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2;"5 ; BISANTHRAQUINONE ANTIBIOTIC BE-43472B 1. [2009]
gl

® Firstisolated from a
Streptomyces sp. and
reported in a Japanese
patent as an antitumor
agent [gross structure
only: H. Kushida et al,
JP 08143569, 1996] ® Antibiotic

BE-43472B

OH O HO

® Re-isolated by D. C.
Rowley and co-workers
from a Streptomyces sp.
found in a green algae
isolated from the
ascidian Ecteinascidia
turbinata, collected from

OH LaParguera, Pueto Rico

[relative, but no absolute

® Potent antibiotic activity 4 & configuration: J. Nat.
against MSSA, MRSA, / Pf_ od. 2006, 69, 1070;
TRSA and VRE and Bioorg. Med. Chem.

antibactericidal activity [ 5k 2006, 74, 8664.]

(99.9 % kill) against

MSSA, MRSA and VRE ] . )
® Ecteinascidia turbinata




H O HO
TBSO
Transform
Me R E Dy
: H \ g OH ]
> Me" ;O ‘OM—hemlketaI
® Nucleophilic aromatic 5 formation
ipso substitution “H
(0)
Diels-Alder J 0
reaction 0 HO
TBSO_ 13 Me
O HO Me
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® preorganization

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

OTBS 7| :

Me CH2C|2, A;
[sealed tube]

of diene and H‘

dienophile

[Diels-Alder reaction]

[hemiketal formation]

—

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

continue

toluene, A
[Dean-Stark]

e

- [H®]

(98% yield overall)

[nucleophilic aromatic ipso substitution Sy (Ar)]




ANTIBIOTIC BE-43472B 9. FINAL STEP [2009]

O HO hv (Hg-lamp), benzene, 25 °C

(77%, 83% yield brsm)

2
0
J

[photochemical rearrangement]

synthetic BE-43472B

AMe

[tautomerization]

shift]*
Me'" [Co,-O bond [favoulﬁdlby
el n,o orbita

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.
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MOLECULAR STRUCTURES OF SPOROLIDES A AND B [2005] /t/g\
A

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 ~




Cl OAc

L. ‘OH " Me é O
BnO OMe AcO

HO

, [4+2] cycloaddition [2+2+2] cycloaddition
sporolide B [thermal] [Ru-catalyzed]
AcO ﬂ
0).Ye:

»NOTE ?B"
® C-9 inversion to avoid + g

steric congestion Mo 0/\2/// Cl
® C-13 regiochemistry BnO OM OH Vi MBS
® Free C-2 OH to facilitate : € 4

[2+2+2] cycloaddition B T A
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SPOROLIDE B 5. [2+2+2] CYCLOADDITION [2009]

AcO A +
S Cp*RuCI(COD) (cat.) Cl YA

! Cp*~/R
| Cl

RIS~ L TBSO
[oxidative addition]

Ru-catalyzed Reppe B [coordination]
o acetylene cyclotrimerization
¥ B  E
A
c0 oS OAc
OAc CJD\\ OBn
< iR
OBn Me 5 0 OH
DM TBSO
L TBSO BnO OMe i

i [ring_expansi_on]
continue ] . ]
Iq Hydroxyl group complexation facilitates reaction

Regiochemical control due to steric reasons

a) Y. Yamamoto, R. Ogawa, K. Itoh, Chem. Commun. 2000, 549;
b) Y. Yamamoto, T. Arakawa, R. Ogawa, K. Itoh, J. Am. Chem. Soc. 2003, 125, 12143.



ORIGIN OF REGIOSELECTIVITY OF THE Ru-CATALYZED

[2+2+2]-CYCLOADDITION
Cl OAc Cl OAc
Cl x Cl Cl
Cp*~_7" OBn OAc
Ly S e
R - [Cp*RuCl] O OBn
e R OTBS
\R,OH OTBS oH OH de
® Most preferred orientation met7;sel;li)rsetg’uted
®Initial coordination through the free OH group
may explain fast reaction time (0.5 h)
—&f'* ¢ Bn « OBn s
cp.\ o
R O - [Cp*Ruci] HO OQ OBn
HO’\\)( ..- TELLE .
N OTBS
OTBS
®R group clashes with Ru and its ligands ortho-substituted
[undesired]

® The other two orientations on the side of the Cl suffer from steric
congestion with either Ru moiety or Cl residue




)

BeSNee

(@)

BnO 6Me OAc

o-quinone

Cl

OAc

HO

[reductive elimination]

' AcO
Cl  oAc
(87%) O OBn
Me 7 O Q.
BnO OMe OH
_|Cp*RuCl (cat.) TBSO

[single regioisomer]

a) Ac,0, Et;N (92%)
b) aq. HF, MeOH (74%)

¢) Ag,0 OH Cl

(94%) HO

-— Memo O’. .

BnO OMe OAc

[oxidation] catechol




| | (_)Ac Cl 1z ’
: Q Phc 1. TESOTf (95%)
S o (P 08BN 2. Hy, PA(OH), :92%)
OH ,
1,3-allylic strain —>» OW < [debenzylation]
MeO O
-(LB“O Me §

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




SPOROLIDE B 8. C-9 INVERSION AND EPOXIDATION [2009]
OAc Cl inversion

PR
OTES a) DMP (90%)

b) aq. HF (85%)

O o
MeO OPMB
epoxidation e TR
f) tBuOOH, (85%)
DBU (63%) e _
[stereoselective [1,3-directed reduction]
epoxidation]

sporolide B
d) DDQ (70%)

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

OPMB
[single diastereomer]




Bielschowskysin. Structure and Possible Construction (2011)

® bielschowskysin: a marine antimalarial
and antitumor agent

XY\
;cﬁ?

® carbocyclic core structure

OAc

®Isolated from Pseudopterogorgia kallos ®tricyclo[9.3.0.0]tetradecane
®1Cg = 10 ng/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 MeO,C OMe
HQOS, AN _OH hy { _OH
o)  — HO
[2+2]
i | photocycloaddition
H H
® functionalized tricyclo[9.3.0.0] ® postulated macrocyclic

tetradecane ring system precursor




Construction of Macrocyclic Precursors 1.
Oxidative Coupling of Furans with 3-Keto Esters

i\ o MeO,C MeO,C OMe  MeO.C
CAN, MeOH < LOH
O o ﬁ 0= o=

(58% ca. 1:1)

[oxidative
— — coupling] _
®hydroxy furan ®p-keto ester ® exo enol ether-cyclic ketals
[ring closing metathesis] [ T(g}/)s i
(90%, trans:cis ca. 15:1) CIB‘F\Ph (1%,
trans:cis
ca. 3:1)
OMe
OH
DNB-CI HEE 3-epi-l

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




Mechanism of Oxidative Coupling of Furans with (3-Keto Esters

2
gt

O O 0 o) 7
R‘JI\/U\OMe R1JI\/U\0M9
p-keto ester CAN C ‘\ CAN
= [ =) [
o o _
= [HY ) [HY
HOw [SET] HOw- [SET]
R2 R? i

~ radical species™

hydroxy furan
ydroxy ®SET = Single Electron Transfer

CAN 1[—e']

_ [SET] §[-H']
CAN
[-e]
[SET]
exo enol ether-cyclic ketal ~oxonium species — radical species ~

Inspiration: @) 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 ftr Chemie 2007, 138, 131.

For related work, see: ¢) M. Jessing, P. S. Baran, Heterocycles 2011, 82, 1739-1745; d) P. S. Baran, N. B. Ambhaikar, C. A. Guerrero,

B. D. Hafensteiner, D. W. Lin, J. M. Richter, ARKIVOC 2006, 310-325 [Oxidative C—C Bond Formation in Heterocyclic Chemistry (review)].



744y Construction of [2+2] Photocycloaddition Precursors 2.

(p7 8
_{ﬁ MeO,C OMe

®ex0 enol ether-cyclic ketal ~ Me02G OMe
- (0], 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

‘(83%) ‘ (63%)
MeO,C OMe

OH
» stereospecific reduction HOw-

dihydroxy macrocyclic precursors 2-epi-ent-ll




Transannular Cascade [2+2] Photocycloaddition

MeO,C OMe

\OH hv
HO —y
<

E-enol ether
OH
— OMOOH

1%

“—

MEOzc
Z-enol ether [observed by NMR]

MeO,C

OMe

®» geometrical isomerization

OH | s rule of fives for first
HO C-C bond formation
® proximity effect for second
- - C-C bond formation
diradical
1 bond rotation
~  OH 1 1ste-c OH ]
—\ OMe bond — e [:]
OH | formation OH
C— °. (o)
| 602M0 i L (,02Me _
iradi 2nd C-C
diradical borq l (90%)
formation
OMe OMe OMe OMe
DNBOOS/ A\ ___ODNB HOOS/ AN\ ___OH
_ o DNB-CI (o]
1 (68%) 1
HH H H
bis-3,5-dinitrobenzoate derivative single isomer

K. C. Nicolaou, V. A. Adsool, C. R. H. Hale, Angew. Chem. Int. Ed. 2011, 50, 5149.



® bielschowskysin s verrillin

0 .
[cytotoxic, antimalarial] [not enough material PRHIAELCE

for biological screening]

e conjugate addition/ .
ﬂ[2+2] cycloaddition ﬂketalization Diels-Alder




‘e
‘e .
T TN g

C-C bond
formation

e

CAN

. o*
“, -
-------

CAN * [-e] [-H']

OMe

ey g
~ -
-------




Oxidative Macrocyclization of 3-Ketoesters to

Monomers and Dimers
syringe pump
OMe addition of substrate
O into CAN (MeOH, 0 °C)
[\
0 9) (entry 2)

® Monomer formation

CAN added MeO,C
to substrate
(MeOH, 0 °C)

(entry 1)
® Dimer formation

MeO COzMe
O (45% yield)
Entry Oxidant Temp Time Yield
1 CAN 0°C 15 m  45% (dimer) e
y) CAN 0°C 90mM 559 (monomer) e
3 Ce(OTf), 0-25 °C lg : -
4 Mn(OAc); 0-60°C o, -
5 Mn(OAc);/Cu(OTf), 0-60°C 4gp -
6 (CpoFe)PFg 0-25°C 18h -
7 Co(OAc), 060°C 18h --




Monomeric exo-Enol Ether/Cyclic Acetals
MeO,C

(53%)




7«s44y Butenolide 13-Membered Monomeric Macrocycle

et —or
°’§ [\

O = O [monomer conditions]

o)
R = Me R = Me(a:p = 2:3, 15% f isolated)
R = tBu > & R = tBu (a:f = 1:2, 40% combined)

V4

R = Me, 3-isomer




4 . ;75 ’Q \
gl
tBu02C / \

Triazole 15-Membered Monomeric Macrocycle

syringe pump addition

of substrate into CAN tBuO,C
(91%)

[monomer conditions]

0 O OR 5
addition of CAN into
substrate in one portion N
/ N (75%) &

[dimer conditions]




(23%)
(26%)




%54\ X-Ray Derived ORTEP of 11-Membered Monomer
37 and anti-26-Membered Dimer

OMe O

"l (o) OMe
[~1:1 syn:anti
diastereoisomers]

anti-diastereoisomer

K. C. Nicolaou, C. R. H. Hale, C. Ebner, C. Nilewski, C. F. Ahles, D. Rhodes, Angew. Chem. Int. Ed. DOI: 10.1002/anie.201201538
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® Dithiodiketopiperazines AN\
HO :

[}
‘ ,
y
\ y
\ y
QS
p 4

diketopiperazine framework
O OH CH

: O  SCH 64874: n = 2: disulfide: [1.0 pg/mL] NS L O
SMe SCH 64875: n = 3: trisulfide: [1.0 ng/mL]
oH o) SCH 64877: n = 4: tetrasulfide: [1.25 ug/mL] OII_-II o)
exserohilone W 8,8'-epi-ent-rostratin B

receptor antagonists

[antibacterial, antifungal] [biological activity unknown]




Retrosynthetic Analysis of Epicoccin G

® C,-symmetry allows two-directional strategy

reduction

' %

regioselective
Konblum-DelLaMare
rearrangement

sulfenylation B
< ! Q H H

photooxygenation
[singlet oxygen]

dimerization
less hindered proton

CO,H
: CO,Me elaboration /©/\l/
5 N . > O NHBoc

HIB_OC N-Boc-tyrosine




754y Construction of C -Symmetrlc Diene Precursor ,M

2 steps from ; g?chH
-Boc-Wr03|nemCOzMe 3: DB'U COoMe
E— ’ Boc

[Luche aBHy,,

H
N
BOCN R' = Boc, R*=H =l reducﬁmllCeCls
H
1 H
| CO,R?
iy §1 . COzMe
R'=H, R=Me HO 5

1.TFA [diketopiperazine (DKP) formation]
2. (CF3CO)0 OCOCF,

éa‘d

Pd(PPh3),4

———

[re-allyl complex:
reductive

F.COCO B-elimination] C,-symmetric bisdiene DKP

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



1. NaHMDS, 1 min;
2. diene, NaHMDS

THF, 25 °C

NaHMDS
Sg a_) ® trace amounts of product
THF _ NaBH,;
NaBH,; then Mel

then aq. Kig

H

NaBH,; then Mel SMe
[55%, 3 steps (65%) [58%, 3 steps
ca.1.4:1 dn ca.1.4:1 dr




O, hv, TPP, CHoCl,, —45 °C;
then DBU, -45—0 °C

[singlet oxygen
Diels—Alder type
cycloaddition] i i
[regioselective
Konblum-DeLaMare [ (52% overall)
rearrangement]

Hz, Pd(OH),
(86%)

MeS
H =

epicoccin G OH




m Total Synthesis of 8,8"-epi-ent-rostratin B

L

02, h‘V, TPP, CHzclz, 0 °C;
then EtzN, 0—25 °C

[regioselective (55% overall)
Konblum-DelLaMare

rearrangement]

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

8,8'-epl-ent-rostrat|n B

K. C. Nicolaou, S. Totokotsopoulos, D. Giguére, Y-P. Sun, D. Sarlah, J. Am. Chem. Soc., 2011, 133, 8150.



Biological Evaluation of Dithiodiketopiperazines
Against Polio Virus and Plasmodium Falciparum

KCN-2,2"-epi-19 [Polio virus: ECgq < 28 nM]
[P. falciparum: 1Cgq = 2.7 uM]

H SM
0 e

KCN-2,2'-epi-18 [inactive] KCN-21 [Polio virus: ECsq < 23 nM]
[P. falciparum: 1Csq = 2.5 uM]

N=N
Polio Virus: NIH Me—Q\_/)—ND—\
Plasmodium Falciparum: O—@—COOEt
TSRI (Dr. Winzeler)

control: Pirodavir [Polio virus: ECsq = 850 nM]




The NaHMDS Reaction with S,

NaHMDS, THF, 25 °C, 5§ min.

) Nasfsssfsxslsssfss 'N,TMS
1 1 T™S
TMS
Na—N
TMS TMS ™S
‘TMS TMS& Nsslsssrss IN/TMS
T™MS
HRMS [M+H*]; caled for C1oHagNoOpS4+H
449.0911; found: 449.0908
1H NMR (CDCls, 600 MHz): 3 = 0.26 ppm
13C NMR (CDCl3, 150 MH2): § = 2.4 ppm
™S ™S T™MS T™MS
HRMS [M+H"]: calcd for C1,HagN,0,S3+H HRMS [M+H"]: caled for C12HzgN20285+H
417.1190; found: 417.1186 512.0280; found: 512.0241

O. Scherer, M. Schmidt, Naturwissenschaften, 1963, 50, 302; J. Siivari, A. Maaninen, E. Haapaniemi,
R. S. Laitinen, T. Chivers, Z. Naturforsch. B, 1995, 50, 1575.
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i Postulated Mechanism for the Sulfenylation Reaction

éﬁﬁ' “ i o 1 o 7
| i ~Me _Me
Ph,\(‘LN,Me NaHMDS-Sg | Ph N Ph N
 ———— N_A__ph| n—— N__N__Ph
Me” N‘n)\/Ph Me” \|)\/ [intermolecular Me” 2
0 ONa C-S bond formation] (o) S\S
i
diketopiperazine (DKP) - = s,s
i !
P S
N S S TMS = TMS™ "TMS |
TMS/ \s/ \s/ Gril/
® X-ray structure ™S NaHMDS
_ 0 B ONa N
Me _Me
= Ph “1 N
T 1. NaBH, P“Y:?N NaHMDS § o
~Me C— NEA P s | Me” [y
S ) 2.0 NHCl S lintramolecula o8
N_Si. Ph - aq. N4 o) intramolecular ~s
Me” \“/‘K/ 3. Kl major product C-S bond formation] ) é
o [plus other oligosulfides] ?
® Treatment of DKP with NaHMDS at 25 °C for 30 min ,N?
leads to incorporation of only one deuterium - T™MS TMS_




Preparation of bis-Methylthiodiketopiperazines
MeS O

0
, a.[NaHMDS-Sg], THF i R4
RLHLN'R b. NaBH,, THF/EtOH Rﬁ)LN’

N N __~
R2” \||)\R3 c. Mel R2” "|)§\R3

o) O SMe
MeS Q MeS MeS 0 f
N Ph
Bn” Y ivMe (0% Mo m)vph (63%)
O SMe O SMe
Me§ Q
CHLN
NS~ (64%) (58%)
SMe

O [ca. 1:4 dr]




Preparation of Epidithiodiketopiperazines

7 ";"’"\i

o)
{ﬁ‘ 1 Q , & [NaHMDS-Sg], THF ) .
Rﬁ)LNoR b. NaBH,, THF/EtOH R -R
Rerxn)\Rs c. aq. K3 i §||.?kR3
o) o)
o) o) 0
Bn Me
s N” Ph’\‘-)ulls?N’ Cr-’-l.,gN
n Sn "
Bn” S (40%) Me’N‘n"K’ Ph 6o%) NS (65%)
o) o) o)
N o o) f o
~Bn
lllls N Ph "I'S N s N
_NS NS Ph N Shs
Bn (63%) (65%)
J 0 0 (68%)

Bn’N‘s“'?kMe (70%)
0

(55%)
[ca. 1:4 dr]




Influence of the HMDS-base on Epidithiodiketopiperazine Formation'!

R \j\ R a) [base-Sg], THF Rt R
NT‘)N\ b) NaBH,4, THF/EtOH NIS'S- N
2” R3 2’ R3
R o) c) Kls aq. R 6
Entry Substrate Product’! LiIHMDS NaHMDS  KHMDS
Yield [%]!]
1 O " 0
.Me
PN N s 45 68 50
Me,NT])\,Ph e NS P
O o)
2 |_-|o @)
Ci):)'g CH:J]D 50 65 53
N, A N St
oh 0
3 HO O
G’:/’O C‘)TJS;)'O 53 69 43
N 0 N S
O'_| 9)

[a] Reactions were performed on 50 mg scale at 25 °C. [b] Racemic mixtures. [c] Yield of isolated products
after chromatography.




Optimization Study of the Sulfenylation of Diketopiperazine I

a) [HMDS-base-Sg],

solvent E

Entry Solvent LIHMDS NaHMDS KHMDS
Yield of Il (%) [rsm, %]

1 THF 20 [70] 10 [40] <5 [39]

2 CH,Cl, <5 [<5] <5 [<5] <5 [<5]

3 PhMe 15 [70] <5 [43] <5 [30]

4 Et,0 25 [60] 15 [35] <5 [35]

5 THFI! 45 [42] 28 [30] <5 [40]

a] Reactions were performed on 5 mg scale at 25 °C. [b] Yield was determined by "H NMR spectroscopic analysis of the
crude reaction mixture. [c] Reverse addition of preformed sulfenylation reagent to substrate and base.



Reaction of Diketopiperazine | with pure bis(bis[trimethylsilylJamino)trisulfide IlI*!

0 O

Me NaHMDS ,\/U\ Me
Ph/\(u\N/ ﬁ i /S i

N St Ph
M e,Nm/K/Ph TMS TMS Me”
|

@®Direct formation of
epidithiodiketopiperazines and
epitetrathiodiketopiperazines
from diketopiperazines

X-ray derived ORTEP of IV [22%][b]

[a] For preparation, see: Scherer, O.; Schmidt, M. Naturwissenschaften 1963, 50, 304; . [b] Racemic
mixture. Yield of isolated product after chromatography.




Speculative Mechanism for the Formation of Epidithiodiketopiperazine Il

. . T™S T™MS ~ Ph O =
@® Direct formation of ' I
el 1 : : N S N, _Me
epidithiodiketopiperazines  TMS™ ~S”,~S” "TMS K(U\N path ¢
1 T
f Me” ) .
path b next slide
Me Me
N~ NaHMDS \/u\ s !
\/U\ ﬁ N b TMS
Me,Nm)\ (TMS),NSSSN(TMS), Me/N% = =
| O Ph ONa Ph
path b J
_ via enolate
Ph O
M
via enolate \,(,US\N/ ©
/
N Sll-
Me”
@) Ph
Il .
ON(TMS), OSN(TMS), e next slide
Ic V VI




Proposed Mechanism for the Formation of Epitetrathiodiketopiperazine IV

Ph  ONa

X-ray derived ORTEP of IV

ON(TMS),

path c

OSN(TMS),

@Formation of epitrisulfide

@ CEpitetrasulfide
formation

Ph O

7

Me
+ N

'84'
e

@Attack at the less
hindered sulfur atom

S TMS
N
s” N

@®Hindrance overcome
by intramolecularity




Preparation of oxepine epidithiodiketopiperazines

TrocNHOH,NalO,
(98%)

) CO,Me —N=
Boc 0_<
TIPSO H CI3C—/ (0 TIPSO H
from L-tyrosine
[ ty ] HO, ® regio- and stereoselective
® coupling 0O
® sulfenylation o. [~
Eusmmng O | NaHCO;
= 5 aranotin O “CH,
B [NaHMDS-S,] e
H ® anticancer
= ® antiviral
N=N N=0O
0 \_ <mm
N CO.Me Troc/ Troc ’Troc/
\ v 2 [unstable]
H B A
TIPSO

(46%)

® spontaneous decomposition

® aranotin monomer




Projected Total Synthesis of Aranotin

TrocNHOH, NalOg4
(60%)

—_—

N=0

O
CI3C—/ O
® regio- and stereoselective

6 steps COOMe
(52%)

TrocN,,

(90%)

NBoc
H

OTIPS

® epoxidation/
ring expansion, Ou,,,
® sulfenylation, /
® desilylation, TrocN,, ¢
® mono-acetylation N
OAc aranotin ( NN OTIPS

NTroc

For a total synthesis of acetylaranotin, see: J. A. Codelli, A. L. A. Puchlopek, S. E. Reisman,
J. Am. Chem. Soc., 2011, 134, 1930.



Additional Dithiodiketopiperazines Synthesized

O
NS N %
gliotoxin gliotoxin G

[antiviral, antibiotic]

haematocin

emethallicin E [antifungal]
[Immunosuppressant]




NaO3SO HO H

: : HO o
® Most potent marine neurotoxin known iH H H _H:

NaO3SO.,, : OH
¢.‘ Me H Me H °°°°
Me Me OHss No N o TN OO
i H - H
° oeo ALY oo wOH
OH

Me - Ho H,H

HO.,

“OH OH . ORE:
H MelH H o N
O O A - oK
0 000N
Sy

® The largest and most toxic non-proteinoic
natural product known to Man

® Produced by the dinoflagellate
Me~ Me Me~ H Gambierdiscus toxicus
® C.54H255065S,Na, [MW 3422 Da] ® LD5p=50ng/Kg, 1 mg can kill a million mice

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




PROPOSED BIOSYNTHESIS OF MAITOTOXIN
[NAKANISHI/GALLIMORE-SPENCER]

| ® anomaly?
® polyepoxide
cyclization HO l i
cascade : o
HO,  Me Me OH Yoz " " e H o ¥ OH
Me Me .* " Y @\\" . 5 v
& \/ \/ " OH : wOH
7NN T 4HO OH HO" Y 200
NaO3SO HO | C OH OH HO " O
eu OH on HO. H U
HO, > 0
Me » “OH
A 0\ O PRY L
OH Me | i ~ OH TN Me Me
O Me
Me . Me V Me
“Me Me i
HO,,, %

» biosynthetic precursor?

~ S
OH
e

Me Me Me maitotoxin




GENERAL METHOD FOR TETRAHYDROPYRAN SYNTHESIS
FROM FURANS-THE NOYORI REDUCTION/ACHMATOWICZ
REARRANGEMENT METHOD (NICOLAOU et al., 2007)

\@ @nBuLl ©) )::?“Q

@ cat.Me R1
FURAN HCOZH/ Et;;iq

@ Noyori reduction @ NBS/H,0
@ Achmatowicz rearrangement

0 X
OH
TETRAHYDROPYRAN

Noyori, R., et al. J. Am. Chem. Soc. 1996, 118, 2521.
Achmatowicz, O. et al. Carbohydr. Res. 1977, 55, 165.

u_l
(IIII--
u_l
@)
I
L




RETROSYNTHETIC ANALYSIS OF MAITOTOXIN

ABCDEFG RING SYSTEM
S, O-acetal formation/methylation
HO Me/ 4 Me H oH
‘ o) OH HO.,, _A__..OH
s OH

i A A
OH]

_ HWE olefination/
B-alkyl Suzuki ﬂ dihydroxylation

coupling cyclization/reduction

HO OH

Me H OBn

D E -

Oz~ OP(l\)/I?Bn O%\/(gj\/OBn
H &y A




'

% {8

(ppm) .

?J{ MAITOTOXIN. °C NMR DATA FOR THE ABCDEFG DOMAIN

13 14 147 15 16 17 18 19 20 21 22 148 23 24 25 26 27 28 149 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44




MAITOTOXIN-4: THE FURAN WAY

hydroxy ynone cyclization
HCg) T OH/ y Yy y

HO oH HWE olefination

_WOH ]
Vinyl triflate/ =
Suzuki coupling/
cyclization

PMBO,, OTES PivO m BnO.,,
OTBDPS |
/\):G;l\ PivO "OTBS BnO : :
n

OB

l ﬂ l
1 O O




MAITOTOXIN-15

maitotoxin structure

®relatively large Ad values are due to the
absence of a sulfate on ring G and the

absence of ring P
® originally proposed stereochemistry of JK OH
junction (C51-C52) most likely correct

maitotoxin structure

8

6

4

2
Ad 0 - - I T——— — - [ —
ppm

-2

-4

6 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75

-8

® average A for C42-C73 = 0.09 ppm ® largest Ad for C42-C73 = 0.4 ppm




RETROSYNTHETIC ANALYSIS OF MAITOTOXIN QRSTU

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

\ Hydrox dlthloketal
/ HO— H ) lizat

cyclization/methylation

OBn

2-deoxy-D-ribose




Maitotoxin:

Esterification of UT and Q ring fragment via acid chloride

O (COCI),

I o cat.DMF 2y

—— tBu-S!

CH,Cl, O

0°C,1h H
[1.4 eq] -
®Problem!
KHMDS
THF

0 YC, 30 min

OBn (32% for 2 steps)
[based on UT ring system]

Me
[labile]

“OPMB




Maitotoxin: Esterification of UT and Q ring fragment
via 2,6-dimethyl-4-nitrophenyl ester

Me 0O
Bu H Me Me
: HO NO, 'S.,O 08 o
tBu-y)! ul T
K -~ © 0 “OPMB
O ‘OPMB ——— '
.H Me Et;N. DMAP H Me Me NO,
® Solution of BOP, CH,Cl, [stable, 1.0 eq]
25°C,1h

Esterification Problem (©97%)

o)
tBu H _ Me OBn KHMDS
) -0 M toluene
tBu—S| O ~
C') ) T ) 0 °C, 30 min
@) “OPMB

H Me OBn Me
Me (84%) [1.2 eq]
based on UT ring system .
TiCl,, TMEDA [ 9 yH ]H y cal:1dr oBn
27, cat Fhcly (93%) ®Hydroboration (BH,;H,0,) R PRI R OBn
32 o2 ®Oxidation (DMP) t-Bu,Si
CH,Cl,, 60 °C, 1 h !
B 0
tBL‘I 0 H Me MeO n OBn
tBu-Si’ Y ' ) BnO

o # K2CO3, EtOH, B'HSG isomer
H = Me H = Me ® anaerobic (89%) Ea-ng isomer




Maitotoxin: C-86 Epimerization - Problem and Solution

® Solution

K,COs (2.0eq) B4
Bu-S!
EtOH e .
OBn 25°C, 4 h HOMe ) O MO0

PMB —} [degassed] PMB

sy degassed: 89%
No degassing: 30% +

®Problem

K,CO3 (2.0 eq)

=0y
25°C,4h

O
[No degassing] L PMB L AUk i

sy degassed: 0%
No degassing: 20%




OBn

®C.-SEt B:a ca. 1:3 dr

H o) o) OBn
o— - SEt H Me
t-Bu,Si 0 Me 1. m-CPBA; then Me3Al
o—/H l (95%) .
= — ®ratio of substrates

-.0OBn
does not translate

into same ratio of
OBn products

®Cgs-Me B:a ca. 1:0.8 dr

OBn

OBn OBn




1. m-

X =S (minor)
E EX 802 (not isolated)

1. then Me;Al

® no isomerization

BnO

H

+BU,Si—0 bt
& Bn Bn
OBn 7 H l o—

H 0O M o
- Ve Me

H o H OBn

7 H ,O
Me ~
o Me
0
A

(x—\

X =S (maijor)
1.m-CPBA [ % Z 302 (not isolated)

[oxidation/methylation] 1. then MezAl
Br{ i t-Bu28|\o leomerlzatlon -
Bn
O Me
xS

H
85

\/Me

® highly strained _




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

nOe Bn
BnO ' \ Me

|
/oo 1O Me nOe
t-Bu,Si= ﬁ, H

H' ® only g-Cgs-Me (92%)
[desired]

1. TBAF
2. Hy, Pd(OH),/C
(87%, 2 steps)

®Cgs5-Me ca. a:f 1.5:1 dr (94%)

1. TBAF
2. H,, Pd(OH),/C
(80%, 2 steps)
OH




MAITOTOXIN. SYNTHESIS OF THE QRSTU RING SYSTEM

® oxidation/methylation

® Solution to the Cg;-Methylation Problem

OBn
OBn
OBn
o Me
1. m-CPBA;
‘
2. then Me,AICI
Me _78°C - Olsolated and characterized =
-20 °C 3.MesAl, -78 to 0 °C
— (78%) (91%)
Me  OBn * Bno 3 Me  OBn
H O
ol
0°C O-
<o — H
o
=0 Me
-Bu,Si=0 ~/ H

H
® exclusively $-Cgs-Me (desired)




Maitotoxin. Synthesis of the QRSTU Ring System

® Mechanism of 3-Cgs-Cl Formation

®Most likely ion pair in close proximity to oxonium species

Me,AICI

—
-78 °C

[conformational

flip]

\ﬁ_ j\m@ Me

=

kinetié:

reversible

thermodynamic \

Me,AICI
-20°C

[not observed]




154
QRSTU ring system

[originally assigned]

96 95 94 93 92 91 154 90 89 153 88 87 86 85 152 84

151 81 80

96 95 94 93 92 91 154 90 89 153 88 87 86 85 152 84

151 81 80

96 95 94 93 92 91 154 90 89 153 88 87 86 85 152 84

151 81 80




RETROSYNTHETIC ANALYSIS OF MAITOTOXIN WXYZA'

RING SYSTEM
Esterification/ Hydroxy dithioketal cyclization/
ring-closing metathesis methylation
® 5 angular Me groups
within a pentacyclic
system TBSO
TBDPSO
H Me Me
A Z W
TBDPSO Me OTBDPS
o) OPMB HO wol
H H H
° OH
Furfurol @/\ 2-deoxy-D-ribose Ho o” OH

H




Me
TiClg, TMEDA
Zn, PbCl,,
CH3CHBT2
\ \ ) ‘ OR
OR OBn CH>Cly, 60 °C» TBSO OBn
E— W
W [Utimoto-Takai ."O 0
Meo Me olefination/metathesis] Me Me
OTBDPS OTBDPS OTBDPS , TBDPSO
R=TBS : 09
- R=TBS, TMS R=TMS : 493/0
2 [L2Ti=CHCHj3]
+
r 7 r 7 Me_ Me
Me  Me | TBSO : OG
S RE =il STiL
—TiL, |wmdp - s T 1T =
! j\ o170 OB
O N ! n
OJLR 0~ R R OTBDPS
L - I a L | 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




74 /é:,*‘ MAITOTOXIN, CONSTRUCTION OF THE AZYW RING SYSTEM
& ® Solution to the ester-olefin cyclization

Me
TiCl,, TMEDA
Zn, PbCl,
) ) 0
SHl __oBn  CHiCHBr,  TBSO MeOHY g
W THF, 60 °C W
— v,
Meo Me [Utimoto-Takai H O Meo Me
OTBDPS OTBDPS Olefination/metathesis] OTBDPS 170y, TBDPSO

[LQTI—CHCH3]

+ metathesis

Me

Y
=

T|L2 1 TIL2
TIL2 1T - II} 0
O R '

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




A

1. TsOH (79%)
2. EtSH, TBSO
Zn(OTf),
oBn (60%)
— O
3. m-CPBA
4. AlMe3
(100%, 2 steps)
OH o —
5. TBAF
6. Hy, Pd(OH),/C,
(81%, 2 steps)




30

® Ao values 20
between

maitotoxin

and AS ¢ .
synthetic  PP™
AZYXW i
domain -20 -

-30 -

40

maitotoxin structure

SE——

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

maitotoxin structure

® Larger Ao

at the ends
due to a
greater
degree of
structural
variation

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




RETROSYNTHETIC ANALYSIS AND CONSTRUCTION OF
MAITOTOXIN C'D'E'F' RING SYSTEM

Sml, induced reductive

cyclization
: : H H H H H
intermediate O AG O.ie - JOH
HO [} 1 ] C|
. AN
MeoiMe MeO EH
epoxide ring-opening =—— ——epoxide ring-opening

/ [13.6% overall yield]
TBDPSO > O
/\EI\/ — @/\OH

[76.6% overall yield]
® F' ring intermediate is also used in the construction of ring systems A" and G




MAITOTOXIN. SYNTHESIS OF THE C'D'E'F' RING SYSTEM

® Polyepoxide cascade failed to produce the desired tetracycle.

TBDPSO H H H e
DA : Sml,

 ———

CO,Et TBDPSO

od X .,
Me H @) ‘OH
Me Me Me

O
Me Me
C'D'E'F' Domain
®Nakata’s Sml,-induced reductive cyclization method

See: Hori, N.; Matsukura, K.; Matsu, G.; Nakata, T. Tetrahedron Lett. 1999, 40, 2811;
Nicolaou, K. C.; Seo, J. H.; Nakamura, T.; Aversa, R. J. Am. Chem. Soc. 2011, 133, 214.




132 Meo

162

Me126 Meo H 120
163

160

135 134 133

132

131

162

130 129

128

127

161

126 125

160

124

123 122

121

120 119




d(C1-C13) = 9.19 A; d(C-C13) = 9.49 A; d(Ha-H13) = 8.58 A:
d(HzA-H14) =10.45 A, a(C14-Cg-C2) = 146420, a(C13—C7—C1) = 153.04°




Maitotoxin: Synthesis of QRSTUVWXYZA' Domain

e

O

TBDPSO b(oMe), oHC N
o

L o I

0,

Me Me Ba(OH)2 (77%)

Me o0l i_o f JES
TBSO ' :

X o

o [-3x TES] 1. [CuH(PPhg)]s (86%) 2. BF3°OEt,, EtsSiH
o (40%, unoptimized)
' PR OH A\
® 11 rings .
® 26 stereocenters ]

TBSO

TBDPSO




Maitotoxin: Q-A' structure

157 153
H
wM o L " H M > H = o
158 109 V7o H H o (O NGy ! Me
Me 107 W o) _ 89 O,
159 x 104 100 ) 93 86 f
1m0 Y , 95 T S 81
Me, P 111 e O M * \'/ 2 U e N (0) X Rss 82Q r—oH
15 Z o) 105 Me e \os
114"3 y 56 155 O Me © H Me & o—1\°
TBSO=—X A’ 12 o H S 152 H "
17 o H 1?0 i \
119
118 H
TBDPSO
® Carbon Data Comparison of Q - A' Ring System and Natural Maitotoxin
15
10
Ss
g 1 = E . e = .
78 79 80 81 82 83 84 85 8 87 88 89 90 91 92 93 94 95 96 97 93 99 100 101 102 103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118 119 150 151 152 153 154 155 156 157 158 159
* t Carbon Number } {
ring Q ring A'

1 : not assigned




MAITOTOXIN POLYCYCLIC FRAMEWORK:
FINAL COUPLINGS AND RING CLOSURES

® ketophosphonate-aldehyde e ketophosphona.te—
coupling (a)/dihydroxylation (c) "o H9 JH W oH aIOdHehyde coupling

O :
Me OH‘
Me

® esterification/
ring-closing metathesis

HO

MeO Me MeO s
= ® Wittig coupling (a)

K. C. Nicolaou, Robert J. Aversa, Isr. J. Chem. 2011, 51, 359-377.




Q Cell exterior

@ C,—Cg, domain
[hydrophylic, 24 hydroxyl

and 2 sulfate groups]
Y ¢
o~ —
,’,‘\ Sulfate
XX
—_— (3 /
@ Hydrophilic environment OH .’/ ) ,.’,.
(Yo [ ] Ring A
L X s
‘ \ !/ Sulfate
\\ a5
() ( {
: o
o (Y
@ Cell surface o‘ <«+—Cgy, C1
 Cell membrane

\.
(0
oH— )
O .
@ Lipophilic environment q“ ) .,".\'
X7 L
“« q Ring F' /'
Ul L
\ < Cipo—>
‘. . ..\ 142
v
'
@ Cell interior

o 082_C142 domain
, /™ [lipophilic, 3 hydroxyl groups]
\\ /&‘
rd

Adapted from, M. Murata et al. Bull. Chem. Soc. Japan, 2008, 81, 307.




Adapted from, M. Murata et al. Bull. Chem. Soc. Japan, 2008, 81, 307.

@ a-Helix pitch, d, = 5.40 A

@ Average O—O distance between same-side ether oxygen
atoms within the brevetoxin B ladder, d,_o= 5. 15A

_ -~ ' 4
v v | 4

‘Q—dH—.‘B ‘I’ @ C,—H--O hydrogen bond
: ’ : @ N—H--O hydrogen bond
HO

CHO

@ Polyether ladder and a-Helix
@ Brevetoxin B H-bonding complementarity




KCN-2:R =H [inactive]
Lo od A oH KCN-3:R = Bn [slightly active]

KCN-1 [inactive] H

® Inhibition of maitotoxin-induced
calcium ion influx Na03SO,
® [brevetoxin B: IC59 =13 uM] .

HO,

N
OH Me

KCN-8:R=H [inactive]
® KCN-9:R = SitBuPh, [IC50 = 1 uM] o
(TBDPS)

KCN-10:R = Bn, R'= ~"X [ICs0 = 30 uM]
BKCN-11:R=H, R'="ye [ICsp= 3 uM]

KCN-7 [ICsp = 50 uM]

® Compounds were tested for their ability to inhibit MTX-elicited 45Ca2* influx in rat C6 glioma cells
® Professor Keiichi Konoki, Tohoku University, Japan
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Gabriela Marti Ean Plotkin Scott Snyder Michael Woodrow
Casey Mathison Damien Polet Michael Solomon Xiao-Yi (Charlie) Xiao
Andrew McClory Anna Polk Cesar Rogelio Solorio-Alvarado Zhuo-Feng Xie
Susan McComb Guido Pontremoli Patty Somers Hao Xu
Daniel McGarry Maarten Postema Erik Sorensen Jinyou Xu
Koji Miki C.V.C. Prasad Rolando Spanevello Yoichi Yamada
Neil Miller Benjamin Pratt Paul Spurr Junichiro Yamaguchi
Ross Miller Wenyuan Qian Wilhem Stahl Guang Yang
Nobuto Minowa Joshi Ramanjulu Antonia Stepan Zhen Yang
Helen Mitchell John Ramphal Alex Strongilos George Yiannikouros
Tohru Miyazaki Jared Randall Nicolas Stylianides Won Hyung Yoon
Yukio Mizuno Geracimos Rassias Hiroshi Suemune Eddy Yue
Rakesh Mogul Dandu Reddy Kazyuki Sugita Tai-Yuen Yue
Holger Monenschein K. Raja Reddy Xiaowen Sun Mark Zak
Tamsyn Me Hideo Suzuki Frédéric Zécri
Jonathan Montagu Paul Richter Takahiro Suzuki Zijian Zeng
Adam Morgan Claus Riemer Toshio Suzuki Hongjun Zhang
G. Mugesh Andreas Ritzén Jinsung Tae Yong-Li Zhong
Fiona Murphy Fatima Rivas Masaru Takayanagi Robert Zipkin
Alan Nadin Rosa Maria Rodriguez Sarmiento Wenjun Tang Ning Zou
Masahisa Nakada Manuela Rodriquez Yefeng Tang Guido Zuccarello
Annie Nalbandian A.J. Roecker David Tanner
Kenji Namoto Frank de TOTAL: 405
Yoshimitsu Naniwa Susan (McComb) Royalty Jorg Tiebes (1976-PRESENT)
Philippe Nantermet Brent Rubio Mirek Tomaszewski
Ravi Natarajan Frank Riibsam Yasuhiro Torisawa
Marta Nevalainen Floris Rutjes Takeshi Toru
Antonia Nikitenko Brian Safina Kazunobu Toshima
Sacha Ninkovic Hiroyuki Saimoto George (Scott) Tria
Andrea Nold Joe Salvino Vinh Tran

Alain Noncovich
Rita Noronha
David Nugiel

M.T. Nunez Ruano

Antonio Sanchez Ruiz
Francisco Sarabia
David Sarlah
Pradip Kumar Sasmal

Celilia Trujillo
John Trujillo
Susan Shwu-Chen Tsay
Tatsuo Tsurit



The Office Staff:

Vicky, Natasha, Janise, Mary



The End






