsauldfue réaktitity @efihesa G S LJd
the unprecedentedstructure of {)-PF1018, which comprises a tricyclic 8/6/5 ring system bearing 6
contiguous stereocemes. This core is linked to a bicyclic tetramic acid by an ethyieker.

"Classical" 8n/6x reactivity
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Thefirst part of this thesislescribeshe total synthesis of-()-PF1018. Thekey cascadereaction started

with a polyene bearing doubly protected syndiol responsible for the divergent reactivity that led to the

[4+2] cycloaddition In the absence of these hydroxy groups the corresponding polyene wadethe

GOf B af Okc~- St SOGNROBOtATIGAZ2Y OFalOFRS® nekSR GNRO
Barton McCombiereaction which yielded the desired product together with an unexpected tetracycle.

Both intermediates reconverged into an aldehyde whislas transformed into -()-PF1018 via a

Horner Wasworth- Emmongeaction.
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PART It DEVELOPMENOF PHOTOSWITCHABLE GAEACEPTOR POTENTIATORS

GABA receptors are ionotropic receptors ubiquitousthme central nervous system which are activated by
gammaaminobutyric acid (GABA). The binding of two molecules of GABA ingoeEspening causing a
flow of chloride anions into the cedthichinhibits neurotransmissionThe activity of these receptors cae b
modulated by different drugs, the most prevalent of which are benzodiazepines amdgZ. These
compounds induce current potentiation by increasing the affinity the GABAR for the GABA
neurotransmitter.Benzodiazepines anddfugs show low specifigitfor the different GABAR subtypes, and
therefore cau® undesired sideffects such as drowsinessnterograde memory loss and ataxidthough
the binding site andinding modes of benzodiazepines Wa been recentlyelucidatad, other binding
pockets forthese drugs existn the case o¥-drugs,it is known that they bindhe benzodiazepine binding
site, but their bindingmode hagyet to be described

:\/SO e NH, NH, o
) o O Ul JYIRNGY"
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N=N l N l NH, |
360 nm HN/u\
- / N
t1/2=2.6S O —Nz

In the second part of tsthesis we describe the principles of desagrdthe synthesis of a photoswitchable
benzodiazepine The azoextension approach on the benzodiazepine scaffold relied otfe early
introduction of the azbenzene moiety at thertho-position of the pendant pheyi ring This resulted in the
isolation of new azobenzophenone intermediates as well as the envisioned azobenzodiazepine.
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We also describe the design and synthesis of the first reported photoswitchabiggg. The desigwas

built on a lead compound found in a virtual screening campaign based on the benzodiazepine binding
mode. Given the high affinity of the parent compound forthe GMBA I YR (1 KS LINBa&y OS 2
in its structure, weadecided tosynthesize a series of photochromic ligands using an azologization approach.
Again, the strategy relied on the early introduction of the azobenzene majgtingrise to new types of
heterocyclic azobenzenes.
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Ac acetyl
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N,N-dimethylformamide

Dess Martin periodinane
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d.r.
DTMP

EDC

ee
eGABAR
equiv.
ESI

Et

EWG

Gl

GABA
GABA
GABA
GABAR
GALIZA

glu
GIuR
Glyr
GPCR

HGII

His
HMDS
HMPA
hn

1,1%bis(diphenylphosphino)
ferrocene
diastereomeric ratio

2,6-di-tert-butyl-4-
methylpyridine

opposite frans)

N-(3-dimethylaminopropyhN"-
ethylcarbodiimide

enantiomeric excess
extrasynaptic GABAR
equivalent

electron spray ionization
ethyl

electron withdrawing group

secondgeneration Grubbs
catalyst

gammaaminobutyric acid
type A GABA receptor
type B GABA receptor
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GABARLightdependent Zdrug
Allosteric modulator
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glutamate receptor
glycine receptor

G proteincoupled receptor
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HPLC
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KR
KS

LCMS
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orbital

high performance liquid
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Horner Wadsworth Emmons
reaction
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concentration
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isopinocampheyl
infrared
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m-CPBA
Me
min
MHz
mL
MOM
Mp
Ms
MS
MW
MV
n-Bu
n-Pr
nAChR
NAM
NBS
nm
NMO
NMR
Np
NP
NRPS

NTED
Nu

PAM
PBS

multiplet (NMRspectroscopy
molar
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quant.
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rt

s-Bu
Ser
S2

pyridinium chlorochromate
protein data bank
protecting group

phenyl
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polyketide synthase
paramethoxybenzene
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remotely tethered ligand

parts per million
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phenyltrimethylammonium
photoswitchable tethered ligand
p-toluenesulfonic acid
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unspecified substituent

radical catiorDiels Alder
reaction

retention factor

room temperature
second(s)
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serine
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substitution
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tu2
t-Bu
TASF

TBAF
TBDPS
TBHP
TBS
TBTH
TC
TCDI
TES
T
TFA
TFP
THF
THIP

THPO

Thr
TIPS
TLC
™
T™MS
TPAP

nucleophilic aromatic TPMPA
substitution
temperature TRPV1
transmembrane domain

Ts
triplet (NMR spectroscopy)

TS
half life

TTMSS
tert-butyl

. . . Tyr

tris(dimethylamino)sulfonium
difluorotrimethylsilicate uv
tetrabutylammonium fluoride %
tert-butyldiphenylsilyl Vis
tert-butyl hydroperoxide w
tert-butyldimethylsilyl wt%
tributyltin hydride XPhos
thiophene carboxylate

Z

thiocarbonyldiimidazole
triethylsilyl
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trifluoroacetic acid
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tetrahydrofuran
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threonine
trilsopropylsilane
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transmembrane
trimethylsilyl

tetrapropylammonium
perruthenate

1,2,5,6Tetrahydropyridird-yl
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transientreceptor potential
vanilloid 1

p-toluenesulfonyl
transition state
tris(trimethylsilyl)silane
tyrosine

ultraviolet

volume

visible

(weak, IR spectroscopy)
weight percent

2-Dicyclohexylphosphina  Z-n
triisopropylbiphenyl

together €ig
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1. Introduction

1.1 1,3,5Cyclooctatriene.ThermalHectrocyclizations
and HistoricalPerspective

The first synthesis of 1,3&yclooctatriene 1.4 or simply cyclooctatrienewas reported by Richard
Willstatter and Hans Veragutim 1905 as an intermediate in the synthesis of cyclooctatetradn® .
Starting from pseudopelletierinel (1), a natural product present in the rodsark of the pomegranate tree,
1.4 could be obtained through kene reduction and dehydration of the resulting alcohol followed by two
consecutive Hofmann eliminations of the amino brigigesentin 1.2 (Scheme 1.1A). Three decades later,
American chemists including Hurd, Drake, Horning, Goldwasser or Taylor, uwidanob reproduce thee
results argued that the product isolated by Willstatter could not be identified as cyclooctatetf@na.
1947 however, Arthur C. Cope reproduced Witdt$ ND& NB &dz & FyR O2NNRO?2
cyclooctatetraeng(1.7) by comparisorto a sample obtained by the method @alter Reppe from BASF
Luwwigshafen, who synthesizeld7 from acetylene in the presence of a nickel catalyst at high pres&ftes.
The previous laborious synthesis of 1;8y&looctatriene from pseudopelletierine did not allow for isolation
of large quantities ofl.4x 06 dzi o0& w Sdighisadtamodn (oK &dboctatetraene, a nea
precursor, could be readily prepared. This prompted Cope and others to develop a method il whiels
transformed irio a mixture of 1,3,&yclooctatriene and 1,3;6yclooctatriene under Birch conditions
Treatmentof the mixturewith potassiumtert-butoxide yielded solely the conjugated isom@&cheme 1.1,
B).[7'8]

,SENE fFGSNE AY mopecpZ O2AYOARAY I g A Whickiekidblisteddzo £ A O
the rules for pericyclic reactions, thedt synthesis of 1,3;6yclooctatriene from a linear precursor was
developed by Ziegenbein using a method by Meister, which consisted of partial hydrogenation df.8jyne
obtained by Glaser coupling of vinylacetylene, (Schen@ fbllowed by an 8 electrocyclizatiort®*% This

sequence was later used in the synthesis of endiandric acids by Nicolaou, as desdtibapterl.2.1.

A
|
N | NMe
1) Mel 2
1) Na, EtOH N ) Me _ Mel Willstitter
2) H,S0, % 2) AgOH T 2)AgOH 1905
o AcOH (80% 2 steps) (66% 2 steps)
(70% 2 steps) 1.2 1.3 cyclooctatriene
pseudopelletierine
(1.4)
(1.1)
B = ﬂ» 1) Na, NH3 o Reppe/Cope
(90%) 2) t-BUOH, KOt-Bu 1948-1950
0,
17 (58%, 2 steps) 14
— CuCl, Oy Pyr = — Lindlar cat., H, Meister/Ziegenbein
c 7 (36%) / \ 80%) 1963-1965
1.8
1.4

Schemel. 1. Overview of the different synthetic rosteowardscyclooctatrienan chronological order.

In 1950, Cope was intrigued by the slight variations found in the refractive indices of different samples of
1,3,5cyclooctatrienes. Upon distillation @f4 at unusually high temperatures (8Q instead 540°C), which
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with silver nitrate, bicyclo[4.2.0]octd,4-diene (.10) was isolated! Its structure was confirmed yb
hydrogenation to bicyclo[4.2.0]octane and by separate Bilder reaction with succinic anhydride. Cope
NEO23ayAlT SR (KIG GKS ¢~ St SOiGNROe Of Alipvaro@symoaritsda | N
of cyclooctatriene were obtained.

After the first description of the valence isomerization of cyclooctatriene by Cope and given its now easy
access, many chemists studied the/c “reaction cascade of octatetran€$ with Huisgen being the

most prolific for several years.

G* = 27.8 kcal/mol@

AG* = 17.0 kcal/mol® A

O AG* = 17.3 kcal/mol®) O AG* = 27.3 kcal/mol®) -@
H H

N/ AG* = 27.0 keal/mol®)

1.9 1.4 1.10

/

Scheme 1.2ndFigure 1.1Top.Activation energies for "andc “electrocyclizations df.9and1.4obtained
by Huisgen experimentafyand calculated by HouR.Bottom. Transition states for both transformations
calculatedoy Houk ificludedwith his permission®

Huisgen focused on the kinetics and thermodynamics of these electrocyclizationslipgothe first

activation energy values10l.4 = 17.0 kcal/mol and..4'HL.10= 27.8 kcal/mol, Scheme 1.2), reaction
constants, distribution of the different species at different temperatures and substituent effects on the
electrocyclization processé€4:! In the case of 2,4,6;8ecatetraene for example, he described that the
(EZZB)-isomer cyclized fastest, followed by tHe4Z 2)-isomer and the altis(Z222)-isomer, which was

the slowest® | S 1 fa2 y2GSR GKIFIG GKS LINPOS&aasSa sSNBE O2y
RAANRUGIG2NE F2N 0KS ¢~ I -Hoffmah rAlésBAS Mo tériperatirés 12K S 2 2

K26 SOSNE GaF2NDPDARRSY ¢ LINPHSa23SaE 200dz2NNBR (G2 a2YS S
Q = ".-\H ~:;’_ng Z\
R, > Lo —— - "._:; -~
AN inward — R " ( H ¢ outward ) NV
et P h
H H
counterclockwise clockwise

Scheme 1.3Torquoselectivity in cyclooctatrieriag opening The lowest energy transition state is the one

in whichthe biggest substituent points out of the ring (outward), which in this case involves a clockwise
rotation along the €C axis next to the breaking sigma bond. Note that for ring closure, the positioning of
the substituent in the transition state is predefd by the Zor E configuration of the terminal double bond.
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Major contributions based on computational chemistry were later made by Kendall N. Houk. He reported
the structures for transition states and made systematic studies on the influence of tdrauibstituents

in the outcome of the cyclization casca@®®¢ KS G 2NJjd2aSt SOGAGAGe 2F (KS
one of the main subjects of study these articles. This concept coined by Houk is defined as the preference
of the terminal substituents to occupy an inward or an outward position during the transition state (Scheme
1_3).[24,25]

Unlike for cyclobutene, the electronic influence of the terminal substituents is not relevamt in
electrocyclizations given the low orbital overlap in the transition st&t&?" Steric bulk, however, playan
important role in determining the direction of rotation of the side chains, with the outward preferred in a
vast majority of cases. Interestingly, Houk also provided an explaragitawhy no natural products with

a disubstitutedendo-synpattern atC7 and C8 in bicyclo[4.2.0]odianes have been found. The transition
state for such compounds is too high in enetigye tothe stericclash of thesubstituents with the hexadiene
ring and with each other (Scheme 1.4 and Figure 1.2).

AGH =249 AGH=21.0 / \
kcal/mol kcal/mol
nnH —_— >

Hid P — P — H H
T Me  Me /78

Scheme 1.4nd Figure 1.2 Activation energies for the “electrocyclization of trien&.12 and calculated
structures of the transition states by Houkofudedwith his permission¥® The energy difference of 4
kcal/mol can explain why ndisubstitutedendo-C7,C&yn natural products have been found.

Regardingther electrocyclizations afyclooctatriene the relative energies of the transition states for

and 4 thermal electrocyclizations are respectively 18 and 32 kcal/mol higher than the activation energy
for they “process?™ This explainsvhy such reactivities are scarcely observechéme 1.5 Top.?® The
photochemical y ~ electrocyclization is outcompeted by [4+2] cycloaddition, vyielding vinyl
bicyclo[3.1.0]hexen&&3!]

ra | Of 2aAy3 NBYI N] \WI¢  eledaz|cl2édtion ZascuRA siistituioy at dhi S
octatetraenetermini strongly influences theutcome of thecyclization procesg&Scheme 1.3Whenw |
the activation energy for they ~ electrocyclization increases, especially for termindkconfigured
tetraenes. The presence of substituends$ terminal positions alsoncreases the instability of theesulting
cyclooctatriene intermediates, (especialfiyhey aresynconfigured such ad.12 Scheme 1. Ylowering the
activation energy for the “electrocyclization. Therefore, the equilibrium of thie/c “electrocycliation
cascade is generally shifted towards tiécyclo[4.2.0]octadieneq1.13 in Scheme 1.4), except for
unsubstituted cyclooctatrienel(4, Scheme 1.2)solable at room temperature



1.2 CyclooctatrieneDerived Natural Products

As shown irChapterl.1, cyclooctatrienes arise from octatetraenes uppnelectrocyclizationbut thisis

not the only reactivity available toctatetraenes, since photochemically induced intramoleculsels Alder
reactionsandc “disrotatory electrocyclizationsan also take plac& tesereactiviieshave been exploited

for the synthesis of different natural product®NPs) many of which are thought to share common
precursors Forexample ocellapyrone AX.15), photodeoxytridachone (L.16) and 9,1@deoxytridachione
(1.17) can betraced back to thesame precursof.14 (Scheme 1.5bottom).*<*3In some occasions this
reactivity has led to undesired side products or frustrated synthetic approachdateasdiscusseé with
regard to¢ NI dzy SNRa S| NI & | { §*Swotelivér, thés2 dehdNdr athfvaysCaam bep @
responsible for the relatively low yields in many of théc “cyclization cascades which follow.

In this chapter we will provide an overview on tlagal synthegs of mostmembersof the Gyclooctatriene
Derivednatural productfamily. Thepolyketide nature of these NPs together withetubiquitouspresence
of cyclooctatrienederivativesas key intermediatein their total synthesegand presumably also in the
corresponding biosynthesg justifiesin our opinion the inclusion of theddPs together with PF1018 in
the aforementiored family. We also include¢he synthe®sof three sesquiterpene natural produstwhich
do not belong to tls family but entail a cyclooctatrieneeyintermediate.

cyclooctatriene

8n conrot. 61‘c disrot.
—— b|cyclo[4 2.0Joctane
7 hv
vinyl bicyclo[3.1.0]hexene
N\ /R [x4s+72al

o N
— ©/\/ A tricyclo[3.2.1.0%]octene
67 disrot. "R [n4 +:26]

vinyl cyclohexadiene

mT

T

1.14 ocellapyrone A 9,10-deoxytridachione  photodeoxytridachione
(1.15) (1.16) (1.17)

Scheme 1.5Top. Octatetraene and its different pericyclic reactio@ottom. Natural products which
originate from the linear precursdr14as a result of the prosses shown abovés®!

1.2.1Endiandric acids

Until recent yearscyclooctatrienediad only been scarcely used as intermediates in total synthesis. The first

and most remarkable use of cyclooctatrienes in natural product synthesis was reported by Nicolaou in his
biomimetic synthesis of various endiandric adilst KA a ¢2NJ] o6l a AYaLANBR o0&
biosynthetic proposal, in which he hypothesized that the endiemdcids A, B and C, isolated from



Endiandra introrsa (Lauraceajere formed from linear polyenes. He positdidat these polyenes
underwent any “electrocyclization to deliver functionalized cyclooctatrienes (Schemg4.@hich was
followed by a ¢ ~thermal disrotatory electrocyclization tgield bicyclo[4.2.0]octadienes, known as
endiandric acids & &heme 1.6.5%38 Finally, upon intramoleculaDiels Alder reactions, the intrincate
structures of endiandric acids A, B, and C, bearing 8 stere@msetbuld be obtained. Black observed that
these natural products were all racemic, and therefore suggested that no enzymes took part in the

cyclization steps.
H ~
6n [4+2] HO,C
—
disrotatory S
= /\/CO H HOzC
Ph

Endiandric acid G Endiandric acid C
(1.19) (1.20)

H

R Ph 440
6 +
41[» = Y t_/ R g» Ph
R disrotatory \ 27\ \
H /\/\/Ph N

Ph 1.21, R = CO,H Endiandric acid E (1.23) R = CO,H Endiandric acid A (1.25) R = CO,H
1.22, R= (CH),CO,H  Endiandric acid F (1.24) R = (CH),CO,H Endiandric acid B (1.26) R = (CH),CO,H

Scheme 1.6Biosynthesis of endiandric acid€As proposed by D. St. C. Black.

Asmentionedin Chapterl.1, linear polyenes such 427 (Scheme 1.7) bearing 1,3,88traene entities
(where C3C4 and C&6 olefins must b#&) undergoy thermal conrdatory electrocyclizatiowiatransition
state 1.27TSdelivering cyclooctatriend.21 This compounexist asa mixture oftwo conformers,1.21a
and 1.21b whichinterconvertby a ring flip with an energy barrier of#kcal/mol (Scheme 1.7/ Each
conformer, 1.21aor 1.21h yields a different diastereomer upon ~electrocyclizationwhichin the case
depicted in Scheme 1ateendiandric acids D and E.

6n

disrotatory CO,H
_ Ph

mI

T

Endiandric acid D

COOH
HOLG y (1.28)
7 N\ A 8n conrotatory
E— = T
N/ <5< CH,(CH),Ph
S H
1.27TS
CO,H 61 H CO.H
127~ disrotatory 2
Ph H - A\

H /\/\/F’h

1.21b Endiandric acid E
(1.23)

Scheme 1.7Biosynthesis of endiandric acid€Elas proposed by D. St. C. Black showingobitee two
possible transition states for the y ~ electrocyclization and the two conformers of the resulting
cyclooctatriene.
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substrates for thgy 7c cascadewhich would be furthefunctionalized prior to théiels Alderreaction“"!

Thus, starting from symmetric diyrie30 obtained through Glaser alkyne coupling of enying9, partial
reduction with Lindlar’s catalyst presumably led to the +#iwmiable octatetraenel.31, which after tle

8p/6p cascade yielded bicyclo[4.2.0]odiane 1.32 (Scheme 1.8)Selective protectiorof the exo-alcohol

was achieved by regiospecific iodoetherification of dralo-alcoholfollowed by TBDPS protection of the
remaining primary alcohaind reversal of the etherification by treatment with Zn dust and acetic dggel
reaction followed by nucleophilic substitution of the resulting bromide by sodium cyanide in HMPA allowed
for isolation d the key intermediatel.34, which could be further elaborated affording endiandric acids A

G (Schemes 1.8 and 1.9). Subsequent DIBAL reductibB4xdnd condensation of the resulting aldehyde
with diethyl trans-cinnamylphosphonate yielded th®iels Alder precursor 1.35. The desired [4+2]
cycloaddition was achieved in refluxing toluene, which smoothly yielded the core strdc®6eThis was
elaborated into the common precursor of endiandric acids A andl. 3 by TBAF deprotection, Appel
reaction and or-carbon homologatiowianucleophilic attack of sodium cyanide37was finally converted

into endiandric acids A and B by simple cyanide hydrolysis for endiandric acibyfaqd Wittig olefination

with phosphonium sall.38and ester hydrolysis fomgliandric acid B1(26).

Z cucl, 0, o H, Z —
| NH,CI J— — \ Lindiarcat. | L, 8r/6n \ H I, K,COs
(90%)  HO 1.30 OH  (45-55%) HO\‘WH'\OH

OH HO OH
1.29 1.31 1.32
| 1) TBORSS, Im H 3 g:ﬁéh')-l CH,P(O)(OEt) "
H 2) Zn, AcOH LCH> t)2 H
\ ) \SIH é oTBDPS —Me
o 3) CBry, PhgP N (75%, 2 steps) — 110 °C, 5h
H OH  4)NaCN, HMPA H OTBDPS H (100%)
1.33 (70%, 5 steps) 1.34 1.35
1) TBAF
2) PPhy CBr, KOH, H,0,

3) NaCN, HMPA
(95%, 3 steps)

(95%)

(1.25)

1) DIBAL
2) PhsPCHCO,Me (1.38)

3) LiOH, H,0
(81%, 3 steps)

Endiandric acid B
(1.26)

Scheme 1.8Total synthesis of endiandric acids A and B by Nicolaou.

Starting from the key intermediat&.34, Nicolaou also accomplished the synthesis of endiandric aet&ls C
(Scheme 1.9). Ahe time, onlyendiandric acid€ and D had been found in natuf&.

Bicyclo[4.2.0]octadiend..43 was prepared froml.34 in 7 steps andvas condensed with dimethyE
cinnamylphosphonate to yield endiandric acid D. Endiandric acid D was tthesformed into its
corresponding methyl esteby treatment with diazomethaneand was furthereduced to give aldehyde
1.44, which wascoupled with phosphonaté.38and hydrolysedo yield endiandric acid Gldehydel.39



was obtained fronmthe key intermediatel.34 by DIBAL reduction andias submitted toa HWE reaction
whichyielded tetraenel.42, from which endiandric acids E and F were obtained in 5 steps each.

Aldehydel.39 was also an intermediate in the synthesis @hndiandricacid C. After condensation with
phosplonate esterl.38, an intramolecularDiels Alderreaction took place in excellent yiely refluxing
triene 1.40in toluene for 12 hoursThe resulting tetracyclé.41was converted into endiandric acid C in 6
stepsusing similar chemistry as previously delsed.

H
% _Tsteps %\ _ oBAH 1:38, NaH_me00C |
HOOC % 90%
TBDP
oTBDPS ¢ . OTBDPS H OTBDPS

1.43 1.39 1.40
LDA LDA PhMe
0, 0, 0,
(80%) l (MeO),P(O)CH,(CH),Ph (MeO)zP(O)CHz(CH)zF’h‘ (90%) 110°C, 12hJ 92%)
Ph
MeOOC
Ph 5 steps
B S E—
H COOH H OTBDPS STBDPS
EndiandricacidD  FN Endiandric acid E 1.42
(1.28) (1.23)
1) CH,N, o 5 steps l 6 steps l
lz) DIBALH (70% 2 steps)
1)1.38 HOOC
—_—
OHC 2) LiOH
HJ  HO COOH
1.44 = (84%) Endiandric acid G Ph Endiandric acid F Endiandric acid C
. on (1.19) (1.24) (1.20)

Scheme 1.9Total synthesis of endiandric acid&®y Nicolaou.

Having achieved the first total syntheses of endiandric aci® Micolaou provided another approach
towards these natural products instrictly biomimetic fashioff? Nowthe main goal was to give evidence

G2 O2NNRO2NJI GS .t 01Qa KeLkiKStSiaithl considerdtiens vefe (1 K S A
taken as guidelines: 1) The centrdl-diene should be masked until a late stage to avoid undesjréd
electrocycliation. 2) For practical reasons, the carboxylic acid grawpd be exchangeldy methyl esters.

™ DA 1) m-CPBA
T™S ) AcOH MeO” P\/\/Ph || 2) A, PhMe
F LDA )PCC 3) 3) AgNO5, KCN
—_—
TBSO _~_! 60% (78%) (92%, 3 steps)
SPh SPh steps)
1.46 P
1.45 OTBS 1.47
(90%)
1) Cu(OAc),, Pyr SPh
/ A 1:1 Z/E
MeOOC
n X ( 1.53 n =0 (70%, 2 steps)
— 1.54 n =1 (72%, 2 steps)
2) m-CPBA
Ph
\ 7/ 3) A, PhMe MeOOC
1.50 1.51 n =0 (3 steps from 1.47) Ph
1:1 ZIE 1.52 n =1 (2 steps from 1.48)

Scheme 1.10Preparation of the building blocks for the biomimetic syntheses of endiandric acid methyl
esters AG.



As depictd in Scheme 1.10, alkylation of deprotonated thioetiet5 with alkyl iodidel.46 led to silyl
ether 1.47, which wassubsequentlydeprotected and oxidized to deliver aldehydet8 Condensation of
1.48 with dimethyl trans-cinnamylphosphonate yielded thioethet.49, which was converted to the
corresponding sulfoxidby treatmentwith m-CPBA. Thermally induced elimination and TMS deprotection
with silver nitrate and potassium cyanide then provided tridn&0as a 1:1 mixturef EH Zisomers. Upon
purification, theEisomer was independently submitted to two Glaser couplings with alk¥ridsand1.52,

both derived from thioetherl.47. A further oxidation/elimination sequence led to diyne$3and 1.54,
which could be separatkby flash chromatography.

Lindlar, H,
—_—
T MeOOC
Endiandric acid D Endiandric acid E Endiandric acid A
methyl ester methyl ester methyl ester
(1.55) (1.56) (1.57)
(12%, T =25°C) (10%, T =25 °C) (0%, T =25°C)
(0%, T =100 °C) (0%, T =100 °C) (30%, T =100 °C)
COOMe
Ph
Endiandric acid G methyl ester Endiandric acid F methyl ester
(1.58) (1.59)
(12%, T =25 °C) (15%, T =25 °C)
Lindlar, Hy (0%, T =100 °C) (0%, T =100 °C)
_— H
! MeOOC Ph
e
Ph COOMe \
S
i
Endiandric acid B methyl ester Endiandric acid C methyl ester
(1.60) (1.61)
(0%, T=25°C) (0%, T=25°C)
(23%, T =100 °C) (5%, T =100 °C)

Scheme 1.11Biomimetic synthesis of the methyl ester derivatives of endiandric a€ds A

Finally, the linear endiandric acid precurs@rs3and 1.54were successfully submitted semireductive
conditionswith Lindlag) éatalystin the presence of hydrogeaffording the desiregndiandric acid methyl

esters*¥ Thus, vinen1.53wasstirred for few hours at room temperaturander these conditionghe semi
NERdzOGAZ2Y 2F (KS RARo dectmdydratidhlefjuerkalSirringeddiandyc agid
analogies D and EL(55 1.56) in low yields withoutinytrace of theDiels Alderproduct1.57. However if

the mixture wa heated up to 100C for a few minuteslzy RS NJ 4 KS LINB@A2dzat & RSaON
electrocyclization was followed by a [4+2] cycloaddition resulting in the isolatiemdi@ndric acid A methyl

ester (L.57) as the single product

In the case of polyeng.54, the same reactiorat room temperature led tdhe isolation of therespective
methyl esters of endiandric acids F and1&§ 1.59. When the reaction mixture was heated up for few
minutes at 100°C, the previous sequence was followed by a Diglsler reaction, which delivered
endiandric acid methyl esters B and1d50, 1.61).
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Finally, a NMR study of the thermal conversion of these compounds was performe®Cal i@ equilibrium
between endiandric acid methyl esters E and D and the transformation of the former into endiandric acid A
was monitored showing a hdlife of 1.3 hours forl.56, with 1.57being the major component after 6 hours.
When pure endiandric acid F methyl ester was submitted to the same conditionsuipudtiG took place
quickly in the first 2 hours and then slowly decayed. Unlike the latter, endiaadid B methyl ester slowly
enriched the mixture and turned into the major isomer after 6 hours. Finally, endiandric acid C methyl ester
slowly builtup and only represented 10% of the mixture after 14 hours.

¢tKAa SEGSY&aAdS 62 NJ s bypothésis Detlelb@aynthesNBf @ diRndric fadid® and
described an elegant and high yielding synthesis o$d¢ttemplex natural products. It also established a
new type of cascadthat would be used in the future for the synthesis of other intricatéunal products

such as the kingianins and the elysiapyrones. The question ot®iels Alderreaction takes place in
nature without the assistance of enzymes would remain an intriguing question until a possible explanation
was provided with the totaly;ithesis of kingianin A%

1.2.2SNF4435

A remarkable case of a total synthesis race took place with the immunosuppressant natural products
SNF4435C and SNF4435871 Unlike the endiandric acidshése pyrones, isolated by Kurosawa from
Streptomyces spectabiligere found as single enéiomers

6n
disrotatory

SNF4435 D . SNF4435 D
(initial assignment) (corrected)

Scheme 1.12Proposed biosynthesis of SNF4435 C ahdbDand1.68represent a pair of isomers not found

in nature, presumably due to thersional strainbetween the contiguous nitrobenzene and methyl groups
(the tetrahydrofuran ring was omitted for clarity).71represents the misassigned structure of SNF4435 D
by Kubsawa andL.70the real structure as corrected by Trauner.
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SNF4435C and SNF4435D showed unprecedented potent selective immunosuppressive activity towards B
cell proliferation without affecting -Eell production, suggesting a new mode of action. This istarg
bioactivity together with their attractive bicyclo[4.2.0]octadiene core prompted several research groups to
pursue their total synthesis, reviving a cascade sequence which had not been utilized for 20 years. The main
participants in this race were @stopher M. Beaudry and Dirk Trauner from UC Berkeley; Jack E. Baldwin,
John E. Moses, Robert M. Adlington, Mikkel F. Jacobsen and Rodolfo Marquez for Oxford University; and
Kathlyn A. Parker and Yestee Lim from Stony Brook University, New York.

The fist article was releasedn April 2002 from the Trauner grolifi and included synthetic studies, a
proposed biosynthesis and a corrected structure for SNF4435D based on the logicyofdhecascade.

The synthesis portion consisted of two linear routes which failed to provide a cascadespreand one
elegant and simple modular approach which yielded a bicyclo[4.2.0]octadiene with a methyl ester handle
for further functionalization (Scheme 1.13).

A
_0O
1) Still Gennari
Z 2) DIBALH
3) HWE
1.72 (67%)
NO, NO,
B 0
Yo
AP o N\)
Z T Bn
Bu,BOTf, Et;N
1.77 (90%)
C o)
’ = I
=~ PPh,EtI py Cul, MeMgBr 1) DMP
n-BuLi, | 2) Witti
— = oH _ thenl _ 2\/0"' AWte | N coome
KHMDS, then 1.72 (64%) | 3)Pd(PPhs),  gne,
(56%) 1.81 1.82 (MesSn), 1.83
(~66%, 3 steps)
1.72
1.83
Pd(MeCN),Cl,

1.85 1.86

Scheme 1.13Synthetic approaches towards SNF4435 by TraukeB. failed attempts tavards the

bicyclo[4.2.0]octadiene coreC. Successful approach towards bicyclic precurs@6 @A | y KCcC
electrocyclization cascade.
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The first explored route startedvith aldehydel1.72, which was elongatedia Stilk Gennariolefination
followed by DIBAL reduction and HWé#actionto install the ethyl ester handléAlthough the labileester
1.73 underwent spontaneousc ~electrocyclization yielding undesired cyclohexadidn@4, it could be
reduced toalcohol1.75 upon treatment with DIBALHowever,1.75was also unstable ancould not be
further oxidizedto aldehydel.76.

A seconegeneration approach was inspired by biogenetic considerations. Since the biosynthesis of
polyenes is achieved by a series of reduction and dehyratiepg*® this strategywas translated to the
synthesis by the hydration of one of the double bonds in search for increased stability. Thus, starting with
aldehydel.77, an intermediate in the previous route, an Evans aldol reaction afforded oxazolidintge
which was transfomed into advanced intermediatd..79 in 5 steps. Unfortunately, all attempts to
dehydrate this compound led to decomposition.

The final approach relied on a las¢age Stille coupling of vinyl iodideB1with stannanel.83 The former
was synthesized by 8tork Zhao olefination of aldehydé&.72 and the stannane was obtained by a
carbocurpation of propargyl alcohol followed by trapping of the metalated species with italigigethe
branched product 1.82. Oxidation of the alcohol followed by Wittig olefition and metalation with
hexamethylditin yieldedL.83 The tandem Stille coupling betwedrn81 and 1.83 followed by they 7¢ ~
cascade took place at room temperature in the presence of Pd(MefN)€ting exclusively
bicyclo[4.2.0]octdiene 1.86. The highstereoselectivity could be assigned to the torsional strain between
the adjacent aromatic and methyl groups, analogous to the repulsion presémdstnand 1.66b(Scheme
1.12).

Four months later Moses and Baldwin published their studies on the biomisyettbesis of SNF4435%.
Startingwith the same aldehyde as Traunér72, Moses andBaldwin aimed for the total synthesis of the
natural product spectinabilif? thought to be natural precursor of 1.69 and 1.70 via double bond
isomerization ang 7c “electrocyclization cascafé*’ (Scheme 1.14)

0]
/
[P /
A \ \ A " o
OMe
Spectinabilin
(1.87) SNF4435 C
O,N (1.69)
COOEt
1)Swern =

2) NaPPh;CHCO,Et

(1.89) = 6 steps WCOZR Pd(CH3CN),Cl, O
— —_—
(92%) O,N DMF, rt Me

1.90 191 R=Et (35%) R=Et 1.93
190 R=Me (48%) R = Me 1.86

NO,
1.72 NO,

Scheme 1.14Top Biomimetic strategy followed by Moses and Baldwin for the synthesis of SNF4435 C from
spectinabilin. A double olefin isomerization of spectinabilin would give the right stereochemistry to induce
they 7c "cascadeBottom. Proof of principle with a simfiéd system using esteis90and1.91

Chairextensionof aldehydel.72was performed by a series Bfselective Wittig olefinations with stabilized
ylide 1.89. Once the conjugated tetraene was obtained, P4tduced EZ isomerization at room
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temperature triggered the eleabcyclization process yielding the desired bicyclo[4.2.0]octadiene core in
35% and 48% yield for the ethyl.93) and methyl ester analages (1.86), respectively. Interestingly, all
thermal and photochemical attempts to convert thel-Bltetraene 1.91 into hexadienel.93 failed,
suggesting that the isomerization requires metal catalysis.

ParkeQ & | LJn@sPubliStéd one year latét! Noting that the works bylrauner and Baldwin yielded

only the diastereomer leading to SNF4435 C, she pursued a systematic study of the cascade. Using the
successful domino Stillg/7c ~electrocyclization developed by Trauner, a series of vinyl stannanes with
different substitutionpatterns were synthesized to evaluate whether they could give access to the skeleton

of SNF4435 D (Scheme 1.15).

NO, O,N
R Me H Me
E
Pd(PPhs), = Me Ar—Re
+ RS — > H Me — —| +
Z reflux (—N < R2 __
= Me;Sn._~ Re= Ar Mé
| Rz Me
endo exo
1.81
Entry Diene Rz Re Yield [%] endo Product exo
1 1.94 CH,OTBS Me 31 50 1.99 50
2 1.83 H COOMe 62 100 1.86 0
3 1.95 COOEt H 38 100 1.100 0
4 1.96 Me COOEt 56 40 1.101 60
5 1.97 COOEt Me 54 10 1.102 90
6 1.98 CN Me 59 90 1.103 10

Table 1.1 Screening of different substituents at the terminal enthefvinyl stannaneparticipating in tre
Stille coupling with vinyl iodide81

Parker was the firsio explorethey 7c¢ “cascade withtwo substituents here called Rand R, presentat
oneterminusof the tetraene. In contrastto the previous work by Trauner and Baldwin (Schemes 1.13 and

1.14, compoundL.86) where only the endo product was obtainedhen the reaction was run with diene
1.94bearing a silyl ethefTable 11, Entry 1) + O2 YLJX SGS e 28 &SNBSROIXQA & (¢
observed.The torsional straifbetween thesilyl etherchainand the cyclohexene ringresumably equals

that of the aromatic ring with the adjacent methyl grauphich previouslygovernedthe stereoselectivity

2 F ( Kl&trocyclizationt 2 O2 YLI NB 6A (K ¢ NI difeSdaddén wasyfR withl £ ¢ A y
stannanel.83(Entry 2), confirmingthe previousfindings(exclusiveendoselectivity) and increasinghe yield

from 48% (Baldwin) to 60%WVhen running the reactionwith a terminal Z ethyl ester Entry 3), HZ
isomerization occurredaffording productl.100with the samerelative configuratiorfiound inentry 2(100%

endo). When replacing the hydrogen by a methyl group, the stereoselectigityed in Entries 2 andv@as

lost once agair(Entries 4 and 5)As for Entry 1this ould be explainedy the stericclash between the R
substituent and the cyclohexadiene ring, which destabilizeseti@otransition state.Finally,when using

the small linearcyano group the mentioned torsional strain in thendo transition state was greatly
diminished anda 9:1 endd exoratio was obtained. Tdnitrile was alsca potential handle for future work

in the installation of the tetrahydrofuran and the pyrone.



H._O
1 1.106
on 1) TBSCI, Et;N otes 1) I\Z
y 2) MsCl, Et;N o / KHMDS
1104  3) (Et0),0PCH,CN P 1.105 2) Sn;Meg, Pd(PPhy),
HO NaH EtO” OEt CN 3) 1.81, Pd(CH5CN),Cl,
(55%, 3 steps) (40%, 3 steps)

1.107

Scheme 1.155ynthesis of the advanced intermediaté07by Parker.

Thus, after having established the cyanide as suitable group, the advanced intermgdi@ewas
synthesizedstartingfrom diol 1.104 which wasmonoprotectedwith TBS chloridéollowed by mesylation
and &2 displacemento install the required phosphonatester. HornerWasworth Emmonsreaction of
phosphonatel.105 with aldehyde1.106 followed by Stille couplingat room temperatureyielded the
stannane required for the cascade, whiddliveredbicyclo[4.2.0]octdiene 1.107in 40%yieldfrom 1.105

One yearlater, Parkerpublishedthe first total synthesis of¢j-SNF4435 C and (SNF443%5“ The route
took advantage ofhe previoudy developedStille couplingandinstalledthe enantiopure tetrahydrofuran
pyrone moiety prior tahe cascade reactio(Bchemel.16).

Q e} =N
OTBS O" 1) Ti(0iPr), (+)DET N 1)AgNO, A N/\;
/ t-BuOOH s e 3
> EE—
/= 2) K,CO3, MeOH P 2col P
EtO 4 steps — OAc 3) NalO o
OEt COOEt ) NalO, | (93%, |
1.108 1.109 (80%, 3 steps) & 2 steps) %

1111

O,N

1.112
COOEt
1) MeOSO,F
DBU, PhH, reﬂux SnzMe6 Pd(PPh3)4
1.113

(55%) ) PA(CH3CN),Cl, 1.81
(34%, 3 steps)

(-)-SNF4435 C (+)-SNF4435 D
(1.69) (1.70)

Scheme 1.16Total synthesis of |-SNF4435 C and {($NF4435 by Parker.

The synthesis started with the functionalized phosphonate €508 analogous td.105(Scheme 1.15)
which wasconverted intovinyl iodidel.109in 4 steps(Scheme 1.16)Sharpless epoxidation of theydic
alcahol followed by ester hydrolysitriggered a5-exotet cyclization, which was followed by oxidative
cleavage of the resulting,2-diol by treatment with sodium periodate&eliveringaldehydel.110 Oxidation
of 1.110by treatment with silver nitrate followe byactivation of the aciavith carbonyldiimidazolgielded
acylimidazole1.111 This was condensedvith 1.112 and heated to reflux in benzen& induce
transesterificatioryielding 1,2pyrone1.113 SNF4435 C and D were synthesized bygdneersiorof1.113
into the desired 1,4¢yrone by treatment with methyl fluorosulfonatefollowed by Stille couplingwhich
yieldedthe required stannane for the reaction cascadi@ée Stille/8 k ¢ = & Svhspeffon@@8 with vinyl
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iodide 1.81underpalladium catalysiat room temperature, yielding )-SNF4435 @nd (+)SNF443®in a
very similar ratio as in nature

7 months later,Trauner and Beaudry published their total synthesis of these natural profleatisring a
biomimetic convergent synthesighich includeda [3,3}sigmatropic rearrangement and the tandem Stille
couplingl 7c “electrocyclization cascad&cheme 1.1752 Thisapproach stared with vinyl iodde 1.106
which instead of engaging in a Witbgefinationas for the previous synthegiScheme 1.15was alkylated
with dianion 1.114. The resulting primanand secondaralcohok were protected with TBS chloride and
acetic anhydrideespectivelyThe resulting itnel.115underwent an leland Claiserrearrangement upon
treatment with LDA and TMSCI. The resulting acid was esterified, bromimatée h-position and
subjected to dransetherificationafter TBSleprotection affordingdiene1.116 Thisroute afforded pyrone
1.116in 10 stepgrom commecially available starting materiats 11stepsfort I NJ sght&siiFollowing
the method developed by Parker, vinyl iodiflel 17was preparedn 4 more stepsnd purified ly chiral
HPLCVinyliodide 1.81was stannylatedvith hexamethyl ditin under pidium catalysiand subsequently
coupled tovinyl iodidel.117under. | f Rg A y Q 3% afi@dih@ 1.6 An#l /70 in a remarkably high
89%combined yieldAgan, the productratio wassimilar to themixture of isomers found inature.

1.114 o . °
| )k/ou )1\ 1) LDA=TMSCI \—OMe 4 N\_ome
| (0] 2) K,COj3, Mel 4 steps N0

—> —_—_—
N"o 2) TBSCI, Im Z 3) LDA>NBS 0
3) Ac,0 4) DMF, 100 °C Z
(43%, 3 steps) OTBS (65%, 4 steps) I\~
1.106 1.115 1.116
NO, O,N o
1) Sn,Meg Pd(CHZCN),Cl,
2) 1.117, Pd(PPh), CsF, Cul / y
> o)
_ (55%, 2 steps) OMe
!
1.81
(-)-SNF4435 C (+)-SNF4435 D
(1.69) (1.70)

Scheme 1.17Total synthesis of -SNF4435 C and {$NF4435 by Trauner.

Interestingly, a pblication by Traunerand Hertweckpublished one year later showed that the7c ~
electrocyclization was not the end of the cascade. There was a consamsutthe biosynthetic origin of

1.69 and 1.70, thought to arisefrom spectinabilinafter a double olefin isomerization and electrodgcl
cascade (Scheme BYlwhichg | & LINR @Sy o6& . .[#iTrRuber §he Bertietkiudadithe 2 NJ
metabolic profile ofStreptomice®rinoci,a bacteriaknown toproduce spectinabilin under various growth
conditions® As expected, the bicyclo[4.2.0]ocli@nes were only produced under light exposure, which
was necessary for the double olefin isomerization, but more interestingly, a new natural product named
orinocin was found (Scheme 1.18). Orinocin was only produced in the presence ahligives detected
together with isolated fractions 0f.69 and 1.70, which suggested that.118 could originate from the
SNF4435 natural product$his was proven by submitting SNF4435 C and D to fermentation conditions (28
°C, sunlight)under whichl.69and 1.70 underwert a photochemical retrg2+2] cycloadition, releasing
orinocin and mesitylenethe latter of which has beewatalogued as a natural producthis process of
extrusionof internal ketide units from a polyergackboneK & 6 SSy yI YSR & LaarfeR Sy S
and Hertweck®

>

C
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O
E E
NS wl! /
o] 6]
O,N

Spectinabilin
(1.87)
O,N 02N
Me! voH
Orinocin mesitylene
SNF4435 C SNF4435 D (1.118)
(1.69) (1.70)

Scheme 1.18Biosynthetic origin of SNF4435 C and D as proven by Baldwin and further conversion into
orinocin as proven by Trauner and Hertweck.

Baldwin and Mosekater presenteda unified synthesis of spectinabitimd SNF4435 C andaldng with the
related natural productsaureothin and aureothaming*5¢l

1 121
\ OMe
TMS o,N 1124
3 steps Pd (PPh3),, In(acac)s TIOEt, Pd(PPhs),
OMe 2) ’L"“‘/\Bpln HG-II 2) MeyZn

1.119 1.120 1.122 1.123 Pd(PPhs)s

R = NO,
0,

(90%, 2 steps) 7 < (1012 £2) (68%, 2 steps) (99%)|E1, NH,CI

R = NH,

aureothamine

1.125
aureothin

1.126
1) 1.123, TIOEt
N B PdPPh)s N \E> Pd(CH3CN),Cl,
O.N Br 2) MeoZn 70 °C
2 1.127 Pd(PPh3), (40%)
(Z): spectinabilin (1.128) (31%, 2 steps)
(E): 1.129 (26%, 2 steps)

2.8 1.2
SNF4435 C SNF4435 D
(1.69) (1.70)

Scheme 1.19 Cdlective total synthesis of racemic SNF4435 C and D, spectinabilin, aureothin and
aureothamine by Moses and Baldwin.
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Their synthesis started with pyrorie120,obtained from pyronel.119in 3 steps. The aldehyde could be
converted into alkenyl boronic estdr.123via a formal [3+2] cycloaddition with.121under Tsuji Trost
conditions in the presence of an indium salt to promote-a¢Rliition®” followed by crossnetathesis with
pinacol boronatel.122giving pyronel.123as a mixture o Zisomers. Suzuki coupling Df123with vinyl
dibromide 1.124in the presence of thalium ethoxidelfowed by Negishi coupling to install the olefinic
methyl group yielded racemic aureothii.{29, which was converted into aureothaminé.126 by
reduction of the nitro group with Zn/ammonium chloride.

Spectinabili1.128 was synthesizeth a similaffashionas aureothinvia Suzuki coupling afibromotriene

1.127with boronate1.123followed by Negishi couplintg install the olefinic methyl grouplreatment of
spectinabilin with palladiuifil) at 70°C for 24hoursin the dark causetsomerizatiorof the EEE Z-tetraene

to the required EZZZ configuration triggeringthe 8 Kk alectrocyclizatioras previously seenRacemic

SNF4435 C andvere obtained together with isomers.130and 1.131, presumablyconsequence of the
isomerizationof 1.128to the EZZEtetraene. The yield of the final stepastherefore quite modest.

1.2.3Elysiapyrones

In 2005, Trauner published 3 papers onhe synthesis of natural productsriginating from y ~ Kk ¢ ~
electrocyclizationg®5258Hysiapyronesare natural products isolated from theea sludelysia diomedgg
one of the few animals capable of rétig ingested chloroplasts in its own tissues to perform
photosynthesid®® These natural productsontain a rare bigpoxide pattern in the 6 membered ring of the
bicyclo[4.2.0]octan€Schemel.20).

1y o 1133

COOMe
| | o o o 1) DBU, A

NaH-n-Buli | 2) MeOSO,F

N —_— AN —_—

WO 2) DMP OMe ™ 5604, 2 steps)
Me Me

(86%, 2 steps)

1.132 1.134

1) Ph3P:< 1.136 Pd(PPhs),
/Y%O | /W CsF, Cul

2) n-BuLi~Me,SnCl SnMe;  1.135

1.137
(30%, 2 steps)
0] O
Me
Me
02’ hv
methylene
blue

MeO™N\ [ 1.139a  1.139b

ME  (1.144) Me  (1.145)
elysiapyrone A elysiapyrone B
(68%) (50%)

Schemel.20. Total synthesis of racemic elysiapyrones A and B by Trauner.
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The synthesis started wittlienal 1.132 whichwas elongatedy addition of ketoested..133followed by
DMP oxidation to yieldricarbonyl1.134 This speciesinderwent a Dieakanntype condensation pon
heating in the presence of basad was latemethylatedwith methyl fluorosulfonateaffording 1,4pyrone
1.135 Synthesis of the stannarfe137, partner for the Stille couplingvas initiated bya Stork Zhad®!
olefination of tiglic aldehydwith ylide1.136followed bylithiation/stannylation.Submission of vinyl iodide
1.135and stannand.137( 2 . | f R gyN¢ ®@l&ctropyilikatidre8nditionsyieldeda mixture ofendo
andexoisomers(1.140and 1.141) which could be separated by columnramatography The lower yield
of the 1.141isprobablya consequence dhe torsionalstrainbetween the pyrone anthei -methyl groups
in the transition state of the “electrocyclization

Now the core structure was set ftine introduction of the bisepoxide groups. This was accomplished by
the Diels Alder reaction of1.140and 1.141 with singlet oxygen generatedpon light irradiation in the
presence of a photensitizerdeliveringendoperoxides1.142and 1.143 These adducteere isomerized
using the Noyori protocakith RuGi(PPhyyielding elysiapyrones A and B in good yi#ld

1.2.40cellapyrones

Ocellapyrones A and\Bere isolated fom Placobranchuscellatus,a mollusc found in shallow watefs!

Ocellapyrone A, wsestructure was correctedimultaneoushpy Baldwin and Traungi33lis an ethylated
derivative ofelysiapyrone A precursat.140 (Scheme 1.200 and ocellapyrone Bhe ethyl derivative of
endoperoxidel.142, precursor of elysiapyrone Aohemel.20). Trauner theorized that thecellapyrones,
photodeoxytridachione and 9,1@eoxytridachionecould originate fromthe sametetraene precursor
(heme 1.5). Sincethe biogenesishad been alreadyestablishedfor photodeoxytridachione and 9,10
deoxytridachiong®'*? the synthesis ofl.147 and 1.148 demonstrated he versatility of the tetraene
scaffold

The synthesis followed the same pathway@selysiapyronesnd can be seen in Scherh2?2

(0]
e
CsF, Cul K O, h W
+ \/YY - N0 oMe A N0 NoMe
SnMe (78%) methylene
OMe ° o7 Me A Me
1.135 1.146 (89%)
(1.147) (1.148)
ocellapyrone A ocellapyrone B

Schemel.22 Total synthesis of ocellapyrones A and B by Trauner.

1.25 Shimalactones A and B

The shimalactones were isolated frahe marine fungusEmericella variecold# %% They contain a unique
oxabicyclo[2.2.1]heptane moiety linked to a bicyclo[4.2.0]d&ae coreby a trisubstituted ethylenénker.
Traunerproposed an interesting biosynthesis for these natural prodirctghichthe polyene chaiof 1.149
(cheme 1.23 would undergo oxidation to epoxidel.150 followed by protonation yielding
undecapentahetenyl cationl1.151 This species can now be intercepted by the enol present in the adjacent
lactone, forming the bicyclic structurk 152 Finally,H Z isomerization of the two central double bonds
would triggerthey 7c¢ “electrocyclizatiord®®



Me

OH
(1.153)
shimalactone A

(1.154)
O shimalactone B

Schemel.23 Biosynthesis of shatactones A and B as proposed by Trauner.

Thebicyclic ketolactonenoietywas preparedstartingfrom oxazolidinonel.155 whichwas converted into
diene 1.157 upon asymmetricanti-aldol reaction with aldehydel.156 followed by esterification of the
secondary alcohaind a Stille coupling to inbducethe terminal olefin. Thena Dieckmanrcondensation
of 1.157afforded ketolactonel.158 which upon treatment with CSA at 13D cyclized to give the desired
oxabicyclo[2.2.1]heptan&.159 whichsubseqently yieldedvinyl iodidel.160in 6 further steps.

1.156
1) I/\(CHO 0 o
o O \)j\o o O Me CSA |
\)]\ )J\ nBu,BOTf, DIPEA KHMDS W 150 °C 6 steps
N P 150°¢ il
XN N o N o —>
2) (E(0)C),0 oo o) o (44%)
— 3) CH,C(CH3)SnBus € s Ve o Y
1.155 Pd(PPhs),, CsF, Cul 1.157 N\ 1.158 1.159

(70%, 3 steps)

Me Ph
*1.162
1) 2-butyne, Cy,BH Y

Me,Zn, *cat. 1.162 ' Ph,, N
- s

‘s
2) n-BuLi, MesSncl O OH
(15%, 2 steps) 1.161

Pd(PPh3),
< ‘1, CuTC
: Me
OH A
(1.153) (1.154)
shimalactone A O shimalactone B O
(55%) @ Y (11%) ¢ )

Scheme 1.24Total synthesis shimalactones A and B by Trauner.

Sannane 1.163 was obtained from aldehydel.161 upon reaction with Zoutenyl methyl zinc in the
presence of asymmetric ligarid162followed by halogemmetal exchange. Finally, a Liebeskiyde Stille
coupling between vinyl iodidé.160and stannanel.163at room temperatureyielded both shimalactones
in 66%0verallyield. Interestingly, when the sae reactionconditions wereapplied topolyenel.164 the
equivalentZ,E,Z,Z,isomer, the cascade did not take place even under forcing conditaomd only1.164
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could beisolated.Presumably, the bulk of the bicyclic substituent which would be positioneddnin the
transition state does not allow for thg “electrocyclization to occur.

1.2.6Kingianirs

Once againParker and Moses worked in parallel on the same natural proaludthis time also Sherburn
pursued the synthesisf Kingianin A1.175. Thisnatural productwasfound as a racematén the bark of
Endiandra kingianaa tree collected in the rainforest of Malay£ia The fact thatingianin Asfound as a
racemicmixture againsuggestshat no enzymes take part in the 7¢ “cascade.

The first synthetic approacvas publishedy Moses, who testedhe biosynthdic proposalsuggestedy
Litaudon and cavorkers, featuring an endoDiels Alder dimerization after the y 7c¢ -
electrocyclizatior®” 8 This hypothesis was rather controversiaince a spontaneous intermolecular
Diels Alderreaction ofunactivated dienes seemed unliketjthout the assistancef enzymes

Thus, Moses synthesized prekingianing68 and 1.169 starting from atechol acetall.165 whichwas
transformed intovinyl bromide1.166 in four steps The stannane partner fothe Sille coupling was
prepared byDIBALreduction of esterl.166followed bytreatment with acetone cyanohydrjrdelivering
vinyl stannanel.167. Stille coupling ofl.167 and 1.166 yielded the expected bicyclooctands168 and
1.169 which werepartially hydrolyzedto the respective amideand N-alkylated by reductive amidation
affording1.170and1.171 Allattemptsto thermallyinduce theDiels Alderdimerizationof 1.170and1.171
failed,even at 199C orusingDNRA S 02 Q& &sMLiRIDEHerRraysalutidny

COOEt Br

TFP NC
EtOOC
7 4 steps 7 Pdy(dba)s \ 1) DIBAL \
p— - N\
O o] A 2) Acetone
< < 100 °C Me,Sn cyanohydrin Me3Sn
0 o) (60%)
1.165 1.166 1.167 1.166
[4+2] H Hrod e [4+2]
-~
\ \
CN Ar CN Ar Ar
1.168 and 1.169
1) KOH R=CN :‘ 1) KOH
2) CHyCHO, TFA, Et,SiH R = C(O)NHEt 2) CH3CHO, TFA, Et;SiH
(62%) 1.170 and 1.171 (62%)

Scheme 125 24S5Sa4Q adGdzRASa G261 NRa GKS agyidkSaa

In parallel to this work, new kingianins were isoldt&and tested for inhibition of Betl, an antiapoptotic

protein implicated in tumar growth, showingmodest binding affiity (Scheme 1.26)All the kingianins

isolated fromEndiandra kingiangdA-N) share common patternsincetheyderivefrom an endoDiels Alder
reactiontaking place on the less hindered convex facéath diene and dienophil¢d 2 LISy 0622 1 ST 1
(1.175TS$S Scheme 1.27)his arrangemenieads to aransition statestabilizedthrough secondary orbital
interactionsand avoidssteric clashesbetweenthe cyclobutane ring of the dienophikndthe hexadiene

ring of the diengSchemel.27).
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C\ONHEt

H
[4+2] [4+2]

dimerization o H dimerization
W - —_—
. ' CONHEt
H
o P

pre-kingianin A O~/ Kingianin D
(1.175) (1.174) (1.176)

CONHEt  Kingianin K
(1.178)

Kingianin E
(1.177)

Schemel.26. Structure of kingianin&, D, E and KKingianin A is the homodimer of one enantiomer of pre
kingianin A. Kingianin D is the heterodimer of both enantiomers efipgganin A.

Moreover, d the two possible amngementdulfilling the previousconditions, only thelefin closest to the
exosubstituentengages as a dienophile in the [4+2] cycloaddition

endo-DA
convex faces ¥ CONHEt
Ar . Ar I Ar
3 CONHEt !
' — = EtHNOC~,
H A\ HOJH ] AT CONHEt H
exo -
Ar  CONHEt | EtHNOC 1175TS substituent | EtHNOC Ar |§| G
1.174 : L
Kingianin A
endo-DA (1.175)
_ convex faces _t
EtHNOC
Ar
H H Ao
R R — ——
\Ar CONHEt H I H JH :\A CONHEt
1174 EtHNOC substituent EtHNOC r
- 1.179TS - not observed
1.179
endo-DA
_concave and convex faces 1
EtHNOC\\// EtHNOC
Ar—""
Ar -
Ar  CONHEt AN
1174 EtHNOC CONHEt
: | not observed
1.180

- 1.180TS
Schemel.27. Three pssibleregiosomersfor the endo[4+2] cycloaddition Top Favouredarrangement
leading to kingianin Areaction fromboth conveXaces ofdiene and dienophilaienophileolefin proximal
to the exesubstituent. Middle. Unfavoured arrangementdienophile olefin proximal to the endo
substituent.Bottom. Unfavouredarrangement approach from theconcaveface of the dienophileclash

between the cyclobutane ring and the diene.
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Therefore, the cyclohexene bridge formed upon the [4+2] cycloaddition is always located on the same face
as the closest substituent on the cyclobutane ring of the former dienophile (marked in blue on Schemes
1.26 and 1.27).

Parker deduced that if the thermd&liels Alderwas not taking place amdas not the resulbf enzymatic
participation, the dimerization add occurvia a radical cationDiels Alder reaction (RCDA)maybe
photoinduced in naturePutting all this into contexkingianin A (homoenantiomerid,.175 andkingianin

D (heteroenantiomericl.176) would be obtained from racemic ptengianin A1.174 by means of a RCDA
reaction whose stereochemistrywould be defined byan endo transition state stabilized by secondary
2NDAGIE AYGSNIOlAz2zyad ¢KS NBIA20KSYAAGNER g2dAf R Ay
on both convex facesf diene and dienophile) and by the substituents at the cyclobutane ring of the
dienophile. Gven the difficulties experienced by Litaudom separating kingianins A and diring the
isolation proces®® Parkeropted to perform an intramolecular RCDA approaatding twomolecules of
1.174 by a tether reasoning thatonly the homoenantiomeric C2 symmetric dimer couladopt the
conformation required for the endotransition state 1.188, Scheme 28). The disposition of the ester
substituents in théneteroenantiomeric dimewould keepthe diene and dienophile too fdrom each other

to engage in thesamereaction. Thus, this dimer was expected temain unreacted andvould beeasily
separatedirom the Diels Alder productandrecycled(1.189 Scheme 28).

/—O
O 1.183 Ar
) Ar Ar HO Ar HO /
TBDPSO Pin,BH | 1 \
i-PraP I, K,CO.
Z 3 TBDPSO 2 "2 3) + H"' 0
NEt3 | Pd PPh NaOH Hi |||H Hiy, viH H @
[l Rhcopich, PinB” 12 h, 66 °c t0 100 °C /
(68%) 2) TBAF I
1.181 1.182 (80%, 2 steps) 1.184 1.185 1.184 1.186
(45%) (37%)
A
Ar '
adipoyl dichloride = Ledwith—Weitz salt
1184 DMAP I N (1.190)
. _— Ar
(75%) HoHgo O
Omo Br
1.188 1.189
homo-enantiomeric hetero-enantiomeric
tether too short for endo DA .. SbCls
RO
5 st Br/©/ Br
steps Kingianin A
1191 —>=5 '?19':‘?'5'; Ledwith—Weitz salt
' 1.190

1.191 (34%) 1192 (39%)

Scheme 1.28Total synthesis dingianin A by Parker.

t I NJ SNRa aeéy dr&nShydiohoraiiod af lenynedldlinier rhodium catalysis yieldirgvinyl
boronate1.182(Scheme 1.28). Suzuki couplindLdf82with vinyl iodidel.183followed by heating at 100

°C for several hours and TBAF deprotection delivered two diastereomeric analogueskifgiaain A,
1.184and1.185% G KA OK ¢ SNB &S LI NI (éifRatiozySchede 1BR T2 high ieldQ a A 2
of the Suzuki coupling is notable, and avoided the use of highly toxic organotins. Upon separation of the
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reacted tricyclel.186 1.184 was treated with adipoyl dichloride and DMAP yielding the expected 1:1
mixture d dimeric estersl.188and1.189

As t was expected,only the homoenantiomeric dimeunderwent the endoDiels Alder reaction upon
GNBFGYSYld 6AGK @39 Howavelthy Hetdrbedaritioradridsubstratel.189underwent

an exoDiels Alder reaction affording 1.192in a slightlyhigher yeld than the desired productl.191
Presumablythe presence of the tether induced a prearrangement favourable for this tyfi#el§ Alder.
Uponisolation bycolumn chromatographythe desiredproduct1.191wasconverted intoKingianin A in 5
steps.In subsequent workiKingianinA was prepared by the same means and in similar yields without the
use of a tether, together with other members of the kingianin fardfly

Moses inspired by Nigenda et alwho performed an exhaustive studyahe radical cationDiels Alder
reaction d cyclohexadiend!! later published on how the [4+2] cycloaddition could be performed by means
of an electrochemically induceBRCDAn pre-kingianin AThe reaction wasriggeredby electron transfer
using a reticulated vitreous carbon electrode in a 0.4 M solution-BtuNBR "2 The yield was however
rather low(Scheme 1.29)

1.174
0 CO
@ZF NHE CONHEY
A
[0] Ho H "
; n-BuF, RCDA
1.5V o
Ar  CONHEt \Ar CONHEt (13%)
pre-kingianin A 1.174RC Kingianin A
(1.174) (1.175)

Scheme 1.29Formal synthesis &fnginain A by Moses.

Michael S. Sherlva presented in a series of two articldse total synthesis okingianin A by using a
combination of the strateigs developed by Nicolaou, featuring tleemihydrogenation of polyynesand

t | NJ iStéidodecular RCDA for the dimerization of gagianing’®’¥ The syntheds featured an
unprecedened semireduction of a tetrayndo an all-Ztetraene.

The starting point for the synthesis wadNagishi couplingpetweenbenzyl bromidel.193and alkynylzinc
1.194affordingTMSbenzyl diynel.195 which was then converted into tetrayrdel97bythe first reported
unsymmetric Mori Hiyama coupling® (Schemel.30). In previous synthess,*%78 Lindlar reduction was
ineffective due to the low reactivity of the catalyst, so afterextensive screeningampaignRieke zinc in

ethanol proved to bethe bestchoicefor semireduction of tetraynel.197. The obtained tetraenel.198

was immediately submitted to cyclization conditions (PhM&Q0 °C) followed by TBABeprotection
delivering bicyclo[4.2.0]octadiends199and1.20Q Thesewvere separated and submitted to a sequence of
oxidationi2 Ol Nb2E&f A0 | OA R daglidalSatibnDiéis ANdr actiodimdyc8dAbii A 2 v &
Ledwith-2 S A G T @.490 &nd &midatiorto give Kingianins A, D and F.
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[PACI,(dppf)] 1196
T = — TMS — —=—TMS
ClZn————=—=—TMS TBSO .
<OI>/\BI. 1.194 CucCl, dry air
o)
o (84%) L (40%)
1.193 o 1.195
OTBS R </ \> </ \>
— 1)PhMe, 100°C | o H L 1)1.190
4 Rieke Zinc |\ y/ 2) TBAF v " (30 mol%), 0°C
—_— e — \ + ., —_—
c‘)\ THF, 0°C (21%, 3 steps) N 4 2)TPAP
Ar (1:1) Ar Ar NMO-H,0
o 1197 oTBS OH OH 3) EtNH, HOBt
1.199 1.200 ’
1.198 EDC

Ar

CONHEt 1) TPAP

Ar NMO-H,0
2) 1.190 (5%)

/CONHEt

H
(1.175) (1.176) (1.201)
Kingianin A Kingianin D Kingianin F
(11%, 3 steps) (3%, 3 steps) (21%, 3 steps)

Scheme 1.30Total synthesis of kingianins A, D and F by Sherburn.

1.2.7Unified Synthesis of Kingianins arighdiandricAcids

Finally, Sherburdeveloped a unified synthesis of endiandric acid A, kingianic acid E and kingianins A, D and
F, achieving the highest step efficiency to date for these natural prod{féfhe synthesis relieon the
preparation of the versatile tetrayne intermediafie206 which diverges intghree different routes upon
coupling withthree different alkyl bromidegScheme 1.31)

The preparation othe key building blocKk.206 started with homopropargyic alcohol1.204 which was
transformed into tetraynel.205in 3 steps and deprotectelly treatment with potassium carbonate in
methanolto yield1.206 which was immediately submétt to three differentreaction sequences

For kingianic acid Betalation of1.206with tert-butylmagnesium bromide was followed by alkylatigith

vinyl bromidel.202 under copper catalysis. The resulting tetrayh213was submitted toreduction on

Riekezinc at 0°C and subsequent thermal treatment at 13 ¢ KA OK { NRA 33 S-MBR G K S
cascadeyielding alcoholl.208 This alcohowas oxidized with TPAP/NMBh dzy RSNJ { G I [M] Qa O:
to yield rmcemic kingianic acid E.

Endiandric acid A was synthesided similar manneas1.209by copper catalysed alkylation bf206with
allyl bromide1.203 semireduction on Rieke Zinc arfi /6™ /Diels- Alder cascadesequence delivering
tetracyclel.211.Exhaustiveoxidation of the primary alcohalf 1.211afforded endiandric acid A in 9 total
steps from commercial precursors.



Ph o™ o™
OTBS PTBS  KCO, {
3 steps MeOH TBSO /
— (/ > _\—(E)—H 1.202
4 1204 4 1205 N Br / BY
™S 1.206 1.203 Br 1.193
1.202, t-BuMgBr 1.193, -BuMgBr, ZnBr (?60(“ ) (;30("’ ) (?60("’ )
Cul (30 mol%) PdCl, (3 mol%) Step Steps Step
[1.206‘
l 40 to 50 °C 40 to 60 °C l
o 1.203 v
t-BuMgBr o
1.213 then 1.206, | 40 t0 50 °C 1.212 OTBS
(29% from 1.205) 1850 Cul C& (25% from 1.205)
C,)\ l Rieke Zinc o
o 0 °C — — — — J 6 Steps
ZZS _ 1.210 CONHEt
— TBSO
\ ) B (16% from 1.205) f‘r
1) Rieke Zinc, 0 °C —
2)PhMe, 100°c  CHNOCT™,
2 NOTBS 3) TBAF, rt | H
Ar (22%, 3 steps) Ar g R
1.207 (1.175)
DMF, 150 °C
then TBAF, rt
0,
O (37A: 2 steps) CONHEt
./ NMO-H,0
TPAP, ACN
1.208 (86%) (1.201)
NMO-H,0
TPAP, ACN H
/< (74%)

COOH H
(1.25)

Endiandric acid A (1.176)
Kingianin D

O
()
-
3
T
:
T

(1.209)
Kingianic acid E

Schemel.31 Unified total synthesis of endiandric acids and kingsby Sherburn.

Tetraynel.206failed to providepropargyl catechol.212upon reaction with benzyl bromidé.193under
the previouscopper catalged conditions. Thereforel.212was accessed througNegishi crossoupling
and was furtheelaborded in 6 stepsfollowing the sequence shown irci®emel.30.

With this, Sherburn presented an elegaard step-economic synthesief kingianins A, D and F, kingianic
acid E and endiandric acid A with approachthat combinesb A O 2 f atkghelz@ductionstrategyl“%*!
extending it to more advanced tetrayne intermediates, and the intermolecular radical datelia Alder
reaction developed by ParkEF! The low yields of the electrocyclization cascades are the major drawback
of this otherwisebrilliant work.
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Ru(bpy)3(PFg)2 (5 mol%)
1) Rieke Zinc MV(PFg)s (15 mol%) /O
2) PhMe, 88 °C, 21 h H OH MgSO, CD3;NO, 0

then TBAF, rt (e} 20 min, rt, (50%)
1.213 jo
or
X

H 1.190, rt, 10 min .’
(44%) CH

1.214 1.208

Schemel.32 Use of photoredox catalysis in the RCDAL.@ll4 comparedto the LedwitzWeiz salt
procedure.

Lastly, a new method for the generation of the radical cation intermediate \@pplied to
bicyclo[4.2.0]octdiene 1.214t K2 G 2 NEBR2E OI G t & & A8 yietistifetBabyklel 20Biyf Q &
aft A3AKGt e KA 3IKS Mhogdné&réter he radical gation WithetivBhNAEEz salf™)

1.2.8Hypnophilin,Coriolin andCeratopicanol

Although they cannot be considereadnembers ofthe CyclooctratrienéDerived NP familgiven their
sesquiterpene naturgthe total synthesiof these natural productpresented by Paguette features a rare
8 electrocyclizationtransannularaldol cascade

In 2002,Paquette et al. exploited the applications of his previously developed squasiér cascadé<®
for the stepeconomic total synthesis of hypnophilin, coriolin and ceratopic&a®l These compounds
possess antibiotic and antitumor activitif#8e!

1.217a 1.218 1.221
FPro  Qi-Pr H
O. -0 o O
J 47 con. 7 N 0
_—
N /> i-Pro OH 0o
Y -PrO <\
i-PrO o) OH
ji 8r con.

o’ o AL
1.215 o o) P
3.3] 5 , o
Pro| 0~ — > o N2~ —> PO
7 - ml et | S
i-PrO < i-Pro o i-Pro g

S

1.217b 1.219 1.220

Schemel.33 Squarate ester cascade developed by Paq@itiag access to triquinarie221

The substrate for the cascade is obtairlough selective 1,2addition of a pair of alkenyl anions to
squarate esterl.215 resulting insyn or anti addition. The resultinganti cyclobutene undergoes a 4
conrotatory ring openindollowed by any “electrocyclization leading to cyclooctatriete?19 Inthe case
of the synproduct, the retro 4 electrocyclizations outcompetedby afaster oxy-Cope rearrangement
which directlydelivers thesame cyclooctatriend.219 9 f A YA y | (i Aa2ejal leads tolinke@nediate
1.220Q which upon ring closingldol reactionyields linear triquinand.221

OF~
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This cascade was used for the synthesidiyagdnophilin, coriolin and ceratopicanol (Scherh&4). For
ceratopicano| isolated from the fungu<eratocystis piced®’ squarate esterl.215was treated with
alkenyllithium 1.222 followed by isopropenyllithium yielding triquinane1.223 in 44% yield.Further
elaboration ofl.223affordedh - unsaturated ketonel.224in 3 stepsExhaustive reduction df.224in 3
further stepsdelivered ceratopicanol(1.225.

Li

H
i-PrO o} MeO Me, 3 st 1) Hy Pd/C Me. :
j;( 1. 222 Bl W 2)LiNH; _HO,
) NaBH ’
i-Pro . i-PrO i-PrO (52%, N Me
i- PrO Ceratopicanol
. 1.223 1.224 3 steps)
1.215 (44% P (1.225)
1) 10% H,SO, K,CO3 H,0,
2) CH3S0,Cl, DMAP Hy
1.221 >
3) Li, NH; (80%)
(~50%, 3 steps)
HO Hypnophilin
H 1) KOt-Bu, then AcOH (1.230)

LiOH, H,0, 2) m-CPBA, DBU

(6% from 1.227)

Coriolin
(1.229)

Schemel.34. Total synthesis gacemicceratopicanolhypnophilin and coriolin by Paquette.

The cascade reaction shown in Scherh&3 delivered triquinane 1.221 bearing an eneéther handle.
Hydrolysisf this ether with dilutecagueoussulfuric acid followed by chlorination of the tertiary hydroxylic
carbon and Birch reductive cleavage of the resulting chloride led to aldoP®6in good yield(Scheme
1.34).Further elaboratiorof 1.226into 1.227was accomplished in 5 stepfier which one-pot epoxidation
and MOM deprotectiomwith basichydrogen peroxide afforded hypnophilih.230. Intermediatel.227was
also used for the synthesis of coriolin Imeans ofa KQ-Buwinduced double bond migration followed by
monoepoxidation b-elimination andbisepoxidation

Starting from simple building blockthis stereoselectivecascadefeaturing a norAsolable cyclooctatriene
intermediate delivered a tricyclic system bearing 4 stereocest, which gaveaccess tahree different
racemicnatural productsn few synthetic steps? for ceratopicanol (vs 7 for Prof. Michel Chalféy 10 for
hypnophilin, shortening th@revious shortestl4-step racemic synthesis by Curtéthand 13 for coriolin
again shortening previous synthessof 16-21 stepg8%92
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2. ProjectBackground
2.1Isolaton andSructure of (- )-PF1018

In 1993 Koyama and cavorkers from the Meiji Seika KaishBharmaceutical Research Center in Japan
performed a screening program in the search for novel insecti@fl@sicrobial origin In this contexta
fungal strain found in a soil samgff®m Ohmact city, identified adHumicolasp. PF1018roduced a new
polyketidewhichthey called(- )-PF1018(2.1).

(-)-PF-1018 (-)-PF-1018
(2.1) (2.1)

Scheme 2.1Differentprojections of {)-PF1018.

The structure of{)-PF1018 features two distinguishable parts. First, a tricyclie®ring systenbearing
six contiguous stereocemes, two of which are quaternaryand three trisubstituted double bonds
containingmethyl goups This congested core @nnectedby an ethylendinker to a prolinederived
tetramic acid bearing an additional stereocem{Scheme 2.1)

H and*C CDGNMR spectraf 2.1 showed a main set of signals accompanied by minor peaksh upon
the addition of water, coalesced ito a single set obroad peakslt was therefore concluded that RlP18
existed as twdnterconvertingisomeric formsas it is knowrfor other acyl tetamic acid€®*%! 2D NMR
studies povided the structure oR.1, which was latewerified by Xray analysigFigure 2.1)The absolute
configuration wasonfirmedby degradation with sodium hypochlorite followed by HCI, which afforded
proline.

Figure 2.1 Crystal structure of (-PF1018



2.2 ProposedBiosynthesis of-()-PF1018

As a polyketide2.1 originates from the assembly line within the polyketide synthase (Pi€3However,
given the presencef a nonribosomaly-derivedtetramic acid moietyit is most likely that &ybridof a PKS
and a nonribosomal peptide synthase (NRPS) is responsible for the biosynthes)sP1(018°8102

§> & ketoreductase @ !
dehydratase
: 67
. . . 2.7 2.3

PKS PKS

PKS

S
J— O
wMe
(e} /4 Me
Me
2.8 2.1
(0]
(x2) )J\ Dieckmann
CoA-S condensaﬁon
e (-)-PF-1018
_—
uuMe

Scheme 2.2Proposed hiosynthesis 6){PF1018.

Thus, the biosynthesis would start with a keto synthase domain-b@B8)d acetylCoA 2.2) which
undergoes a Claiserondensation with a proximal methyl maloAgbA unit linked to the acetyl carrier
protein (ACP) domair2(3). Then K®ound cysteinyl residu2.5binds covalently to the extended ch&dim
forming complex2.6, which yields alken®.7 under the action of tb ketorreductase (KR) and the
dehydratase (DH) domains. Repetition of these Claisen condensation/decarboxylation/migration steps with
a new methylmalonyl unit leads to die2e8. The incorporation of three more units of methylmalo@oA

and 2 of acetyl Gbdyields polyen2.9. We propose that the tricyclic core ®fl could be obtained fron2.9
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AY F AAYAETFNI FIFakKAz2y +a GKS yl GdzNF £ LINRPRdzOG&a aKz2.
electrocyclization, the resulting cyclooctatrieB€.0, urlike for all the other cyclooctatrienderived natural
LINP RdzOG &> Aa AYyUSNOSLIISR o0& | RASY2LIKAES Sy3al Ay

electrocyclization. This reactivity leads to tricyclic intermediatel. We think that this sequese takes

LX F OS SINIeé Ay (KS oAzaeyidkKSaAira 3IAAQSy GKS aLRyidl
cascade reaction cannot be ruled dt#€::%4ITo the best of our knowledge, this is an unprecedented reaction
sequence, and consequently so is the structur.af Given the fact that unlike the endiandric acids or the
kingianins, PR018 has been isolated as a single eraner, it seems that the diastereoand
enantioselectivity of these steps could derive from the chiral environment within the enzyme.

After the pericyclic cascadie chain is extended agaivith two units of acetylCoAleadngto intermediate
2.12 Thetransfer of prolinetakes placdrom the thiolationdomain of the norribosomal peptide synthase
(NRPS2.14and thetetramic acidis formed upon Dieckmann condensatimieasing2.1 from the hybrid
complex.

2.3 Biological Activityf (- )-PF1018

As it has beementionedin Chapter 2.1, PR018 was found in a screeniegmpaigrfor new insecticides.
2.1 was tested against critical pedtecludingThrips palmiKany,Tetranychus cinnabariniBoisd. Plutella
xylostellaL. andMusca domestia.[*%! Exposure of these insects to aqueous solutiong.afat different

concentrations led to high levels of mortaligspeciallyfor the diamondback motlfTable 2.1)°%1%1 The

mode of action has not been studied and is therefore unknown.

Species Stage Application Concentration [ppm] Mortality [%]
Plutella xylostella Larvae Larvae dipping 12.5 90
25 100
Thrips palmi Kany Larvae Larvae leaf dipping 150 76
300 96
Tetranychus cinnabarinus Boisd. Adult Foliar application 100 100

Table 2.1 Biological activity 02.1 on critical pests. Test periods of 48 hours.

Of all the pests tested, the most problematidisitella xylostellar diamondback moth. This lepidoptera is

a major destructive pest affecting the Brassicaceusvegetables (includes cabbage, brussels simou
cauliflower, broccolietc) showing high adaptability to different environments, a fast reproductive cycle
and high mutability, which results in quick development of insecticide resisti¥¢&! More specifically,

the diamondback moth has developed resistance to virtually all insecticides, being the only species showing
resistance againsBt toxin*° Moreover, Plutella xylostellahas spread to the whole world affecting
dramatically to the yieldsf Brassicaes crops lowering crop yields by nearl§0%!*%11&112 Fighting this

plague has an estimated cost of US$ 5 billion per,j&4therefore the cevelopment of new insecticidés
essential to keep the damage under control.
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2.4 PreviousEfforts Towards-()-PF1018

Initial studiesat the Trauner groumimed for a straightforwardynthesisof (- )-PF1018 following the

tandem Stillecouplingl ~electrocyclization strategynalogous to the synthesis of ocellapyrorasd
elysiapyrones, which have been highlighted in Chapters 1.2.3 and 1.2.4. In this case, however, the desired
reactivity involved intercepting the cyclooctatriene internmiag with an intramolecular dienophile
inducing a DielsAlder reaction.For this purposestannane2.15 and vinyl iodide2.16 were prepared
(Scheme 2.3)Not surprisingly, the 7c “electrocyclization reaction took place insteddyingto reverse

the ¢ "electrocyclizatiorby heating over 156Cled to thermal retro-[2+2] cycloaddition, releasing triene
2.21and megylenein a new case ofpolyene splicing which was previously observed in the orinocin
cascadgScheme 1.18)

. _COOMe

SnMe3 . ~ X
P Stille / 871
= Pz + & Z COOMe ———> —_—
. N/
2.15 2.16 2.17

2.22

Scheme 2.3Initial studies in the Trauner group toward3-PF1018

A new asymmetric approacstarted with aldehyde2.23 (Scheme 2.4)Two stereogenic cents were
AYUNRRdAzZOSR o0& YSlya 27F |y 9dhydrdionktfatBggif ordsBolcantrah 2 y Ay
the stereoelectronics of the polyene system.

o. 2-24

Yo
N
NG Me Pd(PPhg), CuTC
A__o 0 Bn Me }/ 4 steps P P 2.15
Z T N\ N\g p—— 3 COOMe >
| n-Bu,BOTf 65 °C, then 125 °C

2.23 EtN,DCM | 225 OH O  Bn ' 226 (32%)
(70%)
t
Me oTes M
MeOOC. OoTBS 3 steps 2 .OH Conditions
—_— VNG
/ (nMe —_— / wmMe
Me Me
Mé Me 2.28 :
2.27 1) CISO,CH,CI, pyr
2) CsOAc, (53%, Conditions
18-crown-6, A 3 steps)
3) NaOMe Conditions:

Burgess, MsCI/Et;
Chugaeyv, Tf,0/Iut., POCl3

2.29

Scheme 2.4Previous efforts towards -PF1018
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The resultingalcohol 2.25 was transformed in 4 steps into vinyl iodi@e26, which would serve as the

reaction partner for the Stille coupling. The reaction cascade with stan@attegave2.27 as the only

isolable product in 32% yieltt¥ Interestingly, the same reaction with the unprotected alcohol did not

RSt AGSNJ 6KS RSaANBR LINE R dzO (-methyl drauf Bnpait & yosiondl Ktrainh  § K S
GKAOK I @2ARa (GKS ¢~ StSOGNROeOf Alstrustar®d.y 06aSS CA 3 dzN
Further elaboration of cascade produ27yielded alcohoR.28in 3 stepsA set of elimination conditions

including Burgess and Chugaeas tried or2.28, but failed to afford the desired produ@.30either by lack

of reactivity or decompsition. Hoping that aranti-elimination would solve this problem, tr@nfiguration

of the free alcohol was inverted by the formation of a chloromethyl sulfonate derivative followed by
treatment with CsOAcaffording an acetatewith net inversion of configration. Methanolysisupon

treatment with sodium methoxide in methanol yied alcohol 2.29. Unfortunately, all attempts for
eliminationfailed again frustratingthis approach towards PF018.

2.5Project Outline

The structure of{)-PF1018 is not onlaesthetically attractive given the complexity of its tricyclic cdrat
also entails a challenge for synthetic chemisisce the ubiquitouy 7c¢ “cascademust interceped atthe
cyclooctatriene intermediate with an intramoleculaedophile. This is a unique casdhie Gyclooctatriene
Derived natural productfamily described inChapter 1,and the synthesis oR.1 will add newsignificant
insightson how thesesecondary metabolitearise from cyclootatrienesandwhat is the reasombehind the
fact that some are isolated as racemates or as single enantiomers.

Me OMe
Me Me Me \
NN N
o) 0
Vermisporin Eliamid Pyreudione C
(2.31) (2.32) (2.33)

Scheme2.5. Example®f tetramic acid natural products with relevant bioactivity.

Regarding theapplicationsof synthetic 2.1 given its bioactivitymaybe theheavy economic losses in
agriculturecaused by the diamondback motbuld justify the use of complex synthetic moleculsschas
(-)-PF1018 Moreover, other natural products bearing tetramic acitieve proven to entia very broad
range ofinteresting biological activities suchatibioticd'*®, antfungal*'®, cytotoxid''”), antimoebaf® and
antiviral&121 For exampleyermisporin, produced by the fung®phiobolus vermisporexhibits activity
againstBacteroides spiClostridium perfringen®0% inhibition at 0.22 ug/mL), andStaphylococos aureus
(90% inhibition at 0.18.5ug/mLJ*?* pyreudione Ghowsantimoebal activity (16 1 pg/mL)°¢ and eliamid
cytostatic actiity againg human lymphoma cell line-937 (IGo 0.5 ng/mL)*??' Hence it is likelythat 2.1
would also display potertioactivityagainst somef these targetswhich could bedentified by means of
a screening process. The material for this screening could be obtained thiteugtial synthesis of- )-PF
1018.

In our initial retrosynthesis, & envisionedthat 2.1 could beobtained via Horner Wasworth Emmons
reaction between aldehydg.35and phosphonate este2.34(Scheme &). 2.34could be accessefdom L -
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proline and diethyl phosphonacetic acidTricycle2.35 could in turn be obtained from ketone2.36 by
olefination and double bond migration. Consequenkgione 2.36 could bederived fromdiol 2.37 upon
deprotection, oxidation anddeoxygenation at C2Diol 2.37 would in turn arise fromthe previously
describedStillely 7[4+2] cascadef stannane2.15and vinyl iodide2.38. By exchanging the methyl group
at C3 (compoun@.26, Scheme 2.4) by a protected alcohol (compo@r®B, Scheme 2.8)e expected to
overcome theelimination problem described aboveTriene 2.38 would be synthesized in an analogous
mamer as2.26via Evansaldol reaction of conjugated aldehyd23(Scheme 2.4j)tself arisingfrom vinyl
iodide 2.39. Stannane2.15could be accessed from angelic aldehyde by means of a-3taalk olefination.

N-acylation 2.34
H Dieckmann O ? 9
condensation |:> N * HO)J\/l,D\OEt
0 =0 __.---- H OH OEt
acylation” " { P(O)(OEY),
HO o deoxygenation
+ olefination, .
:> o Me _ double bond
- migration

2.35

Stork-Zhao Evans Aldol

_ _0 olefination HWE Stille 3

| SnMe, g 8 [4+2] MeoOC 2 0PG

+ |:> Kk%\ v 7 Acoome 7|~ me
(0] | OPG Me

/k& Mée

I 2.39 215 2.38 2.37

Scheme 2.6Initial retrosynthetic analysis of ¥PF1018.
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3. Results and Discussion
3.1 EvansAldol Approad

This approaclimedfor the asymmetridnstallation of thesyndiol via Evansaldol reaction of aldehyd&.4
with oxazolidinones3.8 and 3.9 (Scheme 3.1)chosen for their differentbulk and stability towards
deprotection. Asit has been mentionedchapter 2.4,it seened that the substituent sizeat C2and C3
stronglyinfluencethe outcome of thecascade reactiaon

Thus,the preparation of aldehyd8&.4 started with prgargyl alcohol, whiclunderwent a carbocupration
followed byiodine quench to deliveZ-vinyl iodide3.1.1*231241 Oxidation of the alcohol with manganese
dioxide led to an unstable conjugated aldehyde which was immediately submitted to a
Horner Wasworth Emmonsreaction with diethyl phosphonate3.2, leading to conjugated este3.3.
Aldehyde3.4was obtained by DIBAEduction of3.3followed byallylicoxidation.

Cul, MeMgBr
then I, oH 1)MnO, DCM 1) DIBAL (o}
/OH—»%\/ COOEt - ANINF
2) MnO, NaHCO;

(85%) | J\o 3.2 , |
3.1 3.3 3.4
EtOOC P(OEt), (76%, 2 steps)

LiOt-Bu, hexanes
(92%, 2 steps)

PMBOH, NaH 1) Cs,CO3, BnBr )O]\
(0] NEt,Br (cat.) 0O O 2) DIPEA, MOMBr
g HN™ O
Br ————— PMBO HO MOMO

\)]\OH (92%) \)]\OH \)J\OH 3) Hy, Pd(OH), \)]\OH >—’

3.5 (63%, 3 steps) 3.6 B 3.7
1) EtN, PivCl OR ¥
3N, Bn

o)
2)-78°C, 3.7 o) 3.4 -
0 n-BulLi \)\\ )]\ n-Bu,BOTf | HR o \ Bu OR ’/\o

RO ——— RO N" O — ¢ \1/ — - N
\)]\OH )_/ o ﬁﬂ \Bn \Bu 7 \(
Bn _7 I OH O o
35 R=PMB 3.8 (73%)
3.6 R=MOM 3.9 (65%) Ef%%i 33.1101

Sheme3.1. Attemptsfor the preparation of sydiols3.10and3.11

Oxazolidinone8.8and3.9were synthesized bseactionof protectedh -hydroxyacids3.5and3.6with PivCl

in the presence ofa base and Evans auxiliaB.7. The Evansadol reaction of aldehyde 3.4 and
oxazolidinone8.8and3.9wasinitially performedusing the sameeactionconditionsdeveloped imprevious
work.*4 However,Evans glycolate aldol couplings with conjugated aldehydes areaadethe reported
yields are usually markedly lower than for roonjugatedor nonroxidizedsystemsoccasionallgisplaying
lower sterecselectivity?%128 Thus, theereaction conditionsising dibutylboron triflate and triethylamine
yielded onlytraces of3.10 (Method A, Table3.1, Enties 1,2and 7.¢ KS al YS NBI QG A2y dzy
conditions (Method B, Entries@and 8) with different sources of dibutylboron triflate also failed to deliver
the desired product?® We confirmedhe validity of this methodby testing it with the same substrate used
by Paterson noticing that freshly distilled dibutylboron triflate wasquiredfor the reaction to succeed
(Table3.2, Entry 3).An attempt lacking boron chelation also failed to pd®vihe desiredproduct (Table
3.1, Method C, Entry 9)3.131
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o O Bn,
N _J__0  Conditions OR TN
RO N O + zZ —_— - N
7 X
I 34
Bn . I OH o ©O
R =PMB, 3.8 R =PMB, 3.10
R =MOM, 3.9 R =MOM, 3.11
Entry R Method n-Bu,BOTf [equiv.] Result
1 PMB A 1Min DCM 1.15 complex mixture
2 PMB A 1Min DCM 1.15 trace
3 PMB B 1Min DCM 1.1 complex mixture
4 PMB B Neat 1.1 PMB deprotection
5 PMB B Freshly distilled 1.1 complex mixture
6 PMB B Freshly distilled 1.1 trace
7 MOM A 1M in DCM 1.15 complex mixture
8 MOM B Freshly distilled 1.1 complex mixture
9 MOM (e} - - complex mixture

Experiments were run with 0.52 to 0.87 mmol of 3.8 or 3.9

A: 1)3.8/3.9, DCM, 0 °C, n-Bu,BOTf, then Et;N (1.3 eq.). 2) =78 °C, 3.4 (1.2 eq.) in DCM, 3 h.
B: 1) 3.8/3.9, PhMe, rt, Et;N (1.3 eq.), then =50 °C, n-Bu,BOTf 2) 3.4 (1.85 eq.) in PhMe, then =30 °C, 5 h.
C: 1)3.8/3.9, THF, —78 °C, LDA, (1.1 eq.) 15 min. 2) 3.4 (1.1 eq.), 1 h, then 0°C, 1 h.

Scheme3.2and Table3.1. Conditions screened for the Evans aldol reaction of aldehyde

P
o) it OR T\
Z Conditions
PMBO\)\\N o + Y _Condfons e
o Y
3.8 Bn 3.12 I OH O ©
3.13
Entry n-Bu,BOTf Result
1 1Min DCM complex mixture
2 Neat trace
3 Freshly distilled ~55% yield

Experiments were run with 0.52 mmol of 3.8

1) 3.8, PhMe, rt, Et3N (1.3 eq.), then —50 °C, n-Bu,BOTf (1.1 eq.)
2)3.12 (1.85 eq.) in PhMe, then —30 °C, 5 h.

Scheme3.3and Table3.20 wSLINRPRdzOGA 2y 2F t I GSNAR2YyQa 90 ya
triflate sources.
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3.2 BrownAllylation Approat

Although many variations could still be applied to the Evans aldol reactienthought of a more
straightforward approach towardsl,3-diol 3.17 which involved acrossmetathesisof triene 3.18 with
methyl acrylate. In turn3.18could be accessed from aldehy8 viaBrown allylation with MOM protected
allyl alcohol. This strategyould afford the desired trien8.17in three steps includinglcoholprotection,
versus4-5 steps for the Evanddol route (Schemes.4).[%2]

Brown Allylation

OMOM OMOM
_— O
%\/H/'\X\COOMe :> M I:> MOMO\/\+ /k/k&

317 OPG I 348 OPG 3.19 I 34

Scheme3.4. Newstrategy towards3.17 featuring a Brown allylation/crossietathesis strategy.

In the Brown allylationthe allyllithium specie8.20generated by treatment of alldlcohol3.19with sec
buthyllithium reacts with diisopinocampheylborane and boron trifluoride etherate to deliver allylboron
intermediate 3.21, whose Z-configuration ismaintaired at low temperature through boron-oxygen
coordination (Scheme3.5). Thisconfiguration will dictate the diastereoselectivityof the reactionupon
addition of aldehyde3.4, yielding syndiol 3.22 via transition state3.22 TSBThe isomer ofh-pinene
employed is responsible for the em#oselectivityresult of the steric repulsiohetweenthe methyl groups
from pinene and the terminal allyl hydroge(&22TSAScheme 3.53%

Me
OMOM s-BuLi A (*)-(Ipc);BOMe 3.4
R - S
i —78°C _ Li-—-—-OMOM BF4+OEt, B—_Me
3.19 3.20 -78°C '
\ 5
i \
Dlsfavourefj ' MOM
Methyl group§ collide with Favoured 391 _
allyl terminal CH, " — -t .

Me Me OMOM
H He ' Ho B Me - 2\)\1/'\/
MomMo R ﬁ 3.22
OMOM

{

3.22TSA - 3.22TSB

Scheme3.5. Brown allylatiormechanism.

Thus, the followingonditionsfor Brown allylationvere screened Table3.3).
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/\/OMOM
3.19 | 1) s-BuLi
(+)-(Ipc),BOMe
\ 2) BF3°OEt, OMOM
2\)\’//0 then 3.4 W
| H THF/Et,0, T, t | oH
3.4 3.22
| Equivalents |
Entry  (+)-(Ipc);BOMe _~\_OMOM  BF;.OEt, s-BuLi T[C] tlh]  Yield[%] dr. e.e.[%]
1 3.7 3.8 3.7 3.6 -70 3 55 6:1
2 3.1 3.1 2.9 2.9 -70 3 57 5.1
3 22 2.26 2.26 2.12 -78 4 53 >2011 92
4 1.80 1.93 1.93 1.82 -78 3 60 >2011 96

Scheme3.6and Table3.3. Conditionscreened foBrown allylatiornof 3.4.

We first used the reaction conditions by Crimmétsl., who reported an excellent yieldn the reaction of
a conjugated aldehyde iime synthesis of Sorangicini&® In our hands his method delivered the desired
product in moderate yield55%)and low diastereoselectivitg6:1 d.r.)for this kind of reaction (Tabl&.3,
Entry 1) Intrigued by the large excess of borane ussdCrimminswe decided taise less equivalentd his
led to a slightly higher yield57 %)but a decrease in stereoselectivit$:1 d.r., Entry 2).Since the
temperature is a key factor to control the stereoselectivity in B@wn allylatiorf**2134we decided to
lower it to - 78 °Cwhile diminishing theequivalentsof allyl borane Entry 3). These changded to a much
higher diastereomeric ratg>20:1) and excellent enantioselectivity92% e.e.) Finally, uponfurther
modifications in concentration, reagent ratio and workpiqmcedure we obtained dioB.22in decent yield
(60%)and excellent diasterecand erantioselectivity(>20:1 d.r. an®4% e.e.Entry 4). The enantiomeric
excess was calculated by Mosher ester analiSis

Further chain elongation could be achieved by crossetathesis of the terminal alkenef 3.22 Both
metathesis @rtners are considered type 1l olefins, therefore they are not expected to homodimerize at a
significant raté®*® Thus, the reaction was initially set withe secondgeneration Grubbs catalysind an
excess of methyl acrylate in refluxing toluene with phenol as a staljiftZé#®l and stirredfor 45 minutes.

The desired produc®.23was obtainedalthough conversion was not complete (TaBld, Entries 1 and 2).

We run agairthe reaction under the same conditiomsd then added more equivédents of catalyst and
acrylatewhile extendng the reaction time but thisdid not lead to anyrelevant improvement (Entry 3).
Thus,we exchangd the catalystwith the mare stable secondjeneration Hoveyd#&rubbsand further
extended the reaction timewhile decreasing the temperatureUnfortunately, these changemly led to
lower starting material recovery or increased decompositishen the temperature was kept at 119C
(Entries 45). Further improvement was observed whtre reactionscale was increasddom 100 to 700

mg andthe temperaturedecreagdto 80°C (Entry 6). At this point it seemed clear that the catalyst turnover
was low, and that the high temperatures meeading to decomposition. Therefore, addition of 10 mol% of
the catalyst with a syringe pump over 19 hotosa refluxing toluene solution &.22and methyl acrylate
allowedfor isolation of triene3.23in a 50%yield and no starting material recovei§gntry 7) When the
addition was performed over 8 hours and at lower temperatured@0the yields decreased again (Entry 8).
Finally, given the inconvenience of injecting the material over so many hours, a solution of the catalyst was
prepared, loadednto a syringe and connected to the systelning periodic injectionsf ~1%after each

hour (Entries 917). The best reaction conditions involved tBequential addition of the catalyst solution
over 12 hours to the reaction mixtui 50 °C, leadingto a 66%yield (Enty 17).
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0]

OMOM \)J\O/ OMOM
| 222 OH Conditions I 223 OH
Entry acrylate [eq.] Catalyst [mol%] T [°C] t[h] Yield [%] sm [%] scale Comment

1 5 G-l 25 110 0.75 29 58 100 mg PhOH 0.5 eq
2 10 G-Il 25 110 0.75 30 54 100 mg PhOH 0.5 eq
3 10+5 G-Il 2.5x2 110 1.5+18 36 59 60 mg PhOH 0.5 eq
4 1.4x2 HG-II 2.5x2 110-+85 10+48 36 22 60 mg -

5 10 HG-II 2.5 110 10+48 16 8 60 mg -

6 10 HG-II 2.5 80 4 37 61 700 mg —

7 3 HG-II 10 110 19 50 trace 1.00g cat. over time
8 3 HG-II 10 75 9 33 28 2.00g cat. over time
9 3 HG-II 1.25x8 50 8+20 36 23 100 mg cat. portions
10 3 HG-II 1.67x6 40 6+20 46 29 100 mg cat. portions
11 3 HG-II 0.91x11 40 11+20 19 43 100 mg cat. portions
12 3 HG-II 0.91x11 50 11+20 37 13 50 mg cat. portions
13 3 HG-II 0.91x11 40 11+20 51 14 50 mg cat. portions
14 3 HG-II 0.91x11 40 11+20 56 13 1.00g cat. portions
15 3 HG-II 0.91x11 50 11+20 54 14 1.00g cat. portions
16 3 HG-II 0.83x12 50 12+12 64 - 1.00g cat. portions
17 3 HG-II 0.83x12 50 12+18 66 - 1.00g cat. portions

Schemes.7 and Table3.4. Reaction conditionscreenedor the crosanetathesis reaction.

With vinyl iodide3.23in hand the stannanegpartnerwas synthesizeslia Stork Zhao olefinatiort® 61 This
one-pot procedure started with phosphonium s@124 (Scheme 3.84), which was deprotonaig with n-
BuLi and trapped with iodingiving alkylodide 3.25. This intermediatenvas subsequentlydeprotonated
with a milder base and condensed with angelic aldehyg&lé4f. The resulting vinyl iodide was then
submitted to a lithiumhalogen exchange witm-BuLi and transmetalated with trimethyltin chloride
affordingthe unstablestannane3.16.

As it has been mentioned Bhapters2.4 and 3.1.1, the substitution pattern and stereochemistry of the
hydroxysubstituents in triene8.23proved to be essential for outcome of the cascade reactwobably as

a resultof the existing stericstraind SG 6 SSy G KS methyl grolipyvRich dis€aSourihe ¢ ~
electrocyclizationTo further explore thigffect, a series of silyl ethers waused to protect the free alcohol
of triene 3.23(Scheme 3.8B).
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A I+ NaHMDS | n-Bulli SnMe
., n-Bulli, I Ph3p\|/ -50 °C CISnMeg ®
—_— —_— = —_— P
7 7
Ph3pv THF 0 °C I then 0314 (95%)
3.24 3.25 (38%) 3.26 3.16
B omom
3.16
~OX 261 OMOM Pd(PPha), (10%) MeOOC
» 2,6-lut. P CuTC (1.1 eq) ‘.‘.Me
328 —— > AN\F COOMe —
X =Tf, Cl DMF, 65 to 125 °C
| OR
327TR=TBS  (89%) 331R=TBS (42%)
328R=TES (76%) 332R=TES (32%)
3.29 R = TBDPS (70%) 3.33 R = TBDPS (23%)
330R=TIPS (80%) 3.34R=TIPS (14%)

Scheme3.8. Synthesis of tricyda.31-3.34.

Now the stage was set for thikey step a onepot Liebeskinetype Stille coupling followed by an ~
electrocyclization and ®iels Alder reaction**>*1The Liebeskintlype reaction takes advantage of the
GO2LIISNI STFSOGE T 6 KA OKupoh tyatshBalatiosfeom staikiranedNIs fo Copper v
and then to palladium Copper alsosequestersthe free triphenylptosphine ligands which cause
autoretardationand could also catalyse tleosscouplingby itself(Schemes.9).153:142144]

PdL,
+2CuTC f -2CuTC
R'-R Pd0L2 R'—| \ AN
+ s
2CuL 2TC MesSn—R o -
reductive idati O- Cu\
elimination oxidative — .
addition Me3Sn—TC Me,N \/ TC
L L tr a”smeta’at’ on ligand substitution
R'-Pd'-R R'—Pd'!-|
L L

|—Cu'-DMF

DMF-Cu'R
transmetallation Oxidative addition

+ reductive elimination
DMF-Cu-I

Me3Sn| Me3Sn—R

Schemes.9. Proposed mechanism for thebeskineype Stille coupling#3144

Thus, in parallel experiments perforiohén the dark to avoid undesired photochemical pathways (Scheme
1.5), stannan&.16and the different vinyl iodide8.27-3.30were heated in DMF together with Pd(RRh

and copper thiophene carboxylate. Under these conditions, the desired tricyclic produlct be cleanly
isolated for R = TBS.81) and TES3(32) in 42 and 32% yield respectively (Scheme 3.8, B). The reactions
with TIPS and TBDPS were more sluggish3aB8land 3.34 were obtained in lower purity and yield

a LJ
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(calculated by NMR). No other procts could be isolated. Although computational studies later predicted
GKIFG odzZf 1ASN) adzoaidAadadsSyida G /w ¢2dAd R AY-RedA G (K
reaction (Chapter 3.3), in our hands the introduction of TIPS and T8RIRShers led to decreased yields.

These reactions were performed once, in parallel with the TBS and TES experiments and under optimized
conditions. The fact that these were otime reactions could explain the divergent results, but given our

broad exprience with this particular reaction, we think that other options should be considered: the
introduction of these groups could have promoted unexplored reaction pathways, or, the presumably
KAIKSNI I OGABFGA2Yy Sy SNHAS ain thdpjedehcd Bf BulkierzwbstithieatS may -~ S f
demand longer reaction times or higher temperatures.

Taking a closer look to the cascade reaction, many potential products could arise from te&&éne
Discarding the photochemical pathway, polyeB&5coulddzy RSNHE2 | ¢~ RAANBGI (2N
yielding cyclohexadiene8.36 and 3.38 depending on the reaction torquoselectivity (Scheme 3.10).
Moreover, it would be theoretically possible for both to engage in a [4+2] cycloaddition affording tricycles
3.37and3.39.

DAGSY GKS t26SN) I OQUADlIGA2y SySNH& NBIldZANBR F2NJ vy
10FftkY2t fSaa GKIy F2N G4KS O2NNBaLRyRAy3a @ oz
Depending on the torquoselectivity, the conrotatory electrocyclization could lead to cyclooctatBet@s

and3.41, each of which existas a mixture of two conformers that interconvert by ring flip with an activation
energy of 47 kcal/mol®¥ These cyclooctatrienes would affobicyclo[4.2.0]octadiene8.42to 3.45upon

c”™ StSOGNROeOtATIGAZ2Y T ¢ Ka2Deyclorddition eriifing Gh@sitylee antty R S N.
triene 3.47, as earlier described for Orinocin (Scheme 158Yorendobicycles3.42and3.45, a Diels Alder

reaction analogous to the one yielding endiandric acid C could take place affordiagytdées3.46 and

3.48

Finally, the desired produ@ 31is obtained fron3.40by the reaction sequence comprising a conrotatory
O2dzy i SNOf 201 6AaS vy~ St SOUNROOtATFTOARZ2Y F2ff26S8SR
regioselectivity. If the other gssible diene in cyclooctatriene precurs8rd0 would engage in the

Diels Alder reaction, tricycl&.49would be obtained instead. Evidently, the homologous compot86

and 3.51 would arise from the same process, starting with cyclooctatri8ril, itsdf originating from

Ot 2016A4S y~- StSOBBROOtATIGA2Y 2F (GSGNFSyS
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MeOOC OMOM COOMe
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7 COOMe \
OR 5
MOMO” Y~ “Me 3.47 Me “OMOM
3.46 OTBS 8n—6n-retro[2+2] OTBS 3.48
8n—-6n-[4+2] 8n—-6n-[4+2]
g)MOM C TBSO OMOMCOOM
MeOOC oTBS \ COOMe AL °
— {nmiMe W ~
/A Me Me"
Me
8r—[4+2] 8r-{4+2]
(regioisomer)
3.51

Me
8n-[4+2]
(regioisomer)
3.50

8n-[4+2]
3.49

3.31
Scheme3.10. Potential products that could arise from cascade rea®i86hH3.31
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3.56 3.54 3.55

Scheme 3.11Possible reaction pathways followed3$0and3.52including transition states.

As it can baleduced fromthe experimental resultsthe right arrangenent of substituents atC2 and C3

positiors allowed for remarkable stereoselectivifyand consequentlya reaction which could yield at least

14 different productgsielivered thedesired tricycle in 42% yiel@ihe explanation for this phenomenaan

be attributed tothe stericstrainbetween theside chain, increased by the presence of @EBSroup,and

the i -methyl grouppresentin transition state8.43TSand 3.42TSof which thelatter is presumably higher

in energygiven theendoposition of the alkyl chaiScheme 3.11 omputational calculations in this regard

can be seen in Chapt8t3. Thisstrainis not presen{or is greatly minimizedh thetransition states of the
analogoustetraene (3.54TSand 3.55T$, explaining whyin previous workonly the ¢~  LINP RdzO{
bicyclo[4,2,0]octadiene8.54and3.55were isolatedundersimilar reaction conditiondvioreover,attempts

to thermally reverse this reactioonly led to retro[2+2] cycloadditio{Scheme 3.11).

With the core structure in handve aimed to instalthe olefinic methyl group in the cyclopentane rifye
envisioned hat h-hydroxyketone 3.57 (Scheme 3.12) obtained from tricyc3e31 by MOM deprotection,
oxidation and TBS deprotection colild deoxygenateavith Smj yieldingketone 3.582451461This versatile
intermediate couldootentiallydelivercyclopentene3.59 by 3 different approaches based amtérmediates
3.60to 3.62. The first strategy woulthvolve olefination of the ketone yieldirexomethylene3.60, which
could beisomerized to the desired intermedia®59.1471%% Another option would be the synthesis of an
enol sulfonate .61 b or ¢) which could engage in a cressupling reaction to install the methyl
group 51152 Finally, methylation of ketone3.59 with a Grignard or an equivalent reagent would lead to
tertiary alcohol3.62, which upon elimination would afforg.59.153154
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OMOM fe)
N 1) MOM deprotection

MeOOC OTBS 2) alcohol oxidation MeOOC OH deoxygenation
cnMe {(mMe I

3) TBS deprotection Me

oleflnatlon enol sulfonate
formation
MeOOC MeOOC
uMe ....Me
3.61

X = OTs (a), OMs (b), OTf (c)

cross-coupling

olefin

. A elimination
isomerization

Scheme 3.2. Envisioned routgtowards intermediate3.59.

For this purpose, wdirst proceeded todeprotect the MOM group of intermediate 3.31 After trying
different methods including the use d@-Bromo catecholborane (Table 3.13Entries 1-2),1155156 zinc
bromide (Entries 34)5%15°1 and TES triflateand base(Entries 5 7-8)1%% at different temperatures, either
no conversion or decompositionas observeqTable3.5, Entries 15). We then triedCdz2A 2 1 | Qa O2 Yy R
whichconsistedn the treatment of the acetal with TESOTf and-Rjédine at 0°C, forming a lutidinium salt
intermediate which could be hydrolyséd situyielding the desired alcoh8fY For our hindered substrate,
3.31, no conversion was observeshder the mentioned conditionsl hisorompted us to apply more forcing
conditions switchingthe solvent to chloroformand heating up to reflux After 5 hoursthe expected
lutidinium salt3.63 was observediy proton NMR and further hydrolysis waschieved by keeping the
samplein a biphasic mixture of chloroform and watgr65°Cfor 48 h obtainingalcohol3.64in 81% vyield.

In another publication by Fujiok#? the problem of lutidiniim salt hydrolysis was addressed by the use of
bipyridine which vyielded labile bipyridinium salt$dowever when we applied this method only
decomposition wasbserved(Entries 78).1162
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Entries 5,6
OMOM OH J N\, &
NN o
= (@)
MeOOC OTBS gonditions MeOOC OTBS s
/ mMe / wiMe MeOOC OTBS
Me Me M
Mé Mé ] ve
Me
3.31 3.64 Me
3.63

Entry Reagents Solvent T [°C] Time [h] Outcome
1 B-Bromocatecholborane DCM -30 to -10 8 no conversion
2 B-Bromocatecholborane DCM 0to23 2 decomposition
3 ZnBr, n-PrSH DCM 0 2 no conversion
4 ZnBr, n-PrSH DCM 23 2.5 decomposition
5 TESOTT, lut. DCM 0to 23 5 no conversion

6 TESOTH, lut. CHCl; 61 5 81% yield
7 TESOTT, bipyridine DCM 0to 23 18 no conversion
8 TESOTT, bipyridine DCE 62 6 decomposition

Scheme3.13 and Table3.5. Conditions screened for the deprotectioM®M alcohoB.31

Alcohol3.64was oxidized with DMP yieldimgyotected h -hydroxy ketone3.65, which wewere unableto
deprotect by treatment with variousfluoride sourcesncluding TBAF, TASF, HF/Pyridine anddBE& to
decomposition(Scheme 3.13'6%1¢61 An attempt to directly deoxygenate silyl ethg65with Smj based
on literature preceders also failed*#>71 Thinking that the ester groupould be playing a role in the
decomposition 083.65, we opted to reduceit and proted the resulting alcoholThis was accomplishdxy
treatment of3.64 with DIBALfollowed byprimary alcohol protection witif BDPS@hdoxidation with DMP
which smoothlydeliveredketone 3.67. We attemptedthe Sm} mediated" -hydroxy ketone deoxygenation
on 3.67,16%166 hyt again no conversion was observafiittig olefinationof 3.67to obtain exomethylene
3.69 andalkylationattemptswith different organometalliceagentsincluding methyl magnesium bromide,
methyllithium, lithium trimethyl magnesiate and methyl titanium trichloridgming to deliver tertiary
alcohol3.70 were also unsuccessfti?*1%173 presumably due to the steric hindrae around the carbonyl

group.
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OH o) o) 0o
2 DMP, t-BuOH
MeOOC OTBS  NaHCO, MeOOC OTBS reagents’ MeOOC OH MeOOC
wMe wMe —X—> nMe B fnMe
/ Me DCM.r 3h /A Me /A Me / Me
Me (86%) Me Me Me
3.64 3.65 3.57 3.58
. | Sml, T
DIBAL | (76%) reagents': TBAF,
TASF, HF/Pyr, BF3 _78°Ctort
oH OH TBDPSO % TBDPSO
OTBS 1) TBDPSCI, Imidazole OTBS Sml,
(Me {nMe {nMe
/A Me 2) DMP, NaHCO; 367 [/ Me -78°Ctort / Me
Me t-BuOH Me s Me
(96%, 2 steps) Vs,
3.66 LiCH,PPhj Uso 3.68
(rt to 65 °C)
TBDPSO TBDPSO HO e
reagentsZ: MeMgBr, OTBS
[Me3MgLi, MeLi, MeTiCls OTBS
/ ¢ Me hoMe
Me / Me
Me Me
3.69 3.70

Scheme 3.4 Attempts to synthesizadvanced intermediate3.58 and 3.68 to 3.70.

Since the deoxygenaticsttempts onh -hydroxyketones 3.65and 3.67 were unsuccessfylwe decided to
first deprotectthe TBS silyl ether arslibmit the resulting alcohol tdeoxygenation with Nugef reagent
using. I NN hHRids (Scheme 3.18Y4 Unfortunately, when applied to alcoh8171or silyl ether3.31,

no conversion was observedhs prompted usto redesignour retrosynthesisfor the last time(Sheme

3.16).

OMOM OMOM OMOM
3 N (dust) 3

MeOOC OTBS ToAF, 4A MeOOC szT,m MeOOC
"‘Me |llMe "‘Me
45 °C,4h
(93%) Me
3 71 3.72

(dust), Cp,TiCl,

Sm Metal Solvent Time [h] T [°C] Result

3.31 Mn THF 5 66 No conversion
3.31 Zn THF 6 66 No conversion
3.31 Zn Dioxane 18 101 No conversion
3.31 Zn PhMe 18 110 No conversion
3.7 Mn THF 5 66 No conversion
3.7 Zn PhMe 5 110 No conversion
3.7 Zn Dioxane 18 101 No conversion

Reactions were carried out on a 21 pmol run with 1.5 equiv. of M and 2.1 equiv. of Cp,TiCl,.

Scheme 3.4.and Table 3.6Attempts to deoxygenate intermediat8s31and3.716 A 4 K b dzZaASy (i Q&
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N-acylation 3.74
’ \wH  Dieckmann O 0 9
condensation |:> N * HOJ\/?\OE’(
(@) ~O__..---- H OH OEt
acylation™~ HO P(O)(OEt), MB(a:rtont;l
. cl_om ie
—> o Me Neden o
- coupling MeOOC
H
7 {iMe 3-58
Me Me Me
3.75
o Stork-Zhao .
NG olefination i Crown Allylation g0 , OMoMm
3.14

: | SnMe; | 1 OMOM 8, [4+2]  meoOC 2 oTBS
¥ :> M * F "> COOMe :> 7 'V'i/l

' e
/QO | otes | e

| 345 3.16 3.27 3.31

Scheme 3.1@Definitive retrosynthesis of -PF1018

Weenvisioned a new way of obtainitigcycle3.75from diol 3.31. The olefinic methyl group &.75could

be installed by means of Negishi couplingasnenol triflate derived from keton8.58 3.58 could in turn

be obtained from3.31 upon TBS deprotectiorBarton McCombiedeoxygenation andxidation of the

alcohol atC3. This strategy together with the Brown allylation route towaBd®l and the final HWE
reaction define the retrosynthetic analystsat delivered {)-PF1018 (Scheme 3.16).
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3.3BianspiredSynthesis of-()-PF1018

WILEY-VCH

Bioinspired Synthesis of (-)-PF-1018

Hugo Quintela-Varela, [ Cooper S. Jamieson, Qianzhen Shao, 4 K. N. Houk™ and Dirk Trauner*®!

Abstract: The combination of electrocyclizations and cycloadditions
accounts for the formation of a range of fascinating natural products.
Cascades consisting of 8 electrocyclizations, followed by 6x
electrocyclization, and a cycloaddition are relatively common. We now
report the synthesis of the tetramic acid PF-1018 through an 8w
electrocyclization, the product of which is immediately intercepted by
a Diels—Alder cycloaddition. The success of this pericyclic cascade
was critically dependent on the substitution pattern of the starting
polyene and could be rationalized through DFD calculations. The
completion of the synthesis required the instalment of a trisubstituted
double bond via radical deoxygenation. An unexpected byproduct
formed through 4-exo-trig radical cyclization could be recycled
through an unprecedented triflation/fragmentation.

The combination of an 8n-6n-¢lectrocvclization cascade with a
cycloaddition has been implicated in the biosynthesis of a range of
natural products (Fig.1). In the well-known endriandric acid family.
for instance, conrotatory 8m electrocyclization of 1 yields
cyclooctatriene 2, which then undergoes disrotatory 67
electrocyclization to afford the bicyclo[4.2.0]octadiene endriandric
acid G. This is followed by an intramolecular Diels—Alder reaction
that leads to endriandric acid C (Fig. 1A).1'3] In the case of kingianin
A, the electrocyclization cascade yields cyclooctatriene 3 and then
bicyelo[4.2.0]octadiene 5, which engages in intermolecular Diels—
Alder dimerization (Fig. 1B).[**] Other examples that have been
validated by biomimetic or bioinspired synthesis include
ocellapyrone A.I°l where the electrocyclizations are followed by an
intramolecular hetero Diels—Alder reaction, and orinocin,l! where
they are followed by a remo [2+2]-cycloaddition. resulting in
“polyene splicing™.

The unusual natural product PF-1018 appears to stem from a
fascinating variation of this pericyclic chemistry (Fig. 1C). The
anionic lipid was isolated from a fungal strain identified as
Humicola sp. 1018 in a screen against Plutella xviostella. the
diamond back moth, which accounts for massive agricultural losses
worldwide.®¥l Tts structure was established by NMR and X-ray
analysis and was shown to feature a rare proline derived tetramic
acid linked to a complex tricyclic hydiocarbon core. This core
features six stereocenters, two of them quaternary. and three
trisubstituted double bonds bearing methyl groups.

[a] H. Quintela-Varela
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Los Angeles, CA 90095 (USA)
[ Q Shao
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Tianjin 300071 (China)

Supporting information for this article is given via a link at the end of
the document.

Biosynthetically. PF-1018 could originate, at least in principle.
from the complex polyene 6 (Fig. 1C). A diastereoselective 87w
electrocyclization would generate the cyclooctatriene 7. Unlike the
cascades above, instead of a subsequent conrotatory 67
electrocyclization to afford a bicyclo[4.2.0]octadiene, the
cyclooctatriene engages in an intramolecular eycloaddition with one
of the disubstituted alkenes to generate the tricyclic hydrocarbon
core of the molecule.

It should be noted that the endriandric acids and kingianin A
were isolated as racemates and spontaneously form from their
achiral polyene precursors 1 and 3.I'4 By contrast, PF-1018 was
isolated as a single enantiomer and diastereomer. It seems unlikely
that the existing stereocenter m the hypothetical precursor 6 would
govern the diastereoselectivity of the initial 87 electrocyclization.
This indicates that the pericyclic cascades could already occur on a
shorter intermediate. such as 8. within the chiral environment of a
molecular assembly line (Fig. 1D).'%!] The cyclization of an
intermediate bound to a polyketide synthase—nonribosomal peptide
synthetase (PKS-NRPS) via a thioester, could also explain why
interception of the cyclooctadiene 9 via Diels—Alder reaction to
afford 10 is favoured over a relatively fast 67 electrocyclization,
which is essentially irreversible at ambient temperatures.[1>-1°]

A COOH COOH COOH
7N
N
x
1 endiandric endiandric [,
=z Z acid G acid C
Ph
Ph Ph Ph
48
=
B CONHEt CONHEL CONHEL
) LA
7 N\ Y
87 6n [4+2) /_-Sk
"7 L <
CONHEt
EtHN)Qﬂ (
3 kingianin A ‘/@""‘
&
7 o
o/
c
o=
[4+2]
—
D /
| ©
@42
— =
/
/s

——=, (-)-PF-1018

\

Scheme 1. Electrocyclization-Cycloaddition cascades in natural
product chemistry.
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Scheme 2. Total synthesis of (—)-PF-1018 and Pyreudione C.

Given these considerations, a biomimetic laboratory synthesis
of PF-1018 poses considerable challenges. We have previously
developed an 87 electrocyclization/Diels—Alder cascade that gave
rise to the partially saturated tricyclic core of PF-1018.115] However.
our synthesis faltered because we were unable to install the
remaining double bond in this highly hindered. caged intermediate.
We now report the successful. asymmetric synthesis of PF-1018 that
could overcome these issues through careful engineering of the
cyclization substrate. It demonstrates that our strategy for the Diels—
Alder interception of a cyclooctatriene is generalizable. It also
features unusual and unexpected reactivity associated with the caged
and congested tricyclic hydrocarbon core of our target.

Our synthesis started with the asymmetric addition of Brown’s
chiral allyl borane 12['7] to the known aldehyde 11. This gave the
mono methoxymethyl (MOM)-protected diol 13 in decent yield and
with excellent enantiomeric purity. Subsequent olefin cross-
metathesis with methyl acrylate was achieved through sequential
addition of the second-generation Hoveyda—Grubbs catalyst over
several hours to overcome low conversion. This was followed by
protection of the secondary alcohol as a silyl ether and afforded the
unsaturated ester 14. The stage was now set for the key step of the
synthesis. which commenced with cross-coupling of 14 with the
known vinyl stannane 15 under Stille-Liebeskind conditions. The
initial cross-coupling product 16 was not isolated but was heated
gradually in solution from 65° C to 125 °C and then maintained for
20 hours at this temperature to promote the 87 electrocyclization (16
— 17) and Diels—Alder interception (17 — 18). Under these
conditions we could isolate the tricycle 18 in 42% yield. The X-ray
structure of 18 is shown in Fig. 1 confirming the configuration and
highly congested nature of this caged compound. With 18 in hand.
our next task was to convert the doubly protected diol into the
trisubstituted  C2.C3 double bond of PF-1018 (original
nomenclature). To this end. we first cleaved the silyl ether at C2 to
afford the secondary alcohol 19 and then activated its hydroxy group
as the benzyl xanthate 20. Barton—McCombie deoxygenation under
highly optimized conditions (see below) then gave MOM ether 21.
Cleavage of this ether using a modification of Fujioka’s-

conditions.['$! followed by oxidation with Dess—Martin periodinane.
yielded ketone 22. Conversion to the enol triflate. followed by
Negishi coupling. installed the required olefinic double bond.
Subsequent reduction of the ester with DIBAL then gave the primary
alcohol 23.

In the final stage of our synthesis. 23 was oxidized to an
unstable aldehyde. which was condensed with tetramic acid
phosphonate 25.[%1 This gave (-)-PF-1018 as an inseparable 3.5:1
mixture of (E) and (Z) isomers with respect to the C19-C2" double
bond.The analytical data of our synthetic samples were identical
with those reported for the natural product. with the exception of the
optical rotation. which is significantly lower in our case. However.
we have confirmed the high optical purity of alcohol 19 by Mosher
ester analysis (see Supporting Information) and it seems unlikely
that the final steps of the synthesis result in partial racemization. The
difference in optical rotation probably stems from variations of the
(E)/(Z) ratio of the C19-C2" double bond (3.2:1 reported for the
natural sample).”)

Figure 1. X-ray crystal structure of compounds 18 and 30.

The preparation of tetramic acid phosphonate 25 from proline
through a modified route is shown in the lower portion of Fig. 2.
Acetylation and conversion to the Weinreb amide gave 24. A
subsequent Dieckmann condensation then afforded an unstable
pyrrolizidinedione.?  which was coupled with diethyl
phosphonoacetic acid to afford the tetramic acid phosphonate
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