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Structures of representative enediyne natural products
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Dynemicin L: R=ClI
Dynemicin A Tiancimycin A Yangpumicin A Tiancimycin B Dynemicin N: R = OH
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Bergman, JACS 1972, 94, 660.

Calicheamicin type action mechanism
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Nicolaou, Angew. Chem. Int. Ed. Engl. 1991, 30, 1387.

Synthesis of enediynes

KO'Bu or MeLi
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Nicolaou's proposal
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At least in monocyclic systems, the distance between the remote

acetylenic carbons correlated with the stability of enediyne.
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Nicolaou, JACS 1988, 110, 4866.
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Using C-1027 as a model system for the 9-membered enediyne NPs and TNM as a model system for the 10-membered enediyne NPs
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Ben Shen, Science 2002, 297, 1170. T T

Summary of derived structure—activity relationships (SARs)

R' & R®: installation of fluorine
residue enhances potency

R2: free or protected amine detrimental; 3-2 3-3 3-4
methylamino methyl side chain ni
cell line
enhances potency incorporation of ¢,f-unsaturated
Z?fb_°_’<\:'° ac":': estes and amide HEK 293T MES SA/DX MES SA/DXE SKBR3 sKov3 HeLa
annulation detrimental to potency iminishes potency IC50 (nM) ICs0 (M) IC50 (nM) ICs50 (NM) ICs50 (M) ICs0 (NM)
N-Acetyl calicheamicin }’1' 0.016 >100 0.024 0.078 0.012 33.070
31 0.005 0.003 0.003 0.009 0.002 0.092
R
3-2 0.002 0.003 0.001 0.007 0.002 0.052
R? 3-3 0.001 0.002 0.001 0.004 0.001 0.042
R® O OH
3-4 0.006 0.015 0.004 0.025 0.010 1.204




Hu GM Enediyne natural products

Lugiong Huo

S3Me

o NOX e
o) Me ! 0

NH OH"s
OH Me OMe
OMe
NHEt
I OMe
o
Calicheamicinone Calicheamicin 4! Me
o
HO
Isolated MeO o4

bacterial strain Micromonospora echinospora ssp calichensis
(JACS 1987, 109, 3464.)

Total synthesis of calicheamicinone

azide functionalization
Diels-Alder

NHCO,Me
OH acetylene addition

double Stille coupling
enediyne addition

Danishefsky (1990, racemic)

intramolecular
1,3-dipolar cycloaddition

o}
o NHCO,Me
acetylene addition NHCOzMV

Pd-Cu coupling

enediyne addition

Nicolaou (1993, enantiomeric) Magnus (1998, racemic)

Total synthesis of calicheamicin 71'

OBz OTES
e
Me ,
NHCO,Me
+ OTES
OMe
NEt
‘FMOC
Nicolaou
(1992, enantiomeric) 0
TESO
MeO  Sres
(o}
OMe
OMe
(o}
Me
Tz
MeO OH
Danishefsky
(1994, enantiomeric)
B
OH A OTESM
o e SA
O c
o X0\ Me 'ms o
N\
OH TEOC me OMe
o) OMe +
E NEt 1 OMe
‘Fmoc




Lugiong Huo

Hu GM Enediyne natural products
Danishefsky’s synthesis towards Calicheamicinone
PhNHMe, "BuLi OMe
1) DIBALH
1) NBS, CH3CN OH 2) Nalo — Br 1) KHMDS r\o Br 1) KOAc, AcOH o_ O pr
OMe 2) CH;0CHCI, CcHO ) NalO, 2) CSA 2) NH,-MeOH 1) NaN;
3) DMP o
3) BCl, ) // \\ TMSO— ethylene glycol OH 3) NalO, HO OH 2) py.
—_— _— _ SO
. S || —— HO —_ >
3 steps, 65% MeO COOMe 3 steps, 40% peo "BuLi, TMSCI // (o) O 2 steps, 53% 0 2 steps
MeO COOMe 3 steps, 83% o
Br 2 steps, 60% \ \ / \ / 50%
= o o
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C|)J\/ ( )2
s,S—SMe _S—SMe N’S\SM o o
e
1) DIBAL ‘)k 1) H,S-piperidine
NHCO,Me (] 2) NaBH, S coome 2 phoshene, py.
CSA-THF DIBAL, then 3) AcSH, PPhs, DIAD ‘IK € 3) MeOH, py.
- -« -
- Me0,CO
3 steps, 76%

65% 2 steps, 65% 3 steps, 19%

==

\

Calicheamicinone JACS 1990, 112, 3255.

Nicolaou’s synthesis towards Calicheamicinone
° o 1) TBDMSCI [\ [\ 1) NaOMe (cat.)
(-)-B(IPC),0Me BIPC)] OMEM  2) PhCOCI OMEM  NaOCI o 0 o 0 2) Jones Ox.

X SBuLi  F 2 OH 3) TBAF : CH;Cl/H,0 S @ 3) TMSCCLI, Aczo
‘/\_>|/\/ —>HO/><W—>HO\NW N\@ \
OMEM OMEM o oM 4) Swern Ox. o~ "o ¢ o "3 stops, 66%

87% \ , NH,OHeHCI \ ;. OBz P o AcO
OMEM OMEM

4 steps, 88%

o
©5<° Nphtn cl cl
t!
TESO 1) silica gel cl nelg:l(_(':_lc:g I
2) Ac,0 2) K,CO 1) KoCO;4 % 1) ZnBr,
CHO «——— [0) 2-Y3 2) Swern Ox.
Y4 -~ 2 TESOTf  TMS 3) PhsP=CHCOOMe]
coom 3 steps, 78% py. 2 steps, 75% - s
\ e 3) Pd(PPh;),, Cul N
= "BuNH, 3 steps, 45%
3 steps, 79%
1) KHMDS o o
2) MsCl, py- NPhth
3) silica gel, py. . MeNHNH, 9 steps HO-
—_—

—>» TESO'

> TESO--
99%

3 steps, 43%

MeS3
o JACS 1993, 115, 7612. Calicheamicinone
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Clive’s synthesis towards Calicheamicinone

1) NaBH,
o 2) 'BuMe,SiOTf [\ 1) 'Bucocl, py. I\ COsalyl ™\ collyl
| o__o o_ O 1| o. o §o=2ly
CICH,CH,0H, NO 3) DIBAL-H NO; 2) NiCly, NaBHy, ultrasound ,
OMe COOMe 2 ‘ TMS—=—1
T|(O iPr),, K,CO3 LIHMDS, TMSCI 4) 0s0O,, NalO,4 3) allyloxycarbonylchloride i
—_— . - ", o
. 20" Y CeCl
° T ew COOMe 7 = siMe,Bu i1 aTBAF 01 % Z
4 steps, 63% \§/° 5) PCC, 5 steps, 76% ™S
| OH
1) ‘BuMe,SiOTf
S—SMe TMS —=—Li 2) DIBAL-H
I/\ COOMe l/\snme3 / 0\ (;:OzMe 1) ceCl Ol 0\ (;:OzMe O/ 0\ ?02Me 3) Collins Ox.
o] 3
NHCO,Me 8 steps 0 NH SnMe; NH 2) TBAF, Bu,;NOAc NH 1) H,0, AgNO; NH 4) LDA, PhSeBr, DMDO
- Pd(PPh;), 3) NIS, AgNO; 2) CH,N, B 5) :’d(PPhah
OH TBSO - r ) 'BuOCI, DBU
HO = -~ CHO = ’
0/ 0 2% // oz|| ' 5 steps, 49% Z oz | Z oz | 7) triphosgene, py., MeOH
I 0 X OMe ™S o
\ S/ I 8) NBS, (PhCO),0,, hv
— 0 o o - 8 steps, 54%
Calicheamicinone ;5cs 1996, 118, 4904.
Magnus’ synthesis towards Calicheamicinone
— OMe OMe
OMe OMe
1) Bry, AcOH, AcONa 1) Cu, NaOH PhI(OAc), / 7 \\ 1) TBAF
2) Mel, KzC03 2) EtOH, SOCl, MeOH TIPS 2) TESCI
_— —» —_—
COOH Br COOMe 4 steps, 59% g COOEt T COOEt 76%
OMe OMe MeO OMe
1) DIBAL
2) DMP
S—SMe 3) LIHMDS
11 1) PPTS OMe 4) DMP
MeoOC” P(OEt), 3 ;“:f%" EN 2; BCly, Al,0, 5) DIBAL
0 NHCO,Me 2 3 3) Ph,S=NH
< LiHMDS =\ then citric acid N
OH B — ~<~— TESO
HO 0
97% 13 steps, 21%
Calicheamicinone JACS 1998, 120, 3518.
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Nicolaou’s synthesis towards Calicheamicin y,'
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JACS 1992, 114, 10084.
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Danishefsky’s synthesis towards Calicheamicin y'
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AgOTf, 4 AMS
58%, B:a. = 3:1

AgOTf, 4 AMS
34%

no a-anomer

Angew. Chem. Int. Ed. Engl. 1994, 33, 858.
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OH

Isolation
lipophilic extract of the thin encrusting orange
ascidian Didemnum proliferum (JACS 2003, 125, 2044.)

Biological activity
P388 leukemia cells (IC5¢ = 0.47 nM )

Total synthesis of shishijimicin A
Nicolaou (2015, enantiomeric)

o OMe
NHEt

. v
Shishijimicin A Pr Shishijimicin B Pr Shishijimicin C

1) BzCl, Et;N Alloc e
2) DMDO, then o-NBOH o 1) TMSSMe, TMSOTf SMe \N NC o ONB
o 3) TBSOTF o 2) TMSCN, SnCl, o o OHC O, _onB
Hc? — 4) NaOMe - o ONB 3) TBAF NC ONB Nap o) DIBAL _0

> —_— > —_—
- Nap” oTBs -0 AgCIO,, SnCl, A"\ow 7% Nap o

Nap 5) DMP, 5 steps, 47% 3 steps, 50% Nap OH 85% | 8 Au\ocg\7\
o ipp—N
Pr ; \ o
MeO ___________________________ ’Pr’N
1) HCI 1) TBSOT, Et;N
NHaeHCl KOH. HZO 2) Pd/C HO 2) KHMDS, CICO,Me TBSO .
HOJH( _3)HBr-AcOH _ /N, Y TMPMgChLiCl Buli
0,
4 steps, 52% — 3 steps, 79% 86%
COOH N
H
SAc QA A
TBSO / N sme 1) hv, THFE-H,0 1550 /N sme TBso
NHCO,Me — 2) DDQ = 1) NaOH
o o BFsELO N 5 O o_ _ccl; 3)CICCN, NaH N 5 O onB 2) DMP
-— -
26% "% N o T 3 steps, 53% H © “Nap 0
o P NH ps, 53% P 2 steps, 68%
Alloc Alloc
"Pr"!‘ 0 ipr"!l
MeO MeO

OTBS

Shishijimicin A

JACS. 2015, 137, 8716
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OH O OH

Dynemicin A
Micromonospora chersina

Total synthesis of Dynemicin A

OoTBS

Dynemicin A

1) K,CO;4 7\
OH 2) (Et0),P(O)CH,CO,Et 1) NHLOAC N NZ .OH
3) DIBAL (o] 4
cHo 4) Swern Ox. S__CHO ZnCl, 2) TBDMSCI 0304, NMO [
> —_— ‘OH
4 steps, 79% 60% 2 steps, 86% 0%
OTBS OoTBS
OMe
OMe oTBS oTBS
TIPS

1) Phy(OMe),, 90%
2) EtMgBr, then MeO,CCI
87%, dr 6.25:1

1) HF
1) TBAF 2) Swern Ox.
OAc 1) mCPBA WOH  2)HF 3) PhyP, CBry
~OAc  AgNO3, NIS 2) Ac,0, pyr 3) TBSCI «0_ pp 4) "BulLi MeO
e —— - D —— >< <« Me
OAc OH

2 steps, 77% 3 steps, 80% 4 steps, 39%

"0Ac

OTBS

OoTBS OTBS

JOC 1994, 59, 3752.
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Total synthesis of Dynemicin A

1) KCN, MeOH
2) Tf,0, pyr

3) DMP

4) CrCl,

4 steps, 65%

the distance between
acetylene termini

1) MgBr,, CO,, Et;N
2) SEMCI
3) TMSCHN,
4) MgBr,
5) TBAF
—_—
5 steps, 49%

JOC 1994, 59, 3755.

.OAc was increased
. MeO
“0Ac
OTBS OTBS
only pdt.
OH OMOM MeOOC/\COOMe OMOM OMOM OMOM
Br  mowmci Br LiTMP COOMe KOH-H,0 COOH
B B ——— B
1% COOMe 91% COOH
OH OMOM OMOM OMOM MOMO
COOH

1) air, high con., daylight
OMme  2) MgBr,
4 steps, 15%

Dynemicin A

ACIE 1995, 34, 1721.

o LHMDS
o 60%

PhI(OAc),

1"
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(o}
Me
(o] o Me Me 1) HBr (aq.), DMBBr
HN /\)L Na,CO; N7 2) DIBAL NZ o
o MeO Me HN o then NaBH, o 3) TESCI \
e — X —_—
3 steps, 43% OTES
KOH COOH 2 steps, 86% .
dr 1:1
OoDMB
OMe OMe
(o} OH (o} OH OMe
Uncialamycin 26-epi-Uncialamycin —
Isolation TMS 1) MeCN/H,0/AcOH // \\
an unreported strain of streptomycete 2) NaBH4, MeOH
related to Streptomyces cyanogenus (OL 2005, 7, 5233.) DMP. 92°% 3) mCPBA H TMS
, 0 4) AcCl, collidine
Biological activity AllocN ) AllocCl, EtMgBr
Staphylococcus aureus (MIC = 0.000 0064 pg/mL) against 4 steps, 60% 92%
Escherichia coli (MIC = 0.002 pg/mL) (based on 80% conversion)
Burkholderia cepacia (MIC= 0.001 pg/mL)
Total synthesis ODMB obmB
K. C. Nicolaou 1) TESCI; 2) K,CO3
(ACIE 2007, 46, 4704.; ACIE 2008, 47, 185.; JACS 2016, 138, 8235.) 3) DMP; 4) DDQ

4 steps, 60%

First Generation Retrosynthetic Analysis

M
\ : ¢ 1) Phi(OAc),

“NoTtes 2) [PA(PPhy),Cly]
OH —_—

Hauser-Kraus

annulation KHMDS, CeCl3 pjjocN

....OTES 61% 2 steps, 49%
OH ~2:1(dr)
KHMDS, CeCl,
ODMB OH -78 to 740 -°C OH cN
presonication 1) LIHMDS
acetylide 92% dr 6:1 2) 3HFeEt;N
o OH -aldehyde NaBHy,, 98% o 2 steps, 58%
26-epi-Uncialamycin cyclization

Yamaguchi coupling

Friedlander-Pfitzinger _—
quinoline synthesis =z ste
/4 ke
o~ m /N \ || -
HN Z H T™MS . —_—
LA | R [o] -~
° — &——— AllocN
OMe ODMB ODMB O OH O OH
ODMB Uncialamycin 26-epi-Uncialamycin
ACIE 2007, 46, 4704.

12
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Catalytic asymmetric synthesis of Uncialamycin and 26-epi-Uncialamycin

o
N Me 1) HBr N® Me NZ Me
« | 2) DMBBr « | SOCI,, MeOH |
co,pMB € COOH — — > COOMe
2 steps, 55% 65%
ODMB OMe OMe
HCOOH, Et;N HCOOH, Et;N
95% yield, 98% ee 95% yield, 93% ee
B OH N [ OH |
NZ Me NZ Me
N~"coopms COOMe
ODMB OMe

hard to maintain the asymmetric center
under acid conditions

OoDMB OMe

\AflE 2007, 46, 4704.

Presumed mechanism of DNA cleavage by Uncialamycin and 26-epi-Uncialamycin

2 RSH

glutathione (RSH)

tautomerization

Bergman
cycloaromatization

DNA [2 He]

e

cleaved DNA

Bacterial strain
MRSA Staphylococcus epidermidis Bacillus cereus
MIC (mg/mL) MIC (mg/mL) MIC (mg/mL)
vancomycin 1 2 2
0 OH o OH Uncialamycin 0.0002 0.00009 0.0003
Uncialamycin 26-epi-Uncialamycin 26-epi-Uncialamycin 0.001 0.0003 0.002
ACIE 2008, 47, 185

13
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Streamlined Retrosynthetic Analysis

. CN
improved
Hauser-Kraus
annulation Me [o]

Uncialamycin

Noyori asymmetric
reduction

& Q/:Q // N\ &—  AllocN
OTES H TIPS

ODMB
hydroxyisatin
Nicolaou JACS 2016, 138, 8235.

Streamlined process for the preparation of quinoline derivative

(e} BBI'3
6%

Conventional Hauser-Lraus annulation

ODMB

1) DMBBr
2) HCOOH, Et;N
[Ru] cat.

M
, NN
o
[o) MeO ™
COOH — . >
NaOH 91% 2 steps, 82% o
99% ee

OoDMB

Original process for the preparation of enediyne fragment

Nolatlle

TPAP, NMO
—

HO \\
™S 1) MnO, Br —
2) CBry, PPh3 — \
S
2 steps, 75% Br \

colorless solid TMS

volatile

//_\\
H

TMSCHN,, LDA

0,
2 steps, 30% ™S

¢ EtMgBr

1) NaHMDS —
2) EtMgBr // \\

BrMg T™MS

\ Me
/‘\OTES path a

OH LiHMDS
—_—

desired pdt. (63%)

improved precursor

! Streamlined synthesis of enediyne

H—=—TMs
—— - 1) Pd(PPhj),, Cul —
p— H—=—TIPS cI p
cl —_— AN -~ coz /  \
Pd(PPhs),, Cul ,CO,
"Bu:ll‘-‘lz TIPS 3 steps, 86% H TIPS

The yield of Yamaguchi coupling was improved.

14
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Tiancimycin A (R = OMe) Tiancimycin B itution(s|
Yangpumicin A (R = H) substitution(s
o OH substitution(s) CN
o OH
Isolation | D 0
Micromonospora yangpuensis DSM 45577, Y >
Streptomyces sp. CB03234 substitution(s) \

Total synthesis
K. C. Nicolaou (JACS 2020, 142, 2549)

oM on 1) Pd(PPhy), \)M\e
2) MgBrzeEt,0 v\ OTES  3HFeEt;N
o] > OH
R = H, 44% (3 steps) R R=H, 86% .
o R = OMe, 52% (3 steps) R = OMe, 97%
R =H or OMe
O OH O OH

Tiancimycin A (R = OMe)
Yangpumicin A (R =H)

ﬂ Na
1) Ac,0 1) DMP _P.__COOMe
2) 3HFeEt;N 2) K,CO;, MeOH Et0” 1"
2 steps, 85% 2 steps, 85% 94%, E:Z = 8:1

Tiancimycin B

15




