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Thank you for visiting our website. Qur laboratories are situated in the picturesque town of La Jolla, California,
and our research is focused on the chemistry, biology, and medicine of natural and designed molecules. The
structures below this text represent some of the most intriguing naturally occurring molecules synthesized in our
laboratories in recent years. More can be found in the accomplishments section and in the publications listed. In
addition to research, we are deeply committed to the education and training of a new generation of men and
women in the chemical sciences. The group has published several instructive books, including the advanced and
widely used textbooks Classics in Total Synthesis (K.C. Nicolaou and Erik J. Sorensen, Wiley-VCH, 1996) and
Classics in Total Synthesis II (K.C. Nicolaou and Scott A. Snyder, Wiley-VCH, 2003).

Enjoy the tour of our world.
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' ® PHARMACOLOGY L 0 VIOXX™
"% ® FORMULATION
® GENOMICS ® FERMENTATION
®BIOLOGICAL ®PROTEOMICS ® GENETIC ENGINEERING Me

™ "S..
TARGETS  ®BIOLOGICAL SCREENING CELEBREX™ "%



@) ESTERIFICATION /

STRATEGY DESIGN-
RETROSYNTHETIC

| Ar)\COOH

CHEMICAL
BUILDING

BLOCKS

| COVALENT BO

SYNTHETIC TOTAL SYNTHESIS
METHODOLOGY — f




CASCADE REACTIONS IN TOTAL SYNTHESIS

'Cascade Reactions in Total Synthesis, K.C. Nicolaou, D.J. Edmonds, P.G. Bulger, Angew. Chem. Int. Ed., in press.
2Cascade Reactions in Total Synthesis, K.C. Nicolaou and Scott A. Snyder, I'actualité chimique, avril-mai 2003, 83.



7 < 5y BIOMIMETIC TOTAL SYNTHESIS OF ENDIANDRIC ACIDS A-G[1982]

P\ OA ,

gl

@® /solated from
Endiandra Introrsa

- switch



% 4 : ’. TOTAL SYNTHESIS OF AMPHOTERICIN B [1987] [
wid Q Isolated from AmphOter icin B e e
Streptomyces nodosus Me., O
® Antifungal agent
® 38-Membered ring

® 19 Stereocenters

Mé"’ G

0

OH OH (-)-DET (+)-DET T ~Me
\ @( .1,3...(n+1)PoI?/I(;|I Carb!)h drate HO HO HO OH
A H OH ® y HO ®1,3...(n+1) Polyol NH,

0 approach OH approach | HO
(+)-Xylose N 0H|H0 (-)-Xylose ‘
~ 0

‘\Ph

o
Ketophosphonate
cyclization




TESO
\S% d Me O Me
" OMe I @ S%O~
(o)

i OMe OH 0o
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

agent
n- Bu 3Sn
® Tandem 0 »
Stille
couplings PN
€., OMe
O Me.
. ; “OH
ol I\/LC OMe Me cMe
B, W 83 l\i/le OMe Me
' o4 p4
N{ 2060 ¥ ; ® /solated from
s «B.r. streptomyces
“ hydroscopicus
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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Cell Line IC;, EpoB RAE, 0B
1A9 0.06 0.99 16.5
1A9/PTX10 0.1 7.8 78.0
1A9/A8 0.6 10.0 16.7
KB-31 0.99 0.42 4.7
KB-3811 0.39 2.8

0.14
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Pt . 0
& ® 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]



7 < 5 4\ BIOMIMETIC TOTAL SYNTHESIS OF BISORBICILLINOIDS [1999] }

%’A ®Inhibiti ft |
i : : nhibition of tumor
| Trichodimerol OH me M0 o necrosis factor o(TNF-q)
®/solated from : production (septic shock)
Trichoderma NP Me
iongibrachiatum
Me~
2"Ketalization

2"dI|_/l_ichaeI HO S')HO ‘
addition Me = e

X 15t Michael Addition OF

QUINOLS 4

Me —
¥ =TS0H; NaHPO, KOH: el

S
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il

| - Isolated from
an unidentified

fungus by o
Pfizer scientists

o

® Inhibits squalene
synthase and RAS
farnesyl transferase

TOTAL SYNTHESIS OF THE CP MOLECULES [1999]




OTAL SYNTHESIS OF EVERNINOMICIN [199¢

ANTIBIOTIC ACTIVE AGAINST DRUG RESISTANT BACTERIA
Me Me OMe

D80

€ OH
o ISOLATED FROM ®13 RINGS,

MICROMONOSPORA CARBONACEA 35 STEREOCENTERS

(), VAR AFRICANA ‘ ‘Se

e ol — VA
F. O‘k o F

0 O
1, 2-SELENO-MiGRaTo ROQ

S ; [oj
3 ' 1 2=-MIGRATION ' ‘
(@)
Se’ \'
INHIBITION o:-mr tol o ¥
PROTEIN O

ot - 0
SYNTHESIS ORTHOESTER AN H O(@




7 4 ;,’,i TOTAL SYNTHESIS OF COLOMBIASIN A [2001 ] L
(}ﬁdlvwcobacte.m’l:;ststjzle};:ilz:?saﬁg;:\: ’

® Mikami- M e—v
Narasaka catalyst

® /solated from coral
pseudopterogorgia elisabethae

[(S)-BINOL]TiCI

O

® Asymmetric H . . / v dark
®absolute  oyminesis. COlOMbiasin A ©SCARE-L, g
configuration XA AT Me

assignment

/ W\

\Y[E

Pr—.

A\
JBSO T

Me OW\\e

® 1stDiels-Alder

® Masking of
H diene system

® Palladium-catalyzed
rearrangement |\/|e



";“ ; TOTAL SYNTHESIS OF HYBOCARPONE [2001] |
X |
fﬂd ® /solated

from Lichen Me

lecanora hybocarpa
T
I Hydration

® Active against
murine mastocytoma
Me pg15 cells
[ICs50=0.15 m\ghénL-U -
OH N e

H
(<
OH O O OH W N

ove HYBOCARPONE, Me .
o A </ N

HO

®Radical
cation

generation OMe O Me

\Y/[10)]

. _ OMe O |
Photoenolization Meo Diels-Alder Cascade Initiation



?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 &
a5 C G+1ONE @ ( o s
82S o0
ﬁ S o3 0] H'O g ba k;
< Js£E @ Antibiotics =E 1 P
g: 3 Kz Me Antlfungal ~
N Q_Qﬂ, "
\ \ ; ~ "Me
CI n, / " Me
! 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



m TOTAL SYNTHESIS OF 1-O-METHYL LATERIFLORONE [2003]
i

® Claisen/Diels-Alder
cascade Me

Diels-Alder Me
ﬁ

® /solated from
Garcinia IateriflorlgIe Me l’ et

. Me
Z M

® Spirolactone
hemiquinone  Me

Claisen

®Cage structure

MOMO

HO:!
" 1.H0®
e
2.Phl (OCOCF)le e\,

® Cytotoxic against

‘ P388 cancer cell line
PPTS

® TOP ATTACK



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.




m;-, ASPIRACID-1: PROPOSED STRUCTURE (195

(’d‘ CARBOXYLIC TRIOXADISPIROKETAL
ACID o~

HEMIKETAL
MOIETY

KETAL MOIETY

2,9-DIOXACYCLO[3.3.1]NONANE

illary Harbour, Ireland.

Symptoms included vomiting, severe diarrhea.
gs and twenty stereocenters.

ochemistry between the ABCDE and FGHI

L ~ : o) A TP T
. : ! s L e A% .
. < , ' =T TN e VG
. " S M R . ST '
' - .
.
.

urey, A.; McMahon, T.; Silke, J.; Yasumoto, T. J. Am. Chem.

Satake, M.
1998. 1

Soc )
| IIIIlI LIBUERINNER ]




TMSOTf, 90 °C

[ca 75 % yield]

7L OTBDPS
R' = H or Me  Cascade Polycyclization

* Olefin Metathesis R'=HorMe
* Dithiane Technology 11

R! * Stille Coupling R\
H -

Me

* Azaspiracid-1: R' = H, R? = Me . R? = H or Me
e Azaspiracid-2: R' = R%2 = Me elsolated from the mussels Mytilus edulis
e Azaspiracid-3: R'=R?=H *Potent neurotoxins
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TON: SYNTHES/S OF DEHYDROPIPERIDINE MOIETY [2002] Lt
| - scant. 10

' THIOSTREPTON

Me™ "OH
et N

(e *..® FROM STREPTOMYCES AZUREUS

HO

.2 i : i;‘ RNA -BINDING ANTIBIOTIC
Boc I

Boc TMMUNOSUPPRESSIVE AGENT;
STEREOSPECIFIC AzA-MANNIGCH.



Me MeO °
/ Me

® atrop-Abyssomicin C

® MIC against MRSA =
a 3.5 ugmL"!
Me

W'
\“‘_

FFFFF

OH
® Acid-catalyzed isomerization

ey
2P IQi TOTAL SYNTHESIS OF ABYSSOMICIN C AND ATROP-ABYSSOMICIN C L

; o)
® [ ewis-acid
templated

Diels-Alder i

Me PhS

®11-Membered ring

® Inhibitor of
p-aminobenzoic acid

biosynthesis

® Ring closing metathesis [Grubbs'll] <
® Chemoselective oxidation [IBX]
® Deprotection [PhI(OTFA), ]

'lo.

H

® Abyssomicin C
® MIC against MRSA

=5.2 ugmL"1

® From Verrucosispora
AB 18-032, collected
from the Sea of Japan

OH Me Me

Me
OH



7is4\ SELECTED NATURALLY OCCURING BISANTHRAQUINONES

‘ékﬂk -DNA INTERACTING CYTOTOXIC AGENTS (2006-2007)
L -

la: R = OMe: (+)-cytoskyrin A lla: R = OMe: (+)-2,2'- epi-cytoskyrin A |iI: rugulin (also antibiotic)
Ib: R = Me: (+)-graciliformin lIb: R = Me: (+)-rugulosin (also anti-HIV)

OH O OH OH O OH
IV: deoxyrubroskyrin IV: flavoskyrin V: skyrin

K. C. Nicolaou, Yee Hwee Lim, Jared L. Piper, and Charles D. Papageorgiou. J. Am. Chem. Soc. 2007, 129, 4001-4013



GENERAL RETROSYNTHETIC ANALYSIS OF
MODIFIED BISANTHRAQUINONES

[Michael
Xre\action]
[radical . :
O O OR' dimerization [Michael
<. reaction]
r R <:
RZ\“’ R
o) Nenolization] 1 R2 o) X’:daﬁon}
OH O OR
R2™ fr: f R [Diels-Alder, red] 2w
: o i
0]
R2, 7/ R <‘I ’
1s,, OR
| [double Michael

reaction, red/blue]

HfO) O OR!




POSSIBLE ORIENTATIONS OF ANTHRAQUINONE UNITS IN THE
DIMERIZATION STEP [FOR CYTOSKYRIN AND RUGULOSIN]

'( <
(’AOIQ

satleh

O
A: endo-bottom arrangement

» Favored
orientation
® Severe steric
congestion

D: exo-anti arrangement

C: exo-syn arrangement




'I‘g‘/,

"% THE INTRIGUING STEREOCHEMICAL ASPECTS
i OF THE DIMERIZATION STEP

®(R)-enantiomer

i . - (+)-cytoskyrin A
®(s)-enantiomer P (+)-graciliformin

(-)-cytoskyrin A
(-)-graciliformin

® (R)-enantiomer

- }
[PLANE] R'O

D: exo-anti arrangement

OH O OR3
' )-2,2-epi- ' (+)-2,2"-epi-cytoskyrin A
®(s)-enantiomer = = = .yg_;_féuﬁg’; :vtoskyrmA

(+)-rugulosin




THE CYTOSKYRIN CASCADE: MODEL SYSTEMS

.f.ﬂ

O O OMe [Michael]
b4 Diels-Alder
°|\ /Wie’ [Diels-Alder]
7 V O OH OMe
1.€SA-0 0

: Mnozl(

O
[cytoskyrin]
[2"d Michael]
Et.N




TOTAL SYNTHESIS OF (+)- RUGULOSIN

O OH OR MnO,, 25 °C O O OR
O Lorcaion @O
ROV RO e [enolization/
1. MnO,, 256—45 °C; then Et.N OH dimerization]
2. conc HC' 60 °C [elimination/ QH O OR
(49% overall) aromatization]
' OH O OR

2. conc HCI, 60 °C,
MeOH/THF

O. HO/\
1. Et,N [2"Michael]
R

O OR



7o)

?&ﬁ THE RUGULIN CASCADE: STRUCTURE PROVEN WRONG [2006] e
| O OH OR

@) R
MnQO,, 25 °C o '

®R= MOM ﬁ
[oxidation]

W . [double

MeO" Me MeO" Me Michael]

OH O
Me

1. MnO,
2. Et,N OH O OR
(58%) © Me I LA

1. MnO O
S [oxidation] eO Me
ﬁ
M | 2. TFA
© ‘ [deprotection]
4 0
(85%) Or, O OR
O e
EEN RO MO,
[2n¢ Mi3chael] [oxidation]
O
RI\(4<aO :
| 3 ® RUGULIN NMR
Me SPECTRA DO NOT
MATCH THE

REPORTED DATA
O OMe O OMe BY SEDMERA






15T MICHAEL INTERMEDIATE

+y MECHANISTIC ASPECTS OF THE DIMERIZATION STEP-ISOLATION OF

&:A

® Isolation of key intermediates —
® Reaction proceeds via two consecutive Michael reactionp

rather than a Diels-Alder reaction

O OH OMOM O O OMOM
[oxndatlon]

@ O m O [enolization]
TBSO“ TBSOY

5%
Mn02
o5°C, 1h ® Bulky group allows isolation of

1St Michael intermediate _

OH O OMOM

[2"d Michag

Me reaction] Me

Me

(20%) ISOLATED (30%)

OH O —~OMOM
RN [15! Michael
reaction]

. . ‘
on standing in /étandmg in
CDCI CDClI
OH O OMOM [1]3 5 O\' OMOM 3

Hfo O OMOM

[elimination/
aromatization]

OH O OMOM

OOO .

(45%)




[MISLEADING X-RAY STRUCTURE]

& :5 ¥y DEOXYRUBROSKYRIN MODEL: A CASE OF BOND MIGRATION?

® SYMMETRICAL BY X-RAY

® C2/c space grou
7<% group

® C9-C12' = .
C9-C12=2372A

® C14-C14’ =156 A
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‘&*’k PLATENSIMYCIN: DISCOVERY AND BIOLOGICAL PROPERTIES

®Isolated by Merck from a Streptomyces platensis ® Two structural domains:

strain collected in South Africa ® Polar aromatic amino acid
® Reported May 18th 2006 ® Challenging pentacyclic
OH ketolide
(o)
Me
HO u,

O OH

® Inhibits type Il bacterial fatty
acid biosynthesis

® Binds the acyl protein intermediate

of the FabF enzyme ® Effective in vivo - clears MRSA

® Active in vitro against a broad spectrum of infection from mice
Gram-positive pathogens including
methicillin and vancomycin resistant strains

J. Wang, et al, Nature 2006, 441, 358-361

® No mammalian toxicity observed




TOTAL SYNTHESIS OF PLATENSIMYCIN: RETROSYNTHESIS (2006)

f;::é

HO

S~ ketyl radical

cyclization/
etherification

double alkylation

o)

amide bond formation Ru-catalyzed cyclization /

Me

K. C. Nicolaou, A. Li, D. J. Edmonds, Angew. Chem. Int. Ed. 2006, 45, 7086—7090.
K. C. Nicolaou, David J. Edmonds, Ang Li, and G. Scott Tria, Angew. Chem Int. Ed. 2007, 46, 3942—-3945



OH

A

Smlz, F3C CF3

THF-HMPA
-78 °C

1. LDA, Mel
2. LDA, allyl iodide
[70 % overall]

® Stereoselective 0]
2:1dr L
TFA, 0 °C |
® Only correct isomer reacts O: A
[ca. 30 % overall] u?

J.-L. Namy, P. Girard, H. B. Kagan, New J. Chem. 1977, 1,5 7.
H.

L.
B. Kagan, Tetrahedron 2003, 59, 10351 10327.



ilg,,

‘é ﬁ” TOTAL S YNTHESIS OF PLATENSIMYCIN
Mes— N —Mes
\/ Cl/
CI' P Cy3
CH,Cl, ’
[85%] [E:Z ca 6:1]
1. Me3NO, A
/\ 2. NaClO,
[90% overall]
O
platensimycin O
OMOM /JL\//OM
HO " Jo
MeO
NH 1. coupling
(0) 0])'[0])| 2. deprotection [90% overall]

C. Morrill and R. H. Grubbs, J. Org. Chem. 2003, 68, 6031-6034



ASYMMETRIC TOTAL SYNTHESIS OF
PLATENSIMYCIN — CATAL YTIC

o) [Rh(COD)CI],
(S)-BINAP
7 AngFs
HO [91 % yield; 95 % ee]a
// ® Enyne cycloisomerization
MeO,C 0 CO,Me
—P 1. (HOCH,),
—» HO 2. LiOH
3. Barton ester
o OH 4. hv, nBuzSnH
5. aq. HCI
o oz
(=)-platensimycin - LERahS]
TFA,0°C [ca. 35 % overall]
X
smlz, F3C CF3
THF HMPA
-78 °C
®Single isomer ®Endocyclic double bond

& A. Lei, M. He, X. Zhang, J. Am. Chem. Soc. 2002, 124, 8198-8199



ASYMMETRIC TOTAL SYNTHESIS OF
PLATENSIMYCIN — CHIRAL AUXILLARY

(o) Me LDA, LiCl, 0 °C? /'\/
’ Ph
N/'\/ Ph Br N
[ = Me OH
=5 TBSO
.Psgudoephedrine [80 % yield; 98|‘I% de after 1. MeLl
amide one recrystallization] 2. KHMDS,
TBSO Comins'
reagent
__) 3. TMSCH,MgCI
Ho Jj\/ Pd(PPhj),, LiCl
[80 % yield]
OH
. . Me
1. Sml, (o) (=)-platensimycin
2. TFA

1. Phi(OAc),, CF3CH,OH

| E 2. aq. HCI, THF N
k\\" [60 % yield] ‘ s
ng

0 L. o
98 % ee ® Oxidative dearomatization Kumada coupli

a A. G. Myers, B. H. Yang, H. Chen, L. McKinstry, D. J. Kopecky,
J. L. Gleason, J. Am. Chem. Soc. 1997, 119, 6496-6511



ADAMANTAPLATENSIMYCIN

£ HOw o
j 1. SOCI, Me 3. ha(OAc)4
o 2. MeCHNz’ (65 % )
\ (85 % yield)

® prochiral ® 6 stereocenters
® single diastereomer

Radical addition

4. LDA, PhSeBr;
H,0,

. KHMDS, allyl
iodide

. Cross-metathesis

. Me;NO

- NaCIOZ
(57 % yield)

(-)-adamantaplatensimycin [(-)-2]
(+)-adamantaplatensimycin [(+)-2]

O~N® (3]

9. Coupling
10. Deprotection
(65 % yield)

KOH, MGOH, Hzo (—)-I

()1 (85 % combined yield) ()

(#)-11 ((com ined yield) ()1
(=)-menthol, DCC, DMAP;

then chromatographic
separation

| (o)




ANTIBACTERIAL ACTIVITY OF
ADAMANTAPLATENSIMYCIN ( 2007)

(-=)-2: adamantaplatensimycin (+)-2: ent-adamantaplatensimycin

Table 1. Minimum inhibitory concentration (MIC) values (ug/mL) of (+)-, (?)-, and (*)-
adamantaplatensimycins [(-)-2, (+)-2, and (*)-2] against methicillin-resistant Staphylococcus
aureus (MRSA), vancomycin-resistant Enterococcus faecium (VREF), and E. coli, respectively.

#)-2 ()2 (¥)2 )1 ()
MRSA >88 1.3-1.8 2.6-3.6 0.2-0.4 0.4-0.8
VREF >88 1.3-1.8 2.6-3.6 0.4-0.8 0.8-1.6
E.coi >8 >8 >8 >88  >88

K. C. Nicolaou, Troy Lister, Ross M. Denton, Ana Montero, and David J. Edmonds. Angew. Chem. Int. Ed. 2007, 46, 4712-4714.



e UNCIALAMYCIN: STRUCTURE

1a: 26(S)-uncialamycin 1b: 26(R)-uncialamycin

® Isolated from Streptomycete strain related to
Streptomyces cyanogenus

® MIC = 0.0000064 ng/mL against Staphlococcus aureus
MIC = 0.002 ung/mL against Escherichia coli
MIC = 0.001 ng/mL against Burkholderia cepacia complex
(Bcc; infects cystic fibrosis patients)

® Only 300 nug isolated.

® C-26 stereochemistry unassigned.

J. Davies, H. Wang, T. Taylor, K. Warabi, X.-H. Huang, R. J. Andersen, Org. Lett. 2005, 7, 5233-5236.



UNCIALAMYCIN: RETROSYNTHETIC ANALYSIS (2007)

Acetylide/
Hauser alddde_:\_ydtla
cyclization QUURION
d \ \Me/ cyclization
o OTES

26(S)-uncialamycin

Acetylide/ _
pyridinium R
e =\ addition_ || ™S
\ Me
7/ \
BrMg ™S Alloc OTES
OTES

I

obmMB

OH

K. C. Nicolaou, Hongjun Zhang, Jason S. Chen, James J. Crawford, and Laxman Pasunoori. Angew. Chem. Int. Ed. 2007, 46, 4704—4707.



UNCIALAMYCIN TOTAL SYNTHESIS — 1

a) KOH Q
O | Me 0
MeO/\)LMe HN o) Me
o 25 °C | CO,H i oNa
o
OMe OMe

5-methoxyisatin
NaBHy,, 80 °C (86 %)
Me Me
c) aq. HBr, 120 °C;
K2C03, DMB-BI'
25 °C (50 %)
(0 (

d) DIBAL-H,
-78 to 25 °C

OTES
e) TESCI, imid.,

25 °C (86 %)
ODMB




ran =
trans to \\

a) I N Me group | | ™S
// \\ \ Me
BrMg T™MS 3
THF, 25 °C
ii. AllocCl, 25 °C
(92 %, 80 % conv.) ODMB
d) m-CPBA, 0 °C
b) AcOH, 25 °C (91 %) (80 %)
. e) AcCl, coll,, 0 to
c) NaBH,, 25 °C 25 °C (82 %)
A
f) TESCI, imid., 0 °C | | TMS
g) K2C03, MeOH,
0 °C (78 %) OH
‘—trans_to
h) DMP, 25 °C (87 %) e
C

i) DDQ, 25 °C (87 %)




a) KHMDS, CeCls,
78 to —40 °C

(61 %, 80 % conv.)
(plus 30 % C-17 epimer)

OH ® non-identical to natural 25 °C (80 %) nBu3;SnH, 25 °C

product by NMR (74 %, 70 % conv.)

OH
b) Phi(OAc),, MeOH, lc) Pd(PPh;),Cl, cat.,
spectroscopy CN

d)

(o)

LiHMDS, 78 to 25 °C (63 %)

T

e) 3HF<*Et;N, 25 °C (92 %)




a) DMP, 25 °C (92 %)
b) NaBH,, 25 °C (98 %)
>96 % d.r.)

uncialamycin
® identical with
natural product

c) KHMDS, CeCls,

" 78 to —40 °C (67 %)

(plus 13 % C-17 epimer)




THE UNCIALAMYCIN CASCADE:

BERGMAN CYCLOAROMATIZATION

calc. cd distance = 3.42 A
x-ray cd distance = 3.60 A

a) HCI, CH,Cl,

uncialamycin

calc. cd
distance

r
® benzenoid
diradical
[lethal to cells]

Bergman
cycloaromatization




Bergman
cycloaromatization product
[blue]




CATALYTIC ENANTIOSELECTIVE
SYNTHESIS OF UNCIALAMYCIN

Hi a) KOH Me 0

v

HN O Me
b) N32C03, 80 °C
é COZH COZH
OMe

14.30 _
85112

(+)-enantiomer OMe
c) HBr, AcOH,
o TS @ 120 °C
u d) K,CO;, DMB-Br,
\ Me 25°C
10.00 15.00 20.00 Ph H2 CI
racemate 0]

14.37 _

17557 16.88

e) Ru cat.,, HCO,H
16926

EtsN, 0 °C ‘ Me
E (Noyori reduction) CO,DMB
(99 % yield, 98 % e
e S 99 % e.e. after
10.00 15.00 20.00 ODMB recrystallization) ODMB




DETERMINATION OF ABSOLUTE
STEREOCHEMISTRY OF UNCIALAMYCIN

® asymmetric synthesis involves
inversion of C26 stereocenter

26(S)
Y ﬁtzr
oM

® absolute stereochemistry O OH
determined by x-ray crystallography (+)-uncialamycin




Form Il
Form Il

Form |

Form Il
Form Il

Form |

24 h at 37 °C

= Z
= o
(=] (=]
3 8
we @ | < O single strand cuts
ww | < ®double strand cuts

l l 250 nM

—
- 1 mM glutathione
o e e added o OH

thiol-promoted
reduction

® double strand cuts proton
transfer

epoxide
T ® abstracts 2 He from DNA opening/




754y BIOLOGICAL PROPERTIES OF UNCIALAMYCIN

z
Table 1. Antibiotic activity (MIC) of uncialamycin and its 26(S) diastereomer
Bacterial strain 26(R)-uncialamycin 26(S)-uncialamycin
Methicillin resistant Staphylococcus aureus (MRSA) 0.0002 ug/mL 0.001 ug/mL
Staphylococcus aureus 0.0002 ug/mL 0.0009 ug/mL
Staphylococcus epidermidis 0.00009 ug/mL 0.0003 ug/mL
Bacillus cereus 0.0003 ug/mL 0.002 ug/mL
Lysteria monocytogenes 0.001 ug/mL 0.006 ug/mL
ancomycin resistant Enterococcus faecium (VRE) 0.002 ug/mL 0.007 ug/mL
Escherichia coli 0.006 ug/mL 0.02 ug/mL
Burkholderia cepacia (Cystic Fibrosis patients) 0.0004 ug/mL 0.006 ug/mL
Salmonella typhimurium 0.009 ug/mL 0.02 ug/mL
Pseudomonas aeruginosa 0.02 ug/mL 0.04 ug/mL

Table 2. Cytotoxicity (IC5y) of uncialamycin and its 26(S) diastereomer

Cancer cell line 26(R)-uncialamycin 26(S)-uncialamycin Taxol® epothilone B
1A9 (ovarian) 1x101" M 6x10"" M 2x10°M 4x10'°Mm
PTX10 (Taxol® resistant) 6x101" M 6x101°M 4x108M 8x10"°M
PTX22 (Taxol® resistant) 3x101" M 2x101°Mm 5x108M 5x10'OMm
A8 (epothilone resistant) 9x10"'2 M 1x101°M 1x108M  4x10°M

K. C. Nicolaou, Hongjun (David) Zhang, Jason S. Chen, James J. Crawford, Laxman Pasunoori, Ana Montero.






7 i)
: POTENTIAL STRUCTURES OF BIYOUYANAGIN A

AR

& ® Isolated from the leaves of H. chinense L. var. salicifolium, a Hypericum species
® Active against HIV (EC5¢ = 0.798 ug/mL, infected H9 lymphocytes)
® Cytokine production inhibitor [10 ug/mL]

H
Me Yz «Me Me H Me
N g g O Me 7Ry O Me
Me  — Me Hol 5 % i
N7 XN/
H Ph 1 P
Me O MeH Ph 0
cis, cis, cis, cis structures: assigned structures
H H
Me «Me Me yZ : ,Me
Z ) HH O Me 2R 4 g O Me
Me n E = ~ Me th. 22 E H =
17 3
U \18 7
H Ph H Ph
Me o Me O

trans, cis, trans, cis structures: potential structures

N. Tanaka, Y. Takaishi, et al, Org. Lett. 2005, 7, 2997.




BIOGENETICALLY INSPIRED RETROSYNTHESIS (2007)

® Photo-induced [2 +2] cycloaddition

Me
e 'y OM
H.| HiH o

Me [2 + 2]

NS

HiPh
My
biyouyanagin A 24(S): ent-zingiberine hyperolactone C
24(R): ent-7-epi-zingiberine

K. C. Nicolaou, David Sarlah, and David M. Shaw. Angew. Chem. Int. Ed. 2007, 46, 4708-4711.



EXO- AND ENDO- TRANSITION MODES

® No steric
24R Me clash

00

I (exo0)
[2 +2] cycloaddition

®»Severe
steric clash

II (endo)




e SYNTHESIS OF ent-7-epi-ZINGIBERENE

AND ent-ZINGIBERENE

[72 % yield,
93 % d.e.]

o ent-7T-epi-zingiberene Me

MVK [cat.] h [co-cat.], 0 °C 1. KHMDS, Comins' reagent
2. MeMg|, Cul (cat.)

2. KOH, nBusNOH (cat.), A

(R)-citronellal

86%d.e] O epi-zingiberene  Me




a) Pd(PPhj3),, \j
OBn (cat.) \ \
—— —> H—O’L( Me
Phl, CO, \ Me - OBn
C02, Et3N X
[from L-malic acid] = == == ==\
- \
\ O Me
OB 2 I\E’Ie OBn e
n{.Pd(0) N -
Ph > Ph
o o
- [77 % yield] hyperolactone C

OBn




’ ‘Q/Q

'

sl




’7'!'7,\
“‘“ TOTAL SYNTHESIS OF BIYOUYANGIN A AND

dath 24-epi-BIYOUYANAGIN A
e Me~ ¢ wMe
Ho HH P s
hv — | ¢ '
2'-acetonaphthone T i
[quartz] [46 % yield] H Ph o
Me
24-epi-biyouyanagin A
Me _ H Me
I (I 2R
hv € | :
2'-acetonaphthone X~
[quartz] [46 % yield] MeH Ph o

biyouyanagin A




D?'ry,.\
% “’ﬁ DIAGNOSTIC NUCLEAR OVERHAUSER EFFECTS FOR

“’;? THE STEREOCHEMISTRY OF BIYOUYANAGIN A
® nOe’s between Hg-H, 7, Hg-Hyo, Hy7-Hyg
Me H'«, Me

®nOe between Hg-Hp, 128-fold larger
H,, Hﬁ than nOe between Hg-Hp,
o)
®»nOe between Hg-H,, larger
than nOe between Hg-H -,

®no nOe between Hg-Hyg

®trans, cis, trans, cis (anti) structure T~
of biyouyangin A H Ph

biyouyanagin A

David Sarlah, David Shaw



HAPLOPHYTINE
haplophytine haplophytine dihydrobromide

® From Mexican plant Haplophyton cimicidum
® Interesting insecticidal properties
® 10 rings, 6 stereocenters (5 tetrasubstituted)
CO,Me ® Sterically congested C-C bond (C9'-C15)
|

(0) "I ? E. J. Corey et. al. (1999) !

T. Fukuyama et. al. (2003)

A. Padwa, J. M. Mejia-Oneto (2006) (0)
G J. P. Marino, C. Ganfeng (2006)
MeO . MeO
OMe CO,Me OMe Me
“left domain” of haplophytine aspidophytine

Isolation and structural elucidation: Snyder, Yates, Cava, Zacharias, et. al. (1952-1973)



RETROSYNTHETIC ANALYSIS OF
THE LEFT DOMAIN OF HAPLOPHYTINE

o ‘ ? [ concerted ~
C

[blue arrows]

stepwise cale.  C7N dihedral:
\/COZMe N-C

o) _N@ 140° (syn isomer)
a 170° (anti isomer)




gf;ﬁ HAPLOPHYTINE: CONSTRUCTION OF ARYL LINKAGE

gy
R CO,Me ]
Ph/ MeO,C
L a) PhI(CF5CO,),,
MeCN:CH,CI, (9:1), OH CO:Me
-40 °C (25 % yield) l
HO

b) Cs,CO3, Mel
(55 % yield)

/COzMe




% i s %\ CONSTRUCTION OF THE LEFT DOMAIN OF HAPLOPHYTINE (2007)

i

mCPBA, NaHCO,,
CH,Cl,, 0 °C

(65 % yield) >

K. C. Nicolaou, Uptal Majumder, Stephane Philippe Roche, and David Y.-K. Chen. Angew. Chem. Int. Ed. 2007, 46, 4715-4718.
Chemical Synthesis Laboratory @ Biopolis, ICES, A*STAR, Singapore (with Dr. David Y.-K. Chen)



THE ARTOCHAMIN CASCADE (2007)

u-waves [180 °C] Me Me Me
PPh; cat. Me-V"H o 2 [-Me,C=CH,]
t %og;o | Br
I- Me Me H \g
(o LI T "
Me ~\ A e
| Br m¢ O O \)<Me
BocO N o = u-waves [180 °C]
@ A Me v OH
BocO Me
® thermal [2+2]
cycloadditon M
|
Me OH
— Br ] | )&0
Me” Y [O ® common artochamin G ~L  Br
HO < S OH intermediate HO
< @ O N o
HO M
’ | HO vMee

[3.3] |

[Claisen]

Me~ Me
+ [3,3]




TOTAL SYNTHESIS OF ARTOCHAMINS H, I, AND J (2007)

® Isolated in 2006 from Artocarpus chama
® Exibit weak cytotoxicity

common intermediate

a) PivCl, Et;N | [tris-Piv] [bis-Piv] | a) PivCl, Et;N
b) Mel, K,CO; b) PhSeCl;
C) LiA|H4 H202

HO 1 a) PivCl, Et;N [bis-Piv] c) Mel, K,CO;

b) Mel, chO3
c) LiAlH,

d) LiAlH,

artochamin H artochamin | artochamin J

Troy Lister, Ross M. Denton, Cristine F. Gelin




a) Pd,(dba); cat.,
R f Z *Cul cat., Cu
@ CHO (83 %)

BnO OMe TBSO Me BnO OMe\

* Significantly improves yield

of Ullmann-type coupling b) BF,®
@
"CeFs
Rovis catalyst,
g) PdIC, H2; TBSCl, imid. OH O N2 Et3N (78 %)
(36 %) | h) TSNHNH,, aq. HCI _ _ [Benzoin-type
i) CAN; aq. HCI, MeCN kinamycin C couplintg]

c) Ac,0, Et;N
d) Sml,, MeOH; Et;N

e) SeO, (selective)
f) aq. HF, MeCN; Ac,0, Et3N
(49 %)
®» deoxygenation
® conjugation
® hydroxylation

® Conjugate addition in the
absence of acetonide

K. C. Nicolaou, Hongming Li, Andrea L. Nold, Doron Pappo, Achim Lenzen
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%48 PROPOSED STRUCTURE OF MAITOTOXIN

&A

® Most potent marine neurotoxm known - 4SO, r

_— , Me H Me_ |-|1 OH eo u K H H .
- B e D E i e oo
o OH

2 “OH

Na0zSQ éHH & How o M M (_oH
: H H
Me “OH OH HO:,. O
HO,,_ Me 7~ l;' U h?ﬂe l;' o |;l : 2 "
€./ 20 ‘OH
Me HoX S e Q H H
O
HO | Me o 2/(H o= U HE e e
\ W )— O Me
Mey_ - Me. Nkg O Me H

i H H H HY H @The Iar?est and most toxic non-proteinoic
product known to Man

O AL AN o H natura
eee@o : ®Produced by the dinoflagellate

Me  Me Me H Gambierdiscus toxicus
®C O..S,Na, [MW 3422 Da] ® LD,,=50ng/Kg, 1 mg can kill a million mice

164 256 ~ 68
® 32 rings, 98 stereogenic centers @ Activates voltage-dependent Ca ion channels



MAITOTOXIN S TRUC TURE- 1

Nao3so,, ;
oy e eeoe@

Me Me A
ooee .,H 00 LOH
Na03SO HG H H 2 H o
HO OH

Me

“"OH
HO.,,, ? ® = ? l‘:'lﬁﬂl,
90 00
N "OH

OH Me Me o°° Ve H " Me
@-

Me “,
Me Me O °
HO.., e H
HO OH

eeoeo R

Me Me Me R H H H ﬁ é : H R
originally proposed maitotoxin structure revised structure with C-51 and C-52

[Yasumoto, Tachibana, Kishi] stereocenters inverted

[Gallimore and Spencer]

M. Satake, et al. J. Am. Chem. Soc. 1995, 117, 7019. T. Nonomura, et al. Angew. Chem. Int. Ed. Engl. 1996, 35, 1675.
L. R. Cook, et al. J. Am. Chem. Soc. 1997, 119, 7928. A. R. Gallimore, J. B. Spencer, Angew. Chem. Int. Ed. 2006, 45, 4406.




C-48 to C-55

,ul

4 I I
39 41 43 45 47 49 53 55K 57 % 59 61

Originally proposed G-K domain
Average difference (C-48 to C-55) = 0.78 ppm
Maximum difference = 2.1 ppm

b & & NV o v 2 o0 ®

® SPARTAN 06
computer
program

® Difference of

calculated Revised structure with C-51 and C-52 (JIK
13 . evised structure wi -9 and C-
C chemical ring junction) reversed

shifts from Average difference (C-48 to C-55) = 3.03 ppm
eXperimentaI Maximum difference = 7.5 ppm

values

A N o v & O o

(11— I .

| & I ~~~~~ I rr l r I vvvv T
43 45 47 %49 53

(0]
Revised structure with stereocenters C-50 to

C-55 reversed
Average difference (C-48 to C-55) = 2.89 ppm

Maximum difference = 5.0 ppm

o & & LV o v » 0 o

K. C. Nicolaou, M. O. Frederick. Angew. Chem. Int. Ed. 2007.



MAITOTOXIN STRUCTURE-3

maitotoxin
structure

® relatively large Ad
values are due to
the absence of a
sulfate and
presence of
cyclohexyl
substituent

Synthetic GHIJK domain
Average difference (C-43 to C-53) = 0.08 ppm

Maximum difference = 0.3 ppm

8

ppm

® & & D o v & 0O

C-43 to C-53

maitotoxin
structure

® originally proposed
stereochemistry of
JK junction (C51-
C52) most likely
correct




TALES IN TOTAL SYNTHESIS

Brevetoxin B:

atrop-Abyssomycin C:

Platensimycin:

Biyouyannagin:

Uncialamycin:

Haplophytine:

A molecule whose total synthesis led to the discovery
of several new synthetic technologies and strategies.

A molecule whose discovery in nature was inspired by
its total synthesis.

A molecule whose novel analogs could only be made
available by total synthesis.

A molecule whose true structure could only be known
by total synthesis.

A molecule whose biology could only be explored by
total synthesis.

A molecule whose total synthesis could only be justified
by the sheer excitement of the endeavor!
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INSTITUTE

Thank you for visiting our website. Our laboratories are situated in the picturesque town of
La Jolla, California, and our research is focused on the chemistry, biology, and medicine of natural and designed
molecules. The structures below this text represent some of the most intriguing naturally occurring molecules
synthesized in our laboratories in recent years. More can be found in the accomplishments section and in the
publications listed. In addition to research, we are deeply committed to the education and training of a new
generation of men and women in the chemical sciences. The group has published several instructive books,
including the advanced and widely used textbooks Classics in Total Synthesis (K.C. Nicolaou and Erik J.
Sorensen, Wiley-VCH, 1996) and Classics in Total Synthesis II (K.C. Nicolaou and Scott A. Snyder, Wiley-VCH,
2003). Enjoy the tour of our world.




The End



;:45‘5 /, TOTAL SYNTHESIS OF THIOSTREPTON [2004]
) i I
fﬂ‘ Ag® /\Hi;}_cozEt N V¢

S
EtO2C_§/ -/
O A \ @)
H NH; N \ NH2 . .
I Mj—(t \ H 0 A oo,
| Me 4 ®HETERO DIELS-ALDER
4 oc DIMERIZATION __
0]
B°°NX ® THIAZOLIDINE
® FROM STREPTOMYCES
AZUREUS

® RNA - BINDING Me

ANTIBIOTIC S Oi
0

HN

) @O’?«G
soct b ®MANNICH

® IMINE-ENAMINE 7< CYCLIZATION




2;; &d TOTAL SYNTHESIS OF FLORESOLIDE B AND 6,7-Z-FLORESOLIDE B [2006]

E-geometry Z-geometry

®7-membered

®From ascidian of Aplidium l
lactone bridge

» Cytotoxic against
KB tumor cells

® [10] metacyclophane

AR
Mes—N_ N—Mes

Y .cl
(RUR
Floresolide B [1:2.9] A®7-Z-Floresolide B ci 'Lcy3 Ph
1. Ring closing metathesis [Grubbs Il, 89 %] Grubbs Il cat.

2. Deprotection [K2CO3, 90 %] ® Lactonization

OH

NO,O O NO;
4-DMAP

(66 %)

® Esterification—» OH






SYNTHESIS OF GHIJK DOMAIN OF MAITOTOXIN (2007) — 1

) —
. { >—_ i )
(0] 2\ H H (0] 1\ (@)

H H
b) DMP :
c) HF (aq), MeCN

PiVOE ; 2 Y
(77 %) H

[enantiopure,
from furan]

d) CSA, MeOH,
50 °C (55 %)

h) DIBAL-H
i) TEMPO, PhI(OAc), OBn
j) Commins, KHMDS

(68 %)

e) NaBH,, CeCl;, > 95:5
f) BH3*THF, > 95:5
g) TESOTY{, lutidine

(.__

(45 %)




a) 9-BBN, THF, 60 °C;
S NaHCO;, Pd(OAc),,

BnC:) H
PMBO, A | OTE
/\/’@ S-Phos, 0.5 eq trlflste
BnO I:I

(71 %)

[enantiopure,
from furan] b) BH3*THF | d) MeOH, pTsOH
c) DMP e) Ac,0 (51 %)

triflate

f) BF3°OEt,, TES-th) H,, Pd(OH),/C

[ g) K,CO3, MeOH (81 %)
P(chex), -

MeO i OMe

S-Phos
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1. [olefination/
metathesis]

2. hydroboration
3. deprotection
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