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Molecular Size, Complexity and Diversity
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{Qg Synthesis and the Molecule in Perspective

® The advent of organic synthesis coupled with
the discovery of the molecule in the 19" century
is one of the most profound scientific develop-
ments of all time.

® These discoveries set in motion a revolution that
shaped the landscape of the molecular sciences
and changed the world.

® The atomic-molecular theory of matter and the art
and science of synthesis provided the foundation
for understanding and shaping nature at the
molecular level.




/,iéd THE ESSENCE AND IMPACT OF TOTAL SYNTHESIS i
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® Rendering Scarce Natural Products Readily Available for Biological
Investigations

® Providing Opportunities for Discovery and Invention of New
Synthetic Methods and Strategies

® Opening Access to Otherwise Inaccessible Natural Product
Analogs for Biological Evaluation

® Structural Elucidation of Natural Products — Assigning Absolute
Configurations and Revising Wrongly Assigned Structures

® For Advancing the Art of Total Synthesis for its Own Sake and
for the Excitement it Provides

® Synthesis Provides the Foundation for the Pharmaceutical,
Biotechnology, Material, and Nanotechnology Industries

® The Condition of the Art of Total Synthesis Reflects the State of
Synthesis in General, and Symbolizes its Power at Any Given Time
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THE ART OF TOTAL SYNTHESIS

sl

“The gift of original melody, as it is called
Is rare and precious. The possessor of it
Is justly considered a genius. But no
melody could possibly speak to us except
a combination of perfectly well known
elements. The only originality Is in their

assimilation and reproduction.”
J. P. Mahaffy, 1910

J. P. Mahaffy, What Have the Greeks Done for Modern Civilisation, G. P. Putnam'’s Sons,
New York, 1910, pp. 214-215, 246247 . *see Alfred, Lord Tennyson, “Locksley Hall” 1835.



CATALYSIS AND LIGANDS: THE NOTES THAT MAKE THE MELODY

o CATALYSIS IN TOTAL SYNTHESIS
® ELEGANCE AND EFFICIENCY

® Endiandric Acids 3> ® No Catalysis

® Coleophomones B and C ====30 ® Ruthenium Catalysis

® Platensimycin g ® Rhodium Catalysis

® Platensin > @ Cobalt Catalysis
= ® Gold Catalysis

® Biyouyanagin A - ® Organocatalysis, Light
= ® Palladium Catalysis

® Sporolide B > ® Ruthenium Catalysis

® Antibiotic BE-43472B g ® Palladium Catalysis

® Maitotoxin g ® Ruthenium Catalysis

® Vannusal B g ® Enzymatic Catalysis

® Ligands that lead to new reactivity and improve reactions

® CascADE ReAcTIONS IN ToTAL SYNTHESIS
® LicHT AND HEAT IN TOTAL SYNTHESIS
® EcoNnomy AND GREEN CHEMISTRY




'Cascade Reactions in Total Synthesis, K.C. Nicolaou, D.J. Edmonds, P.G. Bulger, Angew. Chem. Int. Ed., 2006, 45, 7134.
2Cascade Reactions in Total Synthesis, K.C. Nicolaou, T. Montagnon, S. A. Snyder, Chem. Commun. 2003, 551.



The Art of Total Synthes:s Through Cascade Reactions
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K. C. Nlcolaou and Jason S. Chen Chem Soc. Rev., 2009 38, 2993—3009



s 44 Biomimetic Total Synthesis of Endiandric Acids A-G [1 982]
-
.f.:
@® /solated from
Endiandra Introrsa

® Endiandric Acid A

0 H
Diels-Alder > T W Diels-Alder

® Electrocyclizations in

Electrocyclization

Conformational . Electrocyclization
L Switch

® The Diels-Alder Reaction ® The Woodward-Hoffmann Rules ® Cascade Reactions

Electrocyclization
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Me OMe H
HO Me—~_-N
MeO OH MeO
® Potent ® /solated from
anticancer agent Micromonospora
cleaving DNA via chinospora ssp

Bergman cycloaromatization calichensis

[Bergman cycloaromatization]

/\ H-atom _ g .
- - ]| S -
. Ph-S ' - q/
0 “e2 Double strand
cuts
S Ny ® Designed enediynes with

® Elucidation of chemical and biological highly potent DNA cleaving and
properties of cyclic enediynes HO antitumor properties



® Potent
immunosuppressant
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n- Bu 3Sn
® Tandem 0 »
Stille
couplings PN
€., OMe
O Me.
. ; “OH
ol I\/LC OMe Me cMe
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FKBP- @ A~ ‘
Rapamycin- Sg 3 LA -
Associated N0 ) 205 FKBP12 ®Selective binding

Protein (FRAP) to FKBP12 ® Rapamycin hybrid

80s loop



TOTAL SYNTHESIS OF TAXOL™ [1994]

, McMURRY Couping
® Water soluble ESTERIFICATION Taxol™ ® Fluorescent
pro-drugs / OXETANE probes
AcO + O Fo
: eOH RMATION

HO / = z
DIELS-ALDER OBz : OAC
A ../ ®/solated | s D/ELS-ALDER
| from NG
= Taxus brevifolia SHAPIRO COUP
2[0] OH

M
% o ® Conevergent strategy



s 4\ |l OTAL SYNTHESIS OF BREVETOXINS B AND A [1982-1998]

® Marine neurotoxins isolated
from the algae Gymnodinium brevis  HQ
associated with the “red tide” phenomenon

Brevetoxin B [1995]

Brevetoxin A [1998] 1°

o)
{1 X0
= | H

SMe
2Mel
i SMe
A \Q\ _QNeW ) \b
@ ®Firststable  synthetic technologies ® Macrocycles to
9= dithietane bicycles
: I 7 Pha,
E@ PdPPh3)s () et
— QH) H O+p(oph), sl H R
M Y 0 n-Bu;;Sn”%/R
e

" Oxocenes Palladium-catalyzed couplings
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%6 4y CHEMICAL SYNTHESIS AND BIOLOGY OF EPOTHILONES [1996-2003] 7

i

® potent
anticancer agents

® /solated from
myxobacterium
sorangium cellulosum
strain ce90

® Tubulin
polymerization/ HQ
microtubule
stabalization

-1 0

Radiofrequency(.

a

$H AIQ <N Al \*"t(,\f? a;_;ur ,\\_
® ﬁuhgehqmqlar b ori,
I sond e L 77 gt X0y
. potép@]esﬂ/’f X

e

: 7 ,1;,'7\/1 Hj‘\‘
.Olefin . qﬂ S N\Y &
metathesis ) i‘!ﬂ gi"i\
~RIgl .~

® Cyclorelease i g A | K

strategy > el T P
® Solid phase ® Epothilones i Aﬁi R
v};\ff ¢

O OTBSO synthesis

HO

w7

<A B[
N N X A

® Split-and-pool combinatorial chemistty
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& ® Antibiotic of ® Vancomycin &
last resort combinatorial @o* o
libraries & ¢
® /solated from Vancomyc,n 0
the Actinomycete
amycolatopsis
orientalis

® Clinically used
antibiotic active
against drug-
resistant bacteria

- OH

OH
7 ® Olefin metathesis or
LD H3N disulfide formation

NN 5L NH
CU4 ------ N\\N"“N ...... *C g ﬁ % g
|
0 Br
/@ . Ok \Q\ ® Targ (Iet- v O_& ﬁ— O
Cl M’ L e accelerate
X ), combinatorial @ S S or HC CH
—~~ synthesis ® Vancomycin
® Development of triazene-driven dimers with highly potent activity agamst

bisaryl ether formation vancomycin-resistant bacteria [MIC 0.25 ug/mL]
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| - Isolated from
an unidentified

fungus by o
Pfizer scientists

o

® Inhibits squalene
synthase and RAS
farnesyl transferase

TOTAL SYNTHESIS OF THE CP MOLECULES [1999]




?3 ﬁ TOTAL SYNTHESIS OF COLEOPHOMONES B AND C [2002]
{d @® From fungi Stachybothys ’V’T Me._Me
M

cylindrospora RF-5900

A

® 11-Membered rings
hibitors of chymase

Me  p-BrBzO g n

& e 7
_g 338 &
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\ \ ; ~ "Me
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! R r|>c 2. j
: Y3
p-BrBzO OMe @ The magic of the

. ) . O
(exclusively Z) olefin metathesis reaction p-BrBz0  (axclusively E)



Sml,-DMA;
FmocValOH, EDC, HOBt

® Hetero pinacol
macrocyclization

Me

® Suzuki coupling

1. NCS 4. H,, Pd(OH),/q
2. BCl3; NaOH || 5. EDC, HOBt
3. DIBAL-H Me:(:"re

® Oxidation

® Oxazole
formation

® Macro-
lactamization

Diazonamia

1. H,, Pd(OH),/C (excess),
EtOH

2. CbzCl
® Wacker-type oxidation

—k
MOM
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TON: SYNTHES/S OF DEHYDROPIPERIDINE MOIETY [2002] Lt
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Ty PIRACID-1: PROPOSED STRUCTURE (1!

749, ;
%8 CARBOXYLIC  TRIOXADISPIROKETAL
ACID P
HEMIKETAL
HO MOIETY
o
N KETAL MOIETY

AZASPIROKETAL ~ “~—__*
® Architecturally complex marine neurotoxin. 2,9-DIOXACYCLO[3.3.1INONANE

® Azaspiracid syndrome declared in 1998.

® Isolated from mussels Mytilus edulis cultivated in Killary Harbour, Ireland.

® People in Netherlands became ill after ingestion, symptoms included vomiting, severe diarrhea.
® Unprecedented molecular framework with nine rings and twenty stereocenters.

® The absolute stereochemistry and relative stereochemistry between the ABCDE and FGHI

domains remain unknown.

Satake, M.; Ofuji, K.; Naoki, H.; James, K.J.; Furey, A.; McMahon, T.; Silke, J.; Yasumoto, T. J. Am. Chem.
Soc. 1998. 120. 9967.




77o%)_ AZASPIRACID-1: PROPOSED STRUCTURE (1993-20C
‘f‘t’ CARBOXYLIC TRIOXADISPIROKETAL

ACID r - \
I H
g . HEMIKETAL

MOIETY

W

KETAL MOIETY

2,9-DIOXACYCLO[3.3.1]NONANE

illary Harbour, Ireland.

ymptoms included vomiting, severe diarrhea.
ngs and twenty stereocenters.

ochemistry between the ABCDE and FGHI

= %l-;l:
Satake, o Vg -
’

. urey, A.; McMahon, T.; Silke, J.; Yasumoto, T. J. Am. Chem.
Soc. 1998. 120!




% i 8 ﬁ MOLECULAR STRUCTURES OF SPOROLIDES A AND B [2005] [3%&

i

sporolide A

®Isolated from the marine actinomycete
Salinospora tropica [Fenical and coworkers,
Org. Lett. 2005, 7, 2731.]

® Proposed metabolite of an, as yet unidentified,
enediyne natural product [presporolide,
Proc. Natl. Acad. Sci. 2007, 104, 10376.]

® Novel molecular architecture

® Unknown biological activities — presporolide -




- Me Y O
BnO OMe AcO

_ [4+2] cycloaddition [2+2+2] cycloaddition
sporolide B [thermal] [Ru-catalyzed]
AcO ﬂ
OAc
» NOTE e
®» C-9 inversion to avoid e
steric congestion Me

® C-13 regiochemistry
M H
® Free C-2 OH to facilitate BnO  OMe 0
[2+2+2] cycloaddition B A




[ OAC i

. \ y, .
Q pAe 1. TESOTf (95%)
pre-organized o-quinone OBn 2. H,, Pd(OH), (92%)
_.OH .
1,3-allylic strain —>» OW [debenzylation]
o)

Me ‘(Jéno 4 0O

PhI(OCOCF;),,
PMBOH (75%)




&';‘f f ﬁ SPOROLIDE B 8. C-9 INVERSION AND EPOXIDATION [2009]
(Qg OAc CI inversion

a7
OTES a) DMP (90%)

b) aq. HF (85%)

O
MeO
epoxidation T REEEAE)
f) tBuOOH, (85%)
[stereoseIeDth?v(::;%) [1,3-directed reduction]
epoxidation]

sporolide B
d) DDQ (70%)

e) DBU, MeOH
(78%) MeO
[global deprotection]

OPMB
[single diastereomer]







Potential Structures of Biyouyanagin A and B (2007-2011)

®lisolated from the leaves of H. chinense L. var. salicifolium, a Hypericum species

®Active against HIV (EC5o = 0.798 ng/mL, infected H9 lymphocytes)
®Cytokine production inhibitor [10 ug/mL]

Me Me Me
H.| HH P{ .Me H,| H H Me
Me Me 2
N1 0 YO 3 N1 00 ¥©°

®biyouyanagin A [originally assigned structure] ® biyouyanagin A [revised structure]

JMe Me
Me / o o / Me / O /
H H H ‘\Me H H H \\Me
Me ? “s\‘ Me h,, E W

K

XN 00‘7//0 # X 0‘ O
(o)

b
Me© Me o

®biyouyanagin B [originally assigned structure] ®biyouyanagin B [revised structure]

® Tanaka N, Okasaka M, Ishimaru Y, Yakaishi Y, Sato M, Okamoto M, Oshikawa T, Ahmed SU, Consentino LM, Lee K-H. Org. Lett. 2005,;7:2997—-2999.
®Nicolaou, K.C., Sarlah, D., Shaw, D.M., Angew. Chem. Int. Ed. 46:4708, 2007.

®Nicolaou, K.C., Wu, T.R., Sarlan, D., Shaw, D.M., Rowcliffe, E., Burton, D.R., J. Am. Chem. Soc. 130:11114, 2008.

In




Me Me
7
H,| HH 9 /\Me
Me ‘o, H § "“\‘
. Me
S ~g )0
H : O =z Me
v M4 Pl
. biyouyanagin A (51 %) Me™"
i v, Sens. R
ent-zingiberene H S 2 d,~ 0
Me :
Me Y o J Me (o)
HI:, '.-I H ‘\‘Me
Me ", o

0 biyouyanagin C (2 %)
X : (@) [not discovered as yet]
MeH/ | O
N

biyouyanagin B (3 %)
hyperolactone C [revised structure]

® K. C. Nicolaou, Silvano Sanchini, T. Robert Wu, David Sarlah, Chem. Eur. J. 2010, 16, 7678.



Modular Biyouyanagin Compound Library
Design and its Retrosynthetic Analysis

- [2+2] photocycloaddition

Me Me retrosynthetic
/ o -
uTHu O me molecular anatvsis I
Me Hu7 ¢ ‘ | > »
~1—q )0 .
5 ] O olefin module
Me (o) [zingiberene
isomers
general structure and other olefinic
lead compound of modular analogs building blocks]
[biyouyanagin A lladium-catalyzed cascade
and isomers] S +

® Modular synthesis

® Organocatalysis

» Cascade reactions

» [2+2] Photocycloaddition

[propargylic

i i enone module
alcohols] [aryl iodides]

[hyperolactone C
and analogs]

® K.C. Nicolaou et.al. PNAS, 2011, doi: 10.1073/pnas.1015258108.
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“Q° Q
hyperolactone C 4-epi-hyperolactone C

o-_.//Me

0—_.//Me

Me i .\Me Me Z g .\Me Me Z " Me
Me Me & Me @
Me Me Me

ent-zingiberene zingiberene ent-7-epi-zingiberene 7-epi-zingiberene







Biological Screening in an Arenavirus Assay

® Arenaviruses cause hemorrhagic fever.
Lassa (LASV, West Africa), Junin (JUNV, Me
Argetina) and LCMV have devastating
consenquences and are listed on the
biodefense list Category A agents.

1: biyouyanagin A 20 35

33 4 34
z
CA Y 7 e
= Yo %¢
"9’

2: biyouyanagin B 51 vC 2: biyouyanagin B 51
BHK-21 cells were infected with a recombinant LCM virus expressing GFP, called r3LCMV-GFP at a multiplicy of infection of 0.1
in the presence of the indicated compound (50 uM). At 36 h postinfection, cells were fixed in 4 % PFA/PBS, and viral load was
assessed based on GFP expression. Compound-associated cell (BHK-21) toxicity was determined by trypan blue. Compounds
exhibiting cell toxicity = 30 % (at 50 M) were not evaluated for their antiviral activity. VC: treatment with vehicle (DMSO).

® K. C. Nicolaou, Silvano Sanchini, David Sarlah, Gang Lu, T. Robert Wu, Daniel K. Nomura, Benjamin F. Cravatt,
Beatrice Cubitt, Juan C. de la Torre, Ann J. Hessell, and Dennis R. Burton, PNAS, 2011, doi: 10.1073/pnas.1015258108.



Neutralization of HxB2

10 YO
S ‘ ‘ MeZY) ©
b= S
.% / 1: biyouyanagin A 2: biyouyanagin B
g
2 %
o ¥ HHO 7 Me N H 7 \wMe
: 3 N ]
/G %
2 401 10° 107 102 163 1% 105 L = 10 »° C|_<N— =0 ) °
10 10" 10 1(:\’I 10¢ 10° 10* 10 | M /I o) I H@ o)
K Me™ "Me o
3: biyouyanagin C compound 53

Neutralization assay using the molecular clone HIV-1HxB2. Pseudoviruses were generated in
293T cells, and neutralization with single-round infectious pseudovirus was performed using
TZM-bl cells as targets for infection. AZT (Azidothymidine) was used as a control.

® K. C. Nicolaou, Silvano Sanchini, David Sarlah, Gang Lu, T. Robert Wu, Daniel K. Nomura, Benjamin F. Cravatt,
Beatrice Cubitt, Juan C. de la Torre, Ann J. Hessell, and Dennis R. Burton, PNAS, 2011, doi: 10.1073/pnas.1015258108.



LPS-Induced Cytokine Inhibition Assays

® Lipopolysaccharide-induced cytokine production leads to inflammation. '
® Potent inhibition of IL-6, IL18 and TNFa [compound 53]. N~ )
® Selective inhibition of IL-6 vs. IL18 and TNFa [compound 35]. C'—(;\l_ N\q ~q

-9

compound 53
[potent inhibitor]

w N
o o

N
o

IL-6 (pg/ml)

fold-change over control

I
fold-change over cont

compound 35
[selective inhibitor]

Anti-inflammatory screen of 33 members of the biyouyanagin library. A. Human macrophage

THP-1 cells were pretreated with each compound (10 uM) for 1 h before stimulating the cells with
LPS (2 pg/ml) for 6 h. B. Several of the compounds that inhibited IL6 release in this screen were
further assessed for inhibition of IL13 and TNFa. Control denotes no compound and LPS denotes
LPS-treatment alone without any compound. IL6 release was assessed. Data are with n = 3-5/group.
Significance is expressed as *p<0.05, **p<0.01 compared to LPS alone.

® K. C. Nicolaou, Silvano Sanchini, David Sarlah, Gang Lu, T. Robert Wu, Daniel K. Nomura, Benjamin F. Cravatt,
Beatrice Cubitt, Juan C. de la Torre, Ann J. Hessell, and Dennis R. Burton, PNAS, 2011, doi: 10.1073/pnas.1015258108.
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® Nucleophilic aromatic
ipso substitution

Diels-Alder




® preorganization
of diene and
dienophile

x~-0TBS 7
Me =
e>g/|we

[Diels—-Alder reaction]

[hemiketal formation]

—

continue

t

ANTIBIOTIC BE-43472B 5. CASCADE | [2009]

CH2C|2, A,
[sealed tube]




ANTIBIOTIC BE-43472B 6. CASCADE Il [2009]

¢
g
continue I

toluene, A
[Dean-Stark]

—_—

- [H®]

(98% yield overall)

[nucleophilic aromatic ipso substitution Sy (Ar)]




hv (Hg-lamp), benzene, 25 °C
(77%, 83% yield brsm)

[photochemical rearrangement]

synthetic BE-43472B

AMe

[tautomerization] |

[epoxide

opening]
W OW W W W m LR B B B B B |
[C9.-O bond [favoured by
rapture] n,o orbital

overlap]

* 1,4-hydrogen shift observed by laser flash photolysis methods: a) H. Kim, T. G. Kim, J. Hahn, D.-J. Jang,
D. J. Chang, B. S. Park, J. Phys. Chem. A. 2001, 105, 3555.



7 o ) The Structures of the Vannusals:
ég{ Originally Assigned (1999) and Revised (2009)

» The Vannusal Files: A Chemical Detective Story

24 23
20
16 1 ‘\‘<
2‘ 22 "OH OH
5
. 'OH Total synthesis
OR ﬁ
30 3
i 29 -« +* ‘e \“‘
\’ : H R =H,vannusal B \’ :
" OAc 9 R = Ac, vannusal A OAc
[originally assigned structure, 1999]‘I [revised structure, 2009]2

® Isolated from interstitial ciliate Euplotes vannus, strains Si121 and BUN3

'G. Guella, F. Dini, F. Pietra, Angew. Chem. Int. Ed. 1999, 38, 1134-1136 1
K. C. Nicolaou, A. Ortiz, H. Zhang, Angew. Chem. Int. Ed. (2009)



Interstitial Ciliate Euplotes vannus: A Unicellular Marine Organism

Vannusal B : R=H

\< Euplotes vannus, strain Sil21
Vannusal A : R=Ac o

OH

Dorsal view Ventral view

Scanning Electron
Micrographs
Philips SEM 515

87 ym long
43 uym wide

OAc 'y

[revised structures, 2009] Courtesy of: Prof. Graziano Guella




Coupling of the Two Fragments of
C,--epi-Vannusal B (oas)

1. t-BuLi
2. TBAF

£ : HY ﬁ
OBOM (42%) OBOM (42%)
® Chromatographically separated

22



Synthesis of Sml, Cyclization
C,.-epi Precursors

Co5-epi vannusal coupling diastereomer antipodal “right domain” coupling diastereomer

1. TESCI 1. TESCI

2. KHMDS, CICO,Me 2. KHMDS, CICO,Me

3. HF-py (89%) 3. HF -py (96%)

4. Phl(OAc),, AZADO (cat.) (96%) 4. Phi(OAc),, AZADO (cat.) (97%)

23



SmlInduced Cyclizations of
the Two Diastereomeric Precursors

ﬂ
2. Sml,, HMPA \"“

(67%)

correct “right” precursor [25-epi] ®Cio an_d Cos stereocen.ters are o_f the
(per originally assigned structure) undesired stereochemistry relative to
the adjacent centers and need to be inverted

Sml,, HMPA
(81%)

. - . ® C,, and C,; stereocenters are of the correct
antipodal “right domain” precursor stereochemistry relative to the adjacent centers
(per originally assigned structure) and, therefore, need no configurational adjustment

24



Total Synthesis of C,.~epi Vannusal B
(oas) and Real Vannusal B

H
® No need to invert C

10, C2g stereochemistry ® NMR data those of the natural product!

® 500 MHz 'H NMR spectrum close to that of the
natural product (600MHz)

® Now we are convinced that the shortly-to-arrive vannusal B
isomer derived from the “correct” coupling diastereomer
must be the right one!

N awl
Adrian Ortiz

K. C. Nicolaou, H. Zhang, A. Ortiz, Angew. Chem. Int. Ed. (2009). 25a



Total Synthesis of C,.~epi Vannusal B
(oas) and Real Vannusal B

12 steps
q
— ‘
q \I\\‘
® Need to invert C,g, C,5 stereochemistry ® NMR data very close, but do not quite

match those of the natural product!
® 600 MHz '"H NMR spectrum does not match
that of natural vannusal B!
® Now what?

® Go back to the first-to-arrive diastereomer and
run a 600 MHz '"H NMR spectrum:

Hongjun Zhang

K. C. Nicolaou, H. Zhang, A. Ortiz, Angew. Chem. Int. Ed. (2009). 25b



Total Synthesis of C,.~epi Vannusal B
(oas) and Real Vannusal B

OBOM
® No need to invert Cqg, Co5 stereochemistry ® NM(I} daJa those of the natural
produc

® 600 MHz '"H NMR spectrum matches
perfectly those of the natrual product
(600MHz) !

® Donel!

Adrlan Ortlz Hongjun Zhang

K. C. Nicolaou, H. Zhang, A. Ortiz, Angew. Chem. Int. Ed. (2009). 25c



X-Ray Crystallographic Analysis of Vannusal B, and
Total Synthesis and Revised Structure of Vannusal A

A‘g,

27,

synthetic vannusal B
colorless needles (EtOAc/THF, m.p. >200 °C, dec.)

NaBH,/MeOH

X-ray derived ORTEP

®NMR spectra of synthetic
and natural vannusal A /

!
match! OH OH
’ NaBH4/MeOH
\"‘ Y [G Guella et al] \" PR
= H H OAc
OAc vannusal pentaol
natural vannual A (R = Ac) ® NMR spectra of synthetic and naturally
or B (R=H) derived material match!

K. C. Nicolaou, H. Zhang, A. Ortiz, Angew. Chem. Int. Ed. (2009). 26



Journey from the Originally Assigned fto the
Revised Structure of Vannusal B

® 23 = 8192 Possible isomers
I: vannusals B (oas) Il: C24-epi lll: C,4-epi, Co5-epi
® Originally
assigned

.
+* g L)
A\ e
v ‘. o' [\
= H |
-

OAc OAc

"""""""_@ _

0"

Lo

®Revised
27




hirsutellone A hirsutellone B hirsutellone C

® Isolated from a Hirsutella nivea BCC 2594
by Isaka and co-workers:
Tetrahedron, 2005, 61, 5577.
® Hirsutellones displayed significant growth
inhibitory activity against Mycobacterium
tuberculosis [Hirsutellone B: MIC=0.78 ug/mL].
® [6.5.6] fused tricyclic core
® highly strained 12- or 13-membered ring

® 5-membered imide or lactam ring H. nivea on a Ieafhdpper

Source: Dr. Isaka and Prof. Thebtaranonth (BIOTEC,Thailand)



The Hirsutellone Cascade

®Activation
Et,AICI

CH,Cl,
_78—>25°C
(50%)

® Jorgensen epoxidation H OH

NS
:l----- . —= COZKAe 4--. .
: ELAICH H,0 - J["m B
v Me o

O, coMe

H
: Et,AICI

A\ [-30—>25 °C]

Me\" H I:|
®hirsutellone tricyclic core — ®endo transition state -




Synthesis and X-Ray Crystallographic Analysis

% & 4

y&v of Hirsutellone B Methyl Ester Diol
o 1. NaOMe
2. Hzoz, N32WO4
ﬁ

(79%)

_ | koH/ALO;,
(95%) § cF.,Br,

1. LHMDS, NCCO,Me
2. AD-B

—

(58%)

® X-Ray structure




Bielschowskysin. Structure and Possible Construction (2011)

® bielschowskysin: a marine antimalarial ® carbocyclic core structure
and antitumor agent

®isolated from Pseudopterogorgia kallos ®tricyclo[9.3.0.0]tetradecane
®1Cg = 10 ug/mL against Plasmodium falciparum ring system

® Glsy < 10 nM against EKVX nonsmall lung cancer cell
®Glg, = 510 nM against CAKI-1 renal cancer cell

OMe OMe
HOO%E/ 7z 3'5 OH hv
o)
[2+2]
| photocycloaddition
H H
® functionalized tricyclo[9.3.0.0] ® postulated macrocyclic

tetradecane ring system precursor




% (5 iy Construction of Macrocyclic Precursors 1.

éﬁ? Oxidative Coupling of Furans with (-Keto Esters

' / \ OH MeOG MeO,G OMe  MeO,C OMe
CAN, MeOH K _OH OH

O O ~ o= o=
(58% ca. 1:1)

[oxidative
— — coupling] _
®hydroxy furan ®pg-keto ester ® exo enol ether-cyclic ketals

[ring closing metathesis] ' Il’(Cy)s |

(90%, trans:cis ca. 15:1) CIB‘,‘E\Ph (71%,
trans:cis
ca. 3:1)

OMe
OH
DNB-CI :R=H 3-epi-l

(88%) DNB-I: R = 3,5-dinitrobenzoate




Mechanism of Oxidative Coupling of Furans with (3-Keto Esters
O O 0 7

O
A e o Jl\/ll\ e
p-keto ester CAN CAN
- ——l “\ e
o [-e] [-e]
= [-H"] [-H']
HOw- [SET] HOw» [SET]
R2
dical
hydroxy furan e Sra |IcaEIsp:tmesT - CAN | [-€]
-_ ingie Electron iransier [SET] [_H+]

exo enol ether-cyclic ketal ~oxonium species — radical species

see: a) L. M. Weinstock, E. Corley, N. L. Abramson, A. O. King, S. Karady, Heterocycles, 1988, 27, 2627.
b) J-M. Simone, F. Loiseau, D. Carcache, P. Bobal, J. Jeanneret-Gris, R. Neier, Monatshefte fir Chemie 2007, 138, 131.




“:s 4y Construction of [2+2] Photocycloaddition Precursors 2.

(H ¢
!&3 MeO,C OMe

7 ®exo enol ether-cyclic ketal ~ Me02G OMe
- OH structural motif o OH
i ®ketones do not undergo l
[2+2] photocycloaddition

3-epi-l
l NaBH,

intermolecular TS*-| intramolecular TS* 3-epi-TS*I
l(ss%) ‘ (63%)
MeO,C OMe

OH
» stereospecific reduction HOw--

dihydroxy macrocyclic precursors 2-epi-ent-ll




Transannular Cascade [2+2] Photocycloaddition

MeO,C OMe MeO,C OMe ® geometrical isomerization
OH {_OH| ®rule of fives for first
2O _’4_ HO C-C bond formation
® proximity effect for second
- L . C-C bond formation
E-enol ether diradical
OH tlbond rotation
OMe [ OH 7 1stc.c [ OH |
— ; (0], ] hv bong
— formation
MeO (I:
e
. L CO,Me ] _ CO,Me ]
diradical 2nd c-C
bond l(QO%)
formation
OMe OMe OMe OMe
DNBOOS/ AN\ _ODNB  HQOY/ A OH
_ o) DNB-CI o)
] (68%) v
H H H H

bis-3,5-dinitrobenzoate derivative

single isomer




m Epicoccin G and Related Natural Products

®Dithiodiketopiperazines
HO

O
O
epicoccin G N rostratin B
[IC50=13.5 uM in C8166 cells] N [IC5=1.9 uM against HTC-116 cells]
HO
O Oy
o diketopiperazine framework o H - =
)
N H O
H
OH ° OH
exserohilone 8,8'-epi-ent-rostratin B

[antibacterial, antifungal] [biological activity unknown]




Retrosynthetic Analysis of Epicoccin G

.ﬁaﬂ "

® C,-symmetry allows two-directional strategy

reduction
| Y
regioselective Oin
Konblum-DelLaMare
rearrangement
sulfenylation B
< . L H, H

photooxygenation
[singlet oxygen]

> | y
Me
dimerization
H less hindered proton
CO,H
: CO,Me elaboration
5 LN . > O NHBoc

H; Boc N-Boc-tyrosine




a4y Construction of C -Symmetrlc Diene Precursor |§ ,M
1. Ac,0 H

q‘&?ﬁ

2 steps from 2. Zn, AcOH

-Boc-tyrosine' CO,Me 3 DBU COo,Me

) 3 Boc Luch H Boc
uche NaBH4,
OBocN R' = Boc, R=H LiOH reductlon]l CeCl3
H
| H

1. TFA [diketopiperazine (DKP) formation]
2. (CF;C0O),0 OCOCF;4
O K 4

.—'

Pd(PPh3),4

[r-allyl complex:
\ redt_lct_ive _
F3COC<5 ) st liles s Co-symmetric bisdiene DKP

"Wipf, P.; Kim, Y. Tetrahedron Lett. 1992, 33, 5477




1. NaHMDS, 1 min; H

2. diene_, NaHMDS

THF, 25 °C
NG
" NaHMDS
Sy =) ® trace amounts of product
T | NaBH,;
NaBHy,; then Mel
then aq. Kilj

H

NaBH,; then Mel SMe
[65%, 3 steps (65%) [58%, 3 steps
ca.1.4:1 dr ca.1.4:1 dr




Plausible Mechanism of the
Sulfenylation Reaction of Diketopiperazines

TMS Na-S,-Na
= sulfur N-<Na H
) TMS \' TMS f
,TMS SN ne

O
MS (x=4-7,y =1-4)
® epidithiodiketopiperazine 0
NaBH,; : NaHMDS
' H tms TMS
N-S,-N

then aq. K,
®plus diastereoisomer ™S ™S
0 v 8 NaO ®sulfenylation species a0 H i
H - N z N H Z>N
NI, 7 4 ; NP~
H o NaS,N(TMS), | N‘T""S)2 NaS,N(TMS), "ona

(n = 2—5) (Z > 0) (m 3—6) (Z > O)




11@

g@ﬁ

O, hv, TPP, CH.Cl,, —45 °C;
then DBU, —-45—0 °C

[singlet oxygen
Diels—Alder type
cycloaddition]

[regioselective
Konblum-DeLaMare | (52% overall)
rearrangement]

H,, Pd(OH),

(86%)

epicoccin G




2y Total Synthesis of 8,8'-epi-ent-rostratin B

X\
(sl ]
0
H 0,, hv, TPP, CH,Cly, 0 °C;
i SN then Et;N, 0—25 °C
NS .
15

(55% overall)

o, H sN [CuH(PPh3)]6
S
N H O then aq. Kl
(82%)

8,8'—epl-ent-rostrat|n B




Morton

o
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PROPOSED STRUCTURE OF MAITOTOXIN

OH

® Most potent marine neurotoxin known

Na03SO0.,,, 5 i _OH
e ooa :
Me Me - »OH Y
| 0000 YOO E

HO' Y i O
= H =

HO
Me ; OH HO H H

“OH OH - O
o, el u o))
M"e - - - . E O "OH
N HoX S . H H OH
v OH H 4T O 3 “OH

OH Me Me A .-‘ H’ O '. u H Me H Me
OOROSE
Mey -, Me" VO Me H
Me Me' O ] H Me = . .
HO.,. H €Ny ® The largest and most toxic non-proteinoic
- o ¥ natural product known to Man

e I':-I I;I ) = = O==

0 = J J . Z, ()

eeee B MW ® Produced by the dinoflagellate
O 0

Me- Me Me H Gambierdiscus toxicus

® C64H256068SoNa, [MW 3422 Da] ® | D5y=50ng/Kg, 1 mg can kill a million mice

® Activates voltage-dependent Ca ion
® 32 rings, 98 stereogenic centers channels




RETROSYNTHETIC ANALYSIS OF MAITOTOXIN QRSTU

RING SYSTEM
Esterification/
ring-closing metatheS|S\ OH
— | ® 5 angular Me groups
Me, within a pentacyclic
= system
OH

\H droxy dithioketal

cyclization/methylation

OBn

2-deoxy-D-ribose

D-ribose




OBn

O Me ¢1 . m-CPBA; then Me3Al
H

(95%) .
— M®ratio of substrates

does not translate
into same ratio of
OBn products

®Cgs-Me p:a ca. 1:0.8 dr

OBn




Bn

&

85

(X—\
X =S (minor) X=8( major)
Rl :X SO, (not isolated) UalERGIA A :X SO, (not isolated)
1. then MezAl [oxidation/methylation] 1. then MezAl
P o t-BUzSI\o Olsomerlzatlon —
® no isomerization e
(=) n
Me O Me
Me O OBn

_H Me”
\/ Me®

_ H ® highly strained _




MAITOTOXIN. SYNTHESIS OF THE QRSTU DOMAIN AND
THE 85-epi-QRSTU RING SYSTEM

t-BusSie—0
; nOe B \

. ILH
® single product H
H/O
Me

H P-

| /Ocﬁ\'o Me ® mixture
t-BuSi— - H
H
® only $-Cgs-Me (92%) ® Cgs-Me ca. a:p 1.5:1 dr (94%)
[desired]

1. TBAF 1. TBAF
2. H,, Pd(OH),/C 2. Hy, Pd(OH),/C
(87%, 2 steps) (80%, 2 steps)
o)
R




MAITOTOXIN. SYNTHESIS OF THE QRSTU RING SYSTEM
® Solution to the Cg;-Methylation Problem

Bn Me .
BnO \ OBn
H O
OB _H
Olgn o_CI O\)
|
Me = H
~ H O- ~0 I{/Ie
G e e
1. m-CPBA; /Og\Io Me
—— t-BUZSi’O H
2. then Me,AICI nOe
® oxidation/methylation Me  _78°C - Olsolated and characterized -
-20 °C 3.MesAl,-78 to 0 °C
— =] 78%) (91%)
HO Bq Me OBn ( 2 BnO BQ Me OBn
H O O

H
- = w®exclusively 3-Cgs-Me (desired)




Maitotoxin. Synthesis of the QRSTU Ring System

® Mechanism of $-Cgs-Cl Formation

®Most likely ion pair in close proximity to oxonium species

?

MezAICI
-78 °C
\Alo
Me” Cl
Me—\.. O H Me,AICI
- e
o -78°C

kinetléz

. .
“‘:“‘
et

reversible

thermodynamic \

Me,AICI
-20°C
or

MesAl
78100 °C

o b
[not observed]




154
QRSTU ring system o
[originally assigned]

H
85-epi-QRSTU ring system 5

10
)
AS
OH (Ppm) °
5

-10

H 86-epi-QRSTU ring system 15

96 95 94 93 92 91 154 90 89 153 88 87 86 8 152 84 83 82 151 81 80 79 150
96 95 94 93 92 91 154 90 89 153 88 87 86 85 152 84 83 82 151 81 80 79 150
96 95 94 93 92 91 154 90 89 153 88 87 86 85 152 84 83 82 151 81 80 79 150




RETROSYNTHETIC ANALYSIS OF MAITOTOXIN WXYZA'

20y
éﬂ{ RING SYSTEM |
. Esterification/ Hydroxy dithioketal cyclization/
ring-closing metathesis methylation
Me| = H
® 5 angular Me groups Mg l Y
within a pentacyclic Y
system TBSO HO“
TBDPSO— H ﬂ
TBSOL: At 0 M8 TESO OBn
. N 0
TBDPSO\m\/\I\Iﬂe W OTBDPS
0 OPMB HO 0
H H H Me Me

ﬂ HO, H
0
OH
Furfurol @/\ 2-deoxy-D-ribose Ho/\Hzo—ﬁ\OH




Me
TiCl,, TMEDA
Zn, PbClz,
CH3;CHBr, OR |
OR| g, CH:Cl, 60°C» TBSO OBn
‘ W
W [Utimoto-Takai "'O 0
MeO Me olefination/metathesis] Me Me
OTEDPS OTBDPS OTBDPS < o TBDPSO
R=TBS : 0
- R =TBS, TMS R = TMS - 49%
= [LoTi=CHCHj3]
v -
r ] M il Me_ M
Mg Me TBSO H eO B >
S — FTIL
—TiL, ll) S ll) b 2 ll)
% j\ o170 OB
O . L n
L 0~ R K OTBDPS
0" 'R
L - L i I d R=TBS : 0%

R=TMS : 27% TBDPSO
see also: H. W. B. Johnson, U. Majumder, and J. D. Rainier; Chem. Eur. J. 2006, 12, 1747 — 1753




MAITOTOXIN. CONSTRUCTION OF THE A’ZYW RING SYSTEM
® Solution to the ester-olefin cyclization

Me
TiCly, TMEDA
Zn, PbCly,
TR_OBn  CHiCHBr,  TBSO Me 3o oBn
W THF, 60 °C W
e o,
Meo Me [Utimoto-Takai H O Meo Me
OTBDPS OTBDPS Olefination/metathesis] OTBDPS {79, TBDPSO
|
[LoTi=CHCH3] +

Me

¥
=

TIL2
(TILz nn P Iy =
:F OR

see also: H. W. B. Johnson, U. Majumder, and J. D. Rainier; Chem. Eur. J. 2006, 12, 1747 — 1753



1. TsOH (79%)

2. EtSH, TBS0
O PTMS = Zn(oTf),
HOH  HOG oBn (60%)
OTBDPS U — 0
nOe  TBDPSO 3. m-CPBA

4. AlMe,

(100%, 2 steps)

OH <
5. TBAF
6. Hy, Pd(OH),/C,
(81%, 2 steps)




® AO values
between
maitotoxin
and
synthetic
AZYXW
domain

maitotoxin structure

30

20

Ad ¢

ppm

=20 -

-30 4

40

SE—

maitotoxin structure

- ™ ™ ™

-~
T ™ ™ T T T T T ™ T T T T T T T T T T T T v v

® Larger A
at the ends
duetoa
greater
degree of
structural
variation

® Average A0 for C102-C115 = 0.36 ppm. Largest Ad for C102-C115 = 2.2 ppm




Maitotoxin: Synthesis of QRSTUVWXYZA' Domain

e

Me £ H

¢) I
)
Me Me 1 Ba(OH), (77%)
Me : 5 H TES
4 - ; /

1 o)
TBSO \ X

»[-3x TES] 1. [CuH(PPhs)ls (86%) J| 2. BF3°OEt,, Et;SiH
Me H (40%, unoptimized) \
g : OH
® 11 rings -
® 26 stereocenters

TBSO

TBDPSO




MAITOTOXIN POLYCYCLIC FRAMEWORK:
FINAL COUPLINGS AND RING CLOSURES

ketophosphonate-aldehyde I;Iec’jcgﬁhgzpcr:)%na"tr?—
coupling (a)/dihydroxylation (c) O m g oH y piing
O~ _,COH
e | i [ gl H o H o
HO OH : ~OH
> HO IEIO H :
HO OH
HO OH
HO W ol
- i>ati OH 2 '
reductive cyclization (b) i Me] H M o'N
- . . Me 5 : : i: o,
iv izati -, 0 OH
reductive cyclization (c) Hod s[RI a]PY ;% T
WRARY ot OH~
Me o_% Hlg=( U Hove ©
D amAnd terification/
hydroxy dithioketal Mo V0 e -3 H 08 erlllca_ e S
cyclization (b) Me, Q Y e I ring-closing metathesis
— !
; H

H
H ’

. *

[ ]
=10
3

T

157 Hoh ketophosphonate-aldehyde

o coupling (a)/reduction (b)

HO

=—Wittig coupling (a)
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K.C.NICOLAOU, E.J. SORENSEN
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WWILEY-VCH

Classics
in Total Synthesis Il

Targets, Strategies, Methods

WWILEY-VCH

Classics
in Total Synthesis IlI

Further Targets, Strategies, Methods




MOLECULES
THAT CHANGED THE

WORLD

K. C. NICOLAOU « T. MONTAGNON




% 4 @ Education: Essay. 24
{ﬁg K.C. Nicolaou, Angew. Chem. Int. Ed. 2011, 50, 63—74.

And if academics have done their job right, they should
be able to retire with the precious gift of satisfying
content as John Pentland Mahaffy proclaimed he did in
his time and space:

“So now, when my part in the race is nearly run, there
remains to me no higher earthly satisfaction than this,
that | have carried the torch of Greek fire alight through
a long life — no higher earthly hope than this, that |
may pass that torch to others, who in their turn may
keep it aflame with greater brilliancy perhaps, but not
with more earnest devotion, ‘in the Parliament of men,
the Federation of the world. J. P. Mahaffy, 1910

J. P. Mahaffy, What Have the Greeks Done for Modermn Civilisation, G. P. Putnam’s Sons,
New York, 1910, pp. 214-215, 246-247. *see Alfred, Lord Tennyson, “Locksley Hall” 1835.
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Guiseppe Bifulco M. Ray Finlay Aliki Kakolyri Brian Marron Emmanuel Pitsinos Brian Smith Nicolas Winssinger
Antony Bigot Holger Flérke Bal Kamireddy Gabriela Marti Ean Plotkin Scott Snyder Michael Woodrow
Ted Bleckman Markus Follmann Tammy Kapur (Ladduwahetty) Casey Mathison Damien Polet Michael Solomon Xiao-Yi (Charlie) Xiao

Nicholas Bochovich Kin Chiu Fong Hideaki Kataoka Andrew McClory Anna Polk Cesar Rogelio Solorio-Alvarado Zhuo-Feng Xie
Christopher Boddy John Frederick Fox Harry Katerinopoulos Susan McComb Guido Pontremoli Patty Somers Hao Xu

Birgit Bollbuck Tasha Francis Michael Kerr Daniel McGarry Maarten Postema Erik Sorensen Jinyou Xu
Lee Boulton Michael Frederick Jilali Kessabi Koji Miki C.V.C. Prasad Rolando Spanevello NCI IR ETELE]
Stefan Brése Graeme Freestone Haripada Khatuya Neil Miller Benjamin Pratt Paul Spurr Junichiro Yamaguchi

William (Skip) Brenzovich Christian Funke Byeang Hyean Kim Ross Miller Wenyuan Qian Wilhem Stahl Guang Yang

Peter Brungs Shuichi Furuya David Kim Nobuto Minowa Joshi Ramanjulu Antonia Stepan Zhen Yang

Stephan Bulat Tina f i g, Kim Helen Mitchell John Ramphal Alex Strongilos George Yiannikouros
Paul Bulger Jose Garcia-Navio N. Paul King Tohru Miyazaki Jared Randall Nicolas Stylianides Won Hyung Yoon

Mark Bunnage Peter Gértner Theocharis Koftis Yukio Mizuno Geracimos Rassias Hiroshi Suemune Eddy Yue

Antonio Burtoloso Romelo Gibe Kazunori Koide Rakesh Mogul Dandu Reddy Kazyuki Sugita Tai-Yuen Yue
Aileen C: Nicol it Hironori Komatsu Holger Monenschein K. Raja Reddy Xiaowen Sun Mark Zak
Guo-Qiang Cao Luigi Gomez-Paloma Alexandros Koumbis Tamsyn M Hideo Suzuki Frédéric Zécri

Eleni Capetanakis Mugesh Govindasamy Remo Kranich Jonathan Montagu Paul Richter Takahiro Suzuki Zijian Zeng

Dan Carcanague Otto Gréther Shuhei Kubota Adam Morgan Claus Riemer Toshio Suzuki Hongjun Zhang

Giacomo Carenzi David Gray Toshiaki Kumazawa 4 G. Mugesh Andreas Ritzén Jinsung Tae Yong-Li Zhong
Thomas J. Caulfield Robert Groneberg Susan La Greca Offlce S ta ﬂ" = Fiona Murphy Fatima Rivas Masaru Takayanagi Robert Zipkin
Tushar Chakraborty Gross Andreas Lanver o Alan Nadin Rosa Maria Rodriguez Sarmiento Wenjun Tang Ning Zou

David Yu-kai Chen Josh Gruber Kooyeon Lee C S Masahisa Nakada Manuela Rodriquez Yefeng Tang Guido Zuccarello

Jason Chen Xavier Guerault Sang Hyup Lee Annie Nalbandian A.J. Roecker David Tanner

Kelly Chibale Prasuna Guntupalli Alexandre Lemire VI KY NIEL EN Kenji Namoto Frank d TO TAL.' 405

Suk-Young Cho Janet Gunzner Robert Lemus JA NISE PETREY Yoshimitsu Naniwa Susan (McComb) Royalty Joérg Tiebes (1976-PRESENT)
Ha-Soon Choi Rodney (Kip) Guy Achim Lenzen Philippe Nantermet Brent Rubio Mirek Tomaszewski
Nicolas Christoforou Nizar Haddad Elisa de Leén-Alonso Ravi Natarajan Frank Riibsam Yasuhiro Torisawa
Xin-Jie Chu Christos Hadjistephanou James Leresche NA TA SHA ZEPEDA i Marta Nevalainen Floris Rutjes Takeshi Toru
Ci liang Hao Bernard Leroux Antonia Nikitenko Brian Safina Kazunobu Toshima
Chris Claiborne Richard Hark Ang Li Sacha Ninkovic Hiroyuki Saimoto George (Scott) Tria
David Claremon Bruce Harris Hongming Li Andrea Nold Joe Salvino Vinh Tran

David Clark Scott Harrison Hui Li Alain Noncovich Antonio Sanchez Ruiz Celilia Trujillo
Kevin Cole Michael Hérter Jim Li MA RY MUL SHINE Rita Noronha Francisco Sarabia John Trujillo

Scott Conley Hiroyuki Hayakawa Tianhu Li David Nugiel David Sarlah Susan Shwu-Chen Tsay

Antonella Converso Yoshio Hayashi Wen-sen Li M.T. Nunez Ruano Pradip Kumar Sasmal Tatsuo Tsurit




The Office Staff:

Vicky, Natasha, Janise, Mary



The End



