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Introduction

Me Me Me

1 R = H, zincophorin
2 R = Me, zincophorin methyl ester

HO Me Me

Me Me OH
R'=C14-C25

Isolation:

In 1984, Grafe et al. reported the isolation of
griseocholin, from cultured strains of Streptomyces
griseus; Poyser et al. reported the isolation of another
ionophore named M144255 from the same strains.
Based on its high affinity for divalent cations, especially
zinc, it was given the trivial name (+)-zincophorin

Biological activities:

Possesses in vivo activity against Gram-positive bacteria
and Clostridium coelchii at <1 ppm

Its salts exhibited anticoccidal activity against Eimeria
tenella W/CAM

Methyl ester has strong inhibitory properties against
influenza WSN/virus

Structural Features:

A challenging C8—C12 all-anti stereopentad embedded
within the C6—C13 tetrapropionate, and the trans-
tetrahydropyran ring

13 stereogenic centers (8 contiguous stereocenters)

U. Grafe, et al. J. Antibiot., 1984, 37, 836.
J. P. Poyser, et al. J. Antibiot., 1984, 37, 1501.
U. Grafe, Ger. Pat., 1986, 231, 793.




Introduction

OH OH Off

14

Me Me Me

1 R = H, zincophorin

Total Synthesis of Zincophorin and Its Methyl Ester
Danishefsky: J. Am. Chem. Soc. 1987, 109, 1572
OR J. Am. Chem. Soc. 1988, 110, 4368
Cossy: Org. Lett. 2003, 5, 4037
J. Org. Chem. 2004, 69, 4626

Miyashita: Angew. Chem., Int. Ed. 2004, 43, 4341
Leighton: J. Am. Chem. Soc. 2011, 133, 7308

J. Am. Chem. Soc. 2017, 139, 4568
Krische: J. Am. Chem. Soc. 2015, 137, 8900

2 R = Me, zincophorin methyl ester |  Gyindon: Tetrahedron 2015, 71, 709

Danishefsky 1t hetero-DA
C1-C16

and disassembly allenylzinc addition C13-C25

2nd hetero-DA

Claisen rearrangement

CHO ,

Cossy

Ferrier
reaction
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Total synthesis of zincophorin methyl ester

I. Danishefsky: J. Am. Chem. Soc. 1987, 109, 1572 (the first total synthesis)

2nd hetero-DA
>< Me

H H
e
Grignard addition \
Ferrier reaction

1st hetero-DA
and disassembly

Julia C1-C16 +
olefination

CHO OBz O

Me Me Me
Zincophorin methyl ester

Mukaiyama aldol

C17-C25

Danishefsky, et al, J. Am. Chem. Soc., 1987, 109, 1572.

S.J.
S. J. Danishefsky, et al, J. Am. Chem. Soc., 1988, 110, 4368



Total synthesis of zincophorin methyl ester

O Synthesis of the C1-C16 fragment (1st hetero-DA)

Me,Si O BriMg TMS OH 1) NaH, HMPA-THF H C:)BOM

;\)L K/ T, 802 MO 2) CICH,0Bn, i-ProNH /L\/-\/\ro

* > > M

Y S0 S0
1-3

1-4
1-1 1-2
5 H y OMe
e \\
OBOM — Mg
-78° ) MgBr,-OEt S0 gt R
03, -78°C 95127 =% | TMSO ..Re’0" |, OBOM
Me H—X4
H
g0 Ve R
15 O L 1st hetero-DA . 1-6

J. Danishefsky, et al, J. Am. Chem. Soc., 1987, 109, 1572.

S.
S. J. Danishefsky, et al, J. Am. Chem. Soc., 1988, 110, 4368



Total synthesis of zincophorin methyl ester

OMe n
/\\\ M
Yoo UMg
™S00 rag

o) | H OBOM
O : Me H 12
: 5 TMSO  Me H
Ve R

1.5 / \ Me
Me OMe L 1st hetero-DA

Me
H OBOM MgBr,-OEt,

Mechanism

OMe Et.N. ZnCl OMe  The two oxygenetaed
= 3N, ANVl = substituents of this highly
o TMSCI or T™MSO reactive diene have consonant
Et;N, TMSOTf regiodirecting capabilities
Danishefsky's diene

. H*
(OMe éMe

«
My NG T™™SQ) i ©

10



Total synthesis of zincophorin methyl ester

O Synthesis of the C1-C16 fragment

O =
= H s
Formation of alkoxyborohydrides: 1-6
H loss of
[S) n H—H
H—I|3—H * nR—OH [BH4_,,(OR)”
H
(HIRO OR (H 1
o (H) RU ~
8 b O----H—OR
© \ L
OR(H) Ce
2

R

0]
OJ Luche reduction HO

Ce?*

3,4-Dimethoxybenzyl
alcohol, p-TsOH

NaBH,, CeCl3

Y

S
[BH4_p(0R)p




Total synthesis of zincophorin methyl ester

LG
1,2-glycal

HO

Nucleophile

Lewis acid

3,4-Dimethoxybenzyl

alcohol, p-TsOH _

B )
I H: \) Ferrier reaction
- = @)

=
1
R 3
2,3-Unsaturated
glycosyl compound

QCHzAr

Type |
Ferrier reaction

R' RZ2= O-acyl; LG = O-acyl, OTs, etc.; Lewis acid: BF53OEty, SnCly, |, H;0%, TMSOTT, FeCl,, etc.; X = OR, SR, NR,, CR;

OR3? HgX,
H,O
R4 - HX

@
.'O e
R2 B J\ *Nuc

R1TNF
allyloxycarbenium ion
HgX

* _HOR®

OR
A
R4

ketoaldehyde

o) 2 /3 0 OHgX
R® R? R® R*
R5

R5

12



Total synthesis of zincophorin methyl ester

O Synthesis of the C1-C16 fragment

1) BH3, NaOH(ag), H,0,

2) Oxalyl chloride, DMSO,
DCM, -78°C then NEt;

3) L-Selectride

LiBH,, THF OH OH OH OBOM 1) TBDPSCI, THF

e

O 2) 2,2-dimethoxypropane, CSA
W,

TBDPSO O O OBOM 1) TBAF, DMF
: o) > o)
: H H \> 2) Oxalyl chloride, DMSO, B B H \>
- T = O DCM, -78°C then NEts = s - O
1-12 1-13

S. J. Danishefsky, et al, J. Am. Chem. Soc., 1988, 110, 4368.



Total synthesis of zincophorin methyl ester

Mechanism

OR

17 X= B OH, a H;R = CH,Ar 16 Ar = 3, 4 - dimethoxypheny!
18 X= O:R=CHAr
19 X = aOH, B HR=CH,Ar

20 X= o OH, B H; R =H (anomeric mixture)

14



Total synthesis of zincophorin methyl ester

Mechanism

Activation of DMSO with oxalyl chloride:

Oxalyl chloride, DMSO,
DCM, -78°C then NEt;

0 - o) =
SHTC. %)
©
HaC, o T | ,c_@P %o Cl——» c—s® + C + CO
@S o) =8 O HaC™® (0 CH, I
H3C CH, O chIorosu:Ionium
- - sa
Activation (?Ifl the alcohol: CHs H, o o
@/‘_S/\ Cl\ / H.C ® C H3C & CH>
Cl—% _"S—CH;  _ SV, INEt S
“CHj HO_< (l) R . ? > H\/\—C*__ Cl) R'
chlorosulfonium H ® 0 \I/
salt R2 2 R?
HsC. @ _cH, R alkoxysulfonium
?_) © 5 ’ 0 ylide
Formation of the product: o —— > H,C” \ﬁ’ + R1J\R2
2
R2 R Ketone or Aldehyde

15



Total synthesis of zincophorin methyl ester

O Synthesis of the C1-C16 fragment (2nd hetero-DA)

Acetic anhydride,
NEt;, DMAP, DCM

QBOM N"siMe; ]

} ZnBr, CHiNO, 0727 7 O
0 77% = = = o\>
dr=3.5:1

Ferrier reaction 1-19

S. J. Danishefsky et al, J. Am. Chem. Soc., 1988, 110, 4368.



Total synthesis of zincophorin methyl ester

O Synthesis of the C1-C16 fragment

CH,N,, DCM

—_—

HO

1) Hy, Pd/C
2) BzCl, pyridine, DMAP

3) p-TsOH, acetone MeO CHO

S. J. Danishefsky et al, J. Am. Chem. Soc., 1988, 110, 4368.



Total synthesis of zincophorin methyl ester

1-21 1-22

Mechanism

Jones oxidation (1946):

CrO; or Cr,0,% o) CrO; or Cr,0,% 0 OH CrO; or Cry0,% o)
F"C'ADH — j!cu:l . R'J\H acid . FE'J\DH o /J\R?‘- acid FE"JLRZ
50 | acetone H.O [acetone | ~ arboxylic H;0 / acetone
1° alcohol aldehyde acid 2" alcohol Ketone
R' = alkyl, aryl, alkenyl R = alkyl, aryl
OH, 5
O\ ,o - @ ( \
erot -~ Cr-OH
AN 8 i o\ OH HO'
ROOH —9 N &~ »
R O O-H® rds R H
0 H,O OH (o)
oxi.
e
_>
RJL H R/l\ OH R)LOH

gem-diol



Total synthesis of zincophorin methyl ester

O Synthesis of the C17—C25 fragment

o o 1) LDA, THF, -78°C 1) Oxalyl chloride, DMSO, o

N then Mel H DCM, -78°C then NEt,
o~ N - . _

\ . ; EtO

. 2) LiAIH,4, Et,0, 0°C 2) PhaPC(CH3)CO,Et

PR Me
1-26 1-27
1-25
Ph OTMS B Ph Me 7
MezN\/'\O AN y
1) DIBAL-H, DCM, -78°C O : H cl ’/\IMCelz
L o —_ “,.‘Ti‘\

2) Oxalyl chloride, DMSO, H)J\m TiCl,, DCM, and LAH RAN

DCM, -78 X then NEt3 Mukaiyama aldol o)

1-28 - -
OH OH 1) p-TsCl, pyridine, DMAP, 60°C
2) TBSOTf, NEt5, CH,Cl,, 0°C PhO,S OTBS
/
: 3) KSPh, DMF, 45°C g
1-29 dr =81 4) PhSeSePh/H,0,, DCM-Et,0, 0°C )

S. J. Danishefsky et al, J. Am. Chem. Soc., 1988, 110, 4368.



Total synthesis of zincophorin methyl ester

e

Mechanism

R3
1

J: {R1

l"l‘asl

PhsPC(CH5)CO,Et

1-31

- (R")3P=0

trans oxaphosphetane

Wittig reaction

Ene

R? H

(E)-Alkene
minor

(Z)-Alkene
major

1-27

Ri@o
1
H N PR,

O

kfast

klasl

O
)
(—*F|,(R‘l

cis oxaphosphetane

Cis
betaine

1

kfasl

e 0o

20



Total synthesis of zincophorin methyl ester

O Coupling of two fragments and synthesis of Zincophorin

1) n-BuLi, MgBr,
2) 6% Na/Hg

CHO

PhO,S  OTBS

1-30 1-24

1) 1.0 N HCl in MeOH-THF
2) 2.0 N LiOH in MeOH-THF
then 1 N HCI

OH OH OH

MeO

Me
(+)-zincophorin

CH,N,, Et,0

: - : (+)-zincophorin methy! ester

35 steps LLS

S. J. Danishefsky et al, J. Am. Chem. Soc., 1988, 110, 4368.



Total synthesis of zincophorin methyl ester

PhO,S OTBS o >< .
2 . o 0" "0 OBz n-BuLi, THF, -78°C, MgBr,
_ | - -
: MeO T (0)=s Y I : CHO 6% Na/Hg
1-30 1-24 ) )
‘Mechani.
Classical Julia-Lyth lefination: R°ee® : O
assical Julia-Lythgoe olefination o RET OM o FE:’R o
o o LAY A 4
Ph. ”"'ﬁ"'R1 MBase Ph.. S RZJJ\RE Ph RdiLx Ph I R Na(Hg)
2N —_— St R SR ——= " gaR
0" o 0" o
alkylphenyl c-metalated (-alkoxy [-acyloxy
sulfone alkylphenylsulfone sulfone sulfone
R' = H, alkyl, aryl; R?, R? = H, alkyl, aryl, alkenyl; R* = alkyl, aryl; X = Cl, Br, OCOR
R® 2
H_ | 0. Co NaHg) Rz 4 R R2 Me
H I
Y _MeOH -Na(Hg) N a Hg OH
Ph‘\ ~ R | Ph\ SET Ph 1 ;: —_—
% R @ e z,SQ\ R fS"'I R " R! H R!
2 MNaOMe O O O ONE NEDZSPh {E}_Mkene
vinyl sulfone wnyl radicals vinyl anion
R2
H O RZ =] o
B _Sml;  RY, H,“ Smlz R? ) 4
Ph\s/\\t g Hrg_" HioA b ooy —OCOR
QCOR? 4 1
O OCOR R [:OCDR4 E}-Alkene
2° alkyl radicals 2° alkyl anion E)Akene }

L



Total synthesis of zincophorin methyl ester

PhO,S OTBS >< °
2 O 0" "0 0Bz n-BuLi, THF, -78°C, MgBr,

/ 8
: MeO T (0] FI B Y Y CHO 6% Na/Hg

Mechanism

R
o]l H Re e D1
Al B1 c1
A |
© ! =_Ra BTO.S
SO, | Ry ]
kal |ka ' F1 R R, | ————= oot y RH\"‘ :
' ! 1 ' -olefin
i - © ' / 8-V
' : ! ¥ E1
v ! ' oM
Metallated : : 80, + S"f:
sulfone X ! 2 N
(M= Li, Na, K} ! '
+ . !
I/RE : o N
i : 2 RN N BTO.S
1 1 E— 1 hY
. F2 F{1/'1@ : R, , Fh/‘\,‘,ﬁz
: z Z-olefin TB"D

Lo



Total synthesis of zincophorin methyl ester

1. Cossy: Org. Lett. 2003, 5, 4037

O Retrosynthetic Analysis

" OH OH fOH

Aldol condensation

25

Me 21

Alkyne reduction  [3,3]- sigmatropic

rearrangement
. l OPG |
+ 13 Z 19 W~ 25 ]
IR B |

2.3
C13-C25 Subunit

J J

0 " OH OH Q
3 7
MeO™ 1 - . (e} |ii - 9 % 18 15 p— EtO)J\_/
- ) : oprc o
2-4 PG = TBS = BuMe,Si 2-5 (S)-Ethyl lactate

J. Cossy, et al. Org.Lett. 2003, 5, 4037.



Total synthesis of zincophorin methyl ester

O Synthesis of the C1-C12 Subunit of Zincophorin

o} 0
MeO 1 ; 0) B 9 > MeO 1 T H (@) 9 H

0,
g N 100%

: : : : Pd(OAC),, PPhg, EtyZn
24 2-6 THF,-30 °C
“ 1. OsOy4, NMO, acetone-H,0
o 3 |7 §H // 1. Hy, Pd/BaS0Oy, quinoleine, toluene 2. NalOg4, THF-H,O
MeO™ 1 A 0" 579 2. TBSOTY, 2,6-lutidine, CH,Cly, -78 °C 3. Et,CuLi, Et,0,-78 °C
) 2.8 ) _ 81%

68% overall yield

DMP, pyr, CH,Cl,

2-2
C1-C12 Subunit

J. Cossy, et al. Org.Lett. 2003, 5, 4037. 25



Total synthesis of zincophorin methyl ester

W
WH DMP, pyr, CH,Cl,
MeO T 107 100%

H :

24

Mechanism

DMP R-CHO DMP RR'C=0 RR'C=0
A) R-CH;-OH — B) RRCH-OH — C)RR'C=N-OH ﬂh
Aldehyde Ketone Carbonyl

17 alcohol 2" alcohol oxime

H

OAc R OAc R OAc
A Te o >—OH REN s o |
S l_\\ OAC R .a"'":"‘-".‘_‘f_. _.a-’l? 4 - AcO .H"::l"_‘:: - |
| T o — o H  cw I [ o =«
i '“‘“h{ - AcOH ~ 0= - AcOH ~F
0 O 0 O Carbonyl
compound
DMP diacetoxyalkoxy iodinane

periodinane



N

Total synthesis of zincophorin methyl ester

1. OsO4, NMO, acetone-H,O

H,0

Vi

07/03
o \

2. NalO,, THF-H,0

OH
OH

Rl

_O\,»

0./0
\I/ @
/ﬂ//\\ Na OH
e . QOH g
R OH R O—I—0~®
b .. I
I“ I./"O Na
R' OH R’ OH

27



Total synthesis of zincophorin methyl ester

O Synthesis of the C13-C25 Subunit of Zincophorin

AN

0 OH : R OMOM
1. MOMCIL,i-Pr,NEt, CH,CI
A T S S D
Z Pd(OAc),, PPhs, Et,Zn E- 2. n-BulLi, THF, -78 °C E
OTBS THF.-30 °C OTBS  then R-Br, HMPA-78 °C - RT = OTB
213 2.5 218
R = (CH,);0Bn
86% overall yield
OH /=—\ R OH
1TBAR THE  \\e 1. BrMg , MgBraeOEt, 10 g ~
719 19
2. DMP, pyr, CH,Cl, : S 2. diketene, cat.DMAP, THF z R‘O;”
92% overall yield 215 82% overall yield 2.16

neutral Al,03,60 °C

72%

R' = CO-CH,COMe

o
OMOM A_3 3 R  OMOM
Ny -- NN 25
3,3 22
}{'\’/o\r\//\l( [3,3] A 1:8 20
v 02 0 -CO, : 5
N /
H 2-18
217

J. Cossy, et al. Org.Lett. 2003, 5, 4037.



Total synthesis of zincophorin methyl ester

e

OMs

j\/ (R)-2-7 [ OH
58S Pd(OAc),, PPhs, Et,Zn &S
. 913 THF,-30 °C 5
Mechanism
OMs ) Me
. R“CHO - R
'Me >
H1./ H Pd(PPhs),, Et.Zn, H"ﬂ
Q0
I (ee >95%) THF, 0 "C-rt Il ( ee 85- >95%
R' = AcOCHo, H (50-85%) (anti:syn = 70:30-95:5)

R? = CgH13, c-CgH11, i-Pr, (E)-BUuCH=CH

I Pd(PPhg)s tRéCHO
H'I Fl1
M Et.Z WM
>:'=;‘HE t2 n >:.=;"He
MsOPd-. MsOZn
I Pphg
. PPhz 1Y i

J. Marshall, N. Adams. J. Org. Chem.1999, 64, 5201.

29



Total synthesis of zincophorin methyl ester

2

OMs
(0]

OH
(R)-2-7
H)k@/ TR
éTBS Pd(OAC)z, PPhs, Et,Zn =z OTBS
Mechanism TR0 ¢

75%

-

Me

Pd(ﬂ} R «Me \
H\I([\/GDPS —
OMs Me Me

=|===..., Me Me
EtoZn :

MsO-Zn . N
ime O 7 : ODF ()7 Z
. = H =

PA(OAC)-PPhs (5%) R

O=—=wH H =
ES( R OH anti,syn
Et,Zn, THF, -20 °C . ) _ ACOCH
(R)-1a R = AcOCH, - gQDCHEa{?z% /\ Me F-A ODPS g cOCH,
k (R)-1IbR=H R = H (70%) 1

ODPS

/
e | Pd(0) \F .mMe

Me Me
Et,Zn MsO-Zn : —— /Y\,DDPS
OMs H\n/\/DDPS Me Me (R)-7 O— =
B o L L)
28 -
= H

:h._l "‘Hl,rH R OH i
/\(\/ODP DPSD anﬂ,anﬂ'
= Pd(OAc)*PPhg (5%) g~ OH AF-A Me ﬁ El = ﬁcﬂGHz
Et.Zn, THF, -20 °C =
(R)-1a R = ACOCH, 10 R = AcOCH, (81%
(R)-1b R =H

11 R = H (75%)°

Figure 2. Possible cyclic transition states for allenylzinc
“ A trace of a diastereomeric product was formed

additions to aldehydes (.5)-7 and (F)-7.

J. Marshall, N. Adams. J. Org. Chem.1999, 64, 5201.

30



Total synthesis of zincophorin methyl ester

o
R S OH neutral Al,O3,60 °C OMOM AN 3_3 [3,3] R 1% 18 ON;SM 22
1618 e (@] / | — Y - - =
719 ” N 2004 172 O -CO, : 0
RO ° o../
2-16 H 2-18
R' = CO-CH,COMe
Mechani.
Claisen-Ireland rearrangement
RZ * R1
N 78° R?
OK\/ LDA/THF/-78 °C 2 [3.3] " =| _ /I
— _
\“/\R1 then add TMSCI . COOH HoOC” YR!
5 H OTMS H
. o . anti
acyclic allyl ester chairlike TS 1,8 -unsaturated acid
— mE:
0 R’
“R1
I LDA/THF/ -78 °C R? N [3.3]
R - T ’ . HoOC 2
. 1 -
then add TMSCI Osi=—— OTMS =
=

cyclic allyl ester

— boatlike TS -

25

31



Total synthesis of zincophorin methyl ester

O Synthesis of the C13-C25 Subunit of Zincophorin

OMOM
20 22
o)
2-18
R = (CH,);0Bn

25

2-20

1. DIBAL-H, Et,0, -78 °C R.6
-~ \\

2. MsCl, i-Pr,NEt, CH,Cl,, 0 °C
3. LiAlH,4, THF, reflux
86% overall yield

1. TBSOTT, 2,6-lutidine, CH,ClI,, -78 °C

2. Li, lig. NH3, THF-{-BuOH, -78 °C
3. DMP, pyr, CH,ClI,
64% overall yield

J. Cossy, et al. Org.Lett. 2003, 5, 4037.

o5 1.p-TsOH, MeOH

= 2. LiAIH,, THF, reflux
52% overall yield

219
0] OoTBS
H™3 = =

2-3 (C13-C25




Total synthesis of zincophorin methyl ester

OTBS

OTBS

Li, lig. NHs3, THF-'BUOH,-78 °C
BnO™13 Z- = > HO™3 = : =

2-20

Mechanism

Birch reduction

R
=|= M, NHs(1) &3 EWe
N/ ROH X
M =Li, Na X=0,NR
| = o [ s
N ) | e —— (3
® o 25 NHy) 2% | &l
M™ +e R ROH R >R
H H H H H H
o) — [ — [
= H—OR
R R R
i < u_ H H

2-21

ROH
M =Li, Na

M, NHa(l) Ewﬂ
i H™ "X H

— | |

If R=EWG then
the product is:

If R=EDG then
the product is:

: EDG

EWG

33




Total synthesis of zincophorin methyl ester

TiCly, i-PryNEt, CH,Cl,,-78 °C, 0o , '7 OTBS OIXn
> MeO™ 1™ 07 2™
e T H -

z H : :
(Z)-enolate
O OH
Z 25
H 13 E 197
T 23

Zincophorin ~ <—
Methyl Ester MeO™ 1

Mechanism

25

cl._.c CL_ .ci
\OIIII'Ti’\ |--Ti‘\
— / ci
H O/ Cl g
favored

disfavored



Total synthesis of zincophorin methyl ester

Mechanism

Double Stereodifferentiating Options: Three Centers

O OH OP
B P

PO O 0 oF PO
iPr)%' HJ%iPr — iPrJ\M/I\
1 M Me o Me

o
e Me Me Me

Double Stereodifferentiating  Enolate Aldehyde

Cases o a 8
A Fully matched reaction (+) (+)  (+)
B Partiaily matched reaction (+) + (=)
C Partially matched reaction (+) = ()
D Fully mismatched reaction (+) (-) (=)

D. Evans, et al. J. Am. Chem. Soc. 1995, 117, 9073-9074

35



Total synthesis of zincophorin methyl ester

Diastereoselective Aldol Reactions between Chiral Aldehydes and Achiral Enolates

irr (3)

P (4)

© OPMB O ©OH OPMB
O Siee T iPr x
3 H.lﬂ OB(Chx)s 5 Ms l:h
e\ Felkin : anti-Falkin 93 :7° (84%)
O OPMB Me O OH OPMB
H z iPr - iPr Y
s Me 6 Me Me

Felkin : anti-Felkin 74 : 26° (82%)

o opPmB O OH OPMB
H? N Sipr - iPr : )
4 Me o~ 1o 7 Me Me
anti-Felkin : Felkin 77 : 23° (78%)
IFr/I%’M.
o oPMB O OH OPMB
HT N ipr iPr - iPr ()
Me 8 Me Me

anti-Felkin : Felkin 56 : 449 (84%)

2 Double Stereodifferentiating Syn Aldol Reactions between Chiral Reaction Partners

Tic)
.80 O "

Me
iPr X
Me

Fully matched

Partially matched

Partially matched

Fully mismatched

o) oPMB

H’Lk/\ip.-

Me ent-4

Case A
—

™880 O OH OPMB

IPr
15 Me Me Me

iPr

:

TBSO o) OPMB

Pr
16 Me Me Me

TBSO O OH OF'MB

iPr

:

iPr
17 Me  Me Me

TBSO o} OH OPMB

Pr

]

iPr
18 Me Me

iPr

;

D. Evans, et al. J. Am. Chem. Soc. 1995, 117, 9073-9074

Me 37:35:28%(79%) Me Me

89: 11 (86%)

87 : 13 (81%)

92: 8 (85%)
TBSO O OH OPMB
iPr/k|/u\=/\|/LiPr

Me 49

36



Total synthesis of zincophorin methyl ester

I11. Cossy: J. Org. Chem. 2004, 69, 4626

O Retrosynthetic Analysis

Zincophorin
W
" OH OH OH OP

B 22 25
MeO1;H0|i|: ;11:2W
= = = = 16 =
> ¥
syn 341

H Aldol condensation

+  H713 NN
16 Z
3-3
C1-C12 subunit C13-C25 subunit

{ P = appropriate protecting group J

J. Cossy, et al. J. Org. Chem. 2004, 69, 4626.



Total synthesis of zincophorin methyl ester

O Retrosynthetic Analysis of the C1-C12 Subunit

Intramolecular
oxymercuration

)

0] 8 Aldol 6.
kﬁzf LU condensation /L Chaln extension  HO .
X1 T H Y9 0p T/]/— H 75 ‘

OoP

|
o)
T
;L
J

3--5  Hg*' 3.6 a7
Hydroboration 6 Nucleophic Q o
N, mewesng 78 o pproprte pototng arus
é\\“ OP E\\‘\ 9
3-8 3.9

J. Cossy, et al. J. Org. Chem. 2004, 69, 4626.



Total synthesis of zincophorin methyl ester

O Synthesis of the aldehyde 3-12

Rhy((5R)-MEPY),, 0 a. MeLi, THF, 0 °C OH
Q CH,Cl,, reflux e} then TBDPSCI, imidazole, DMF
HJ\O/\/ >~ > BN OR
I I b. MeLi, THF, 0 °C
1a R=TBS

N2 3-10 _\:\3_9 then aq NaOH, toluene 3-1
BnNEt;Cl, BnBr 3-11b R=Bn

Rh,((5R)-MEPY),

H
MsCl, Et;N, DMAP BHeTHF, THF Ho oce crc, O 6.
CH,Cl, 0 °C \I\:/\ then NaOH, H,0, /I/\ , CHyCly |
7 OR > TOR iS5 TOR
3-12a, 3-12b

3-7a, 3-7b

J. Cossy, et al. J. Org. Chem. 2004, 69, 4626.



Total synthesis of zincophorin methyl ester

Mechanism

E

o ® e AL _Re

\Hﬁ“ HO — n : \ f
, e, . Q )ﬂ,_ HCI‘
N A

o 28 29

| O/\/
N, 3-10
R¢ .\Flt RL, ¢
Rh,((5R)-MEPY), H;{ \l g 'H;'
- pait H H' iy X
o] O

/(@f\@) RS /@k&-

> W . &

A IS
0]

32 33

R
H



Total synthesis of zincophorin methyl ester

O Synthesis of the cyclopropanemethanol 3-16

H
6 (Et0);P(0)CH,COOEY, 6 H. cat. PtO.. EtOA
7:
7, OR 3-13a: 78%, 3-13b: 56% "SN"oR (3142 98%, 3-14b:95%) o'>>"or
3-12a, 3-12b 3-13a, 3-13b 3-14a, 3-14b
0
c-Hex,BCl, EtNMe,
6“\\\ Et,0, 0 °C 6”\\\ \)H
DIBAL, toluene,-78 °C 7! aldehyde,-78 to -23 °C | OBz
- H a7 OR g T 9 oHiT OR
(3-6a: 97%, 3-6b: 90%) 3-6a. 3-6b (R)-3-15 OBz - (R)-3-15

3-16a, 3-16b (dr > 94:6)

[a.R=TBS;b.R=Bn ]

J. Cossy, et al. J. Org. Chem. 2004, 69, 4626.



Total synthesis of zincophorin methyl ester

(EtO),P(O)CH,COOEH,
6
NaH, THF A
, OR ' 3-13a: 78%, 3-13b: 56% ">"oR
Mechanism  ssw
Mechanism: /948" HWE olefination
0] 0
T Baco B oo} o 0O
ROln;P . ase 1l — > ROI"II:I’ -— RO p\.)\
on T2 OR/  THBase | ROUPNANom 7 > OoR OR
H RO RO 208\
phosphonate ester phosphonate carbanion R, R' = alkyl
/’ N kami addition 0/ \0 o I(sg.rn addition
RO,, 11/ 1
/ OR' B — ' R H
é R 0/ OR
/:h phosphonate carbanion aldehyde
H™ "R
TS (anti) 0 Q
Kanti RO P © RO ‘P ©
4 4
(faster) RO 0 RO O
@0 @0
Keis MO R ; MO Kirans
(slower) O~ P AOR R O~ P WOR (slow)
OR' - -%‘ ~OR | — 249 YOR —=
: , CO.R' K RDS
- 10R R3 COR' COR 2 R3 CO,R’
» cis (£)-Alkene (E)-Alkene trans
oxaphosphetane minor major oxaphosphetane

42



Total synthesis of zincophorin methyl ester

c-Hex,BClI, EtNMe,

6. Et,0, 0 °C o 6
- aldehyde,-78 to -23 °C \)J\O/m
H O E\\\‘ OR Y . ’/OH é\\\‘ OR

(R)-3-15 OBz -
3-16a, 3-16b (dr > 94:6)

3-6a,3-6b

[a.R:TBS;b.R:Bn ]

Mechanism

Rl
R
0 _ d
c-Hex,BCl, EtNMe, QB(c-Hex) Hﬁj\ ZouBL,

- \_)ﬁ Me S = O/

OBz OBz

(R)-3-15 i H ] i

disfavored

(R)-3-15

favored

43



Total synthesis of zincophorin methyl ester

O Synthesis of the C1-C9 Subunit of Zincophorin

6 .\ L
1. Hg(OCOCF3;),, then KBr/H,0O 0 a 1. TBDPSCI, imidazole
2. n-Bu3SnH, AIBN, toluene I 9 2. LiBHy4, THF, -20°C- rt
OH - T TR 037 OH
OH °: : 3. NalO4, MeOH/H,0
3-18
317
NaC|O2, NaH2PO4 6
6 2-methylbut-2- 0o '
0 . oG 9 Me3SiCH=N,, MeOH/CgHq
H S OTBS RO nOR: OTES 85% i
E- I 90% - = °
B ; 3-20
3-19
6 o) Do)
W 1. HFePyr, THF ,90% °
L MeO™ Y A~072 9°H
MeO™ 170" Y "OTBS 2. DMP, Pyr, CH,Cl,,100% SH TH:
E : 3-4
3-21 C1-C9 subunit

J. Cossy, et al. J. Org. Chem. 2004, 69, 4626.



Total synthesis of zincophorin methyl ester

6
1. Hg(OCOCFs),, then KBr/H,0 0 o
2. n-BuzSnH, AIBN, toluene 2
= oy on
OH = -
3-18
6
1. Hg(OCOCF3),, then KBr/H,O O a
2. n-BuzSnH, AIBN, toluene 2
T HOR T ©H
6H = =
3-18
Hg(OCOCF3), n-Bu;SnH
then KBr/H,O AIBN, toluene
6 .«
\/?J\/Ej;/\
9
- _ =" 0TBS
(:)Bz : H OH 2
“Hgx
R =Bn
R=H




Total synthesis of zincophorin methyl ester

NaC'Oz, NaH2PO4 6

o 6 2-methylbut-2-ene W
m t-BuOH/H20 . HO : 0N OTBS
H Y Oz OTBS : H H :
= H H : 90%
3-20
3-19
‘Mechani.
Pinnick oxidation
Mechanism: '*°
© O __ side reaction ~ scavenging H3C CHs
ClO; + HyPO, 2ClO, + CI + OH = 1 > HO
+3
1 2CI0, || 2-methyi2-  HC Cl
® H B 7 butene

.y . H « o O

1 > B . b | N O+ M
R)LH Y R)Itﬂj H/O\’Q /) HO el T R*OH

0
A\ cl hypoch_lorous Carboxylic

aldehyde (‘;) SN R acid acid

chlorous acid

46



Total synthesis of zincophorin methyl ester

O Synthesis of the compound 3-25

=

OMs
(R)-3-22

(S)-3-22

\\\

Pd(OAc),, PPhs o < o
Et,Zn, THF, -30 °C . 71OMs _
—-—,"_ + MeO Y - Y 9°H
(P)-3-23 -
mismatched manifold C1-C9 subunit
24/25/26 = 80/12/8

MeO =N
IR ORIY
3-24
anti-Felkin
T syn ‘
/ matched manifold
/ . .
) = 25 single diasteeomer 65%
MeO Y O: . dr > 96:4
= H H = =
- 3-26 - -
Felkin
W
Pd(OAc),, PPh3 O g O
Et,Zn, THF, -30 °C H ZnOMs !
2 -9
g +  MeO T OH : H
(M)-3-23 3-4

C1-C9 subunit
J. Cossy, et al. J. Org. Chem. 2004, 69, 4626.



Total synthesis of zincophorin methyl ester

o Pd(OAc)s,, o} R )
- = PPh3, EtZZn A
, - 5 H/ ’_ ZnOMS _|_ MeO O |i| - 9 H
OMs = z
(5)-3-22 (M)-3-23 3-4

C1-C9 subunit Felkin

Mechanism

Marshall propargylation

ethane '

ethylene I

R! 0ZnOM ~OMs . : - :
X e \ | Et2Znis commomly utilized in
R? - traditional Marshall propargylation;
Me I
I

o I
[ , Et, )=-=\ - While, Inl can also be employed in
R ' Marshall propargylation;
I
R‘I
}:-:\“Me Et,Zn I
Zn H 1 .
R
\OMS >=‘=.\‘\M !
EtZnOMs . H EtZnOMs I
Et .
J. A. Marshall. et. al. J. Org. Chem. 2006, 71, 4840
J. A. Marshall. et. al. J. Org. Chem. 1998, 63, 3812 48



Total synthesis of zincophorin methyl ester

O Synthesis of the C1-C12 Subunit of Zincophorin

O 6 OH
=
M N
°0 = H OH = ° z
3-25

H,, Pd/BaSO, 0 &Y OH
quinoline,toluene \ 10 TBSOT(, 2,6-lutidine
MeO : H 0] |i| 9 =
o z = = CH,Cl,, -78 °C
93% 3-27

1. 0s0,, NMO, acetone-H,0 0 5" oTBS H
2. NalOy, THF-H,0 _ 10
> MeO : 0= 10

1. Et,Culi, Et,0, -78 °C
2. DMP, Pyr, DCM

3-2

subunit C1-C12 )

J. Cossy, et al. J. Org. Chem. 2004, 69, 4626. 49



Total synthesis of zincophorin methyl ester

O Coupling of two fragments and synthesis of Zincophorin

- ' ~" oTBS OTiXn
TiCly, i-PryNEt, CH,Cly,-78 °C, W
> MeO~ 1> (0
e T8 9 .

ol OH
=
H3 Ch 2 add 3-3, -78 °C, 70%
33

Janine Cossy, et al. Org.Lett. 2003, 22,4037-4040

1. NaBH,, MeOH, 0 °C
2. HFePyr, THF

66%

) LiOH, water/MeOH/THF (1/1/2)
Zincophorin -

25

MeO™ 1
50 °C H

30 steps LLS

J. Cossy, et al. J. Org. Chem. 2004, 69, 4626.

3-31



Summary

Me
OH OH OH

14

I\:/Ie Me Me

1 R = H, zincophorin
2 R = Me, zincophorin methyl ester

2nd hetero-DA .
Claisen rearrangement

X we cHo —
CHO OBz

Grignard addition

. Ferrier
Danishefsky 1st hetero-DA reaction . .
C1-C16 and disassembly allenylzinc addition C13-C25

Cossy
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Classics in the synthesis of Zincophorin

and its methyl ester

Me

Me Me Me

1 R =H, zincophorin
2 R = Me, zincophorin methyl ester
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Review-Features of Zincophorin

Me Me OH
R'=C14-C25

Isolation:

Seperated from strains of Streptomyces griseus
In 1984, Grafe et al. and Poyser et al. reported the
isolation.

Biological activities:

High affinity for divalent cations, it was given the
name of zincophorin.

Against Gram-positive bacteria and Clostridium
coelchii

Its salts exhibited anticoccidial activity against
Eimeria tenella W/CAM

Methyl ester has strong inhibitory properties against
influenza WSN/virus

e
(')H OH OH*/ﬁ

14 \/\/\/

7N OR
| | IH Hl

Me Me Me Me
B
Me
YINZ Y23
Me Me Me

1 R =H, zincophorin
2 R = Me, zincophorin methyl ester

Structural Features:

e A challenging C8-C12 all-anti stereopentad
embedded within the C6-C13 tetrapropionate,
and the trans-tetrahydropyran ring

e 13 stereogenic centers (8 contiguous
stereocenters)

U. Grafe, et al. J. Antibiot., 1984, 37, 836.
J. P. Poyser, et al. J. Antibiot., 1984, 37, 1501.
U. Grafe, Ger. Pat., 1986, 231, 793.



Review - Danishefsky
I. Danishefsky: J. Am. Chem. Soc. 1987, 109, 1572 (the first total synthesis)

Me 2nd hetero-DA
OH OH OH

OMe Julia
Me olefination

H
16Me Me Me
OH

— H
e \ Me
Me \
: Ferrier reaction Mukaiyama aldol
Me Me Me 1st hetero-DA
and disassembly C1-C16 C17-C25
zincophorin methyl ester
Key reaction: 1st hetero-DA
OMe
Me
Q (;)BOM MgBr,-OEt, = .. Mg
H O 10 ’“o" \“
HJ]\/\/\‘/\> TMSO Me TMSO \-\/ H'oBoM
= (o) H 12
Me
A e
1-5 Me OMe Me 1-6
| 1st hetero-DA _
. H*
COMe (-6Me

COOMe H.O* COOMe
I Cau o)
TMSO o
D u TMSO)



Review-Cossy

Il. Cossy: Org. Lett. 2003, 5, 4037
lll. Cossy: J. Org. Chem. 2004, 69, 4626

Aldol condensation

O
“~ OH OH “(_)H OH
: 22 25
) Z
RO - H 11 .§$13 19 Y7~
i H H: H 16 i
[3,3]- sigmatropic

=H Zincophorin
R = Me 241
Alkyne reduction
rearrangement

N 0 + OPG ¥
1&/;?\/\2/1';@'/\?\/ 25 |

2-

C13-C25 Subunit

0
OH
\ﬂi/wk_/ p— EtOJl\é/
: OH

£ orc

2-5
J. Cossy, et al. Org.Lett. 2003, 5, 4037.

2-4 PG =TBS =tBuMe,Si (S)-Ethyl lactate

J. Cossy, et al. J. Org. Chem. 2004, 69, 4626.



Review-Cossy

Retrosynthetic Analysis of the C1-C12 Subunit

) 3-2
C1-C12 subunit

Intramolecular

oxymercuration
AN

)

Chain extension .
1112 7

7

6 ‘\\
Aldol O Chain extension HO Bt
condensation 3 7 9 N 9
AN \ ) 7
> H” Yo i oP ’ : oP

Hydroboration 6
AN
= . OP

= W\
B ER

3-6 3-7

Nucleophic O
ring-openging 9
N y P = appropriate protecting group

J. Cossy, et al. J. Org. Chem. 2004, 69, 4626.



Review

Il. Cossy: Org. Lett. 2003, 5, 4037
lll. Cossy: J. Org. Chem. 2004, 69, 4626

Claisen rearrangement

0
T
(@]

OP
o . o 1 M
Key reaction : Claisen-Ireland rearrangement 7Y ¥4 )
Me Me Me
Cossy
C13-C25

R OMOM 2'

1&“ neutral Al,0,,60 °C OMOM N3 (3.3]
T, > | X O\VN — :
= 07 72% |0,z 9 -co, :

o
‘<_<° 216 i H i 2-18




Me Me Me

1 R =H, zincophorin
2 R = Me, zincophorin methyl ester

2nd hetero-DA

1st hetero-DA
and disassembly

Sn2' methylation of epoxide

Me
BR, OTBSOTBSOTBS

methylation of epoxide asymmetric crotylation

Miyashita
C1-C15

Ferrier reaction

Danishefsky
C1-C16

stereospecific

OTES

CM reaction
anti-Crotylatiof¢14-C25

Total Synthesis of Zincophorin and Its Methyl Ester
Danishefsky: J. Am. Chem. Soc. 1987, 109, 1572
J. Am. Chem. Soc. 1988, 110, 4368
Cossy: Org. Lett. 2003, 5, 4037
J. Org. Chem. 2004, 69, 4626

Miyashita: Angew. Chem., Int. Ed. 2004, 43, 4341
Leighton: J. Am. Chem. Soc. 2011, 133, 7308

J. Am. Chem. Soc. 2017, 139, 4568
Krische: J. Am. Chem. Soc. 2015, 137, 8900
Guindon: Tetrahedron 2015, 71, 709

Claisen rearrangement

allenylzinc addition

C13-C25

alkynylation
of epoxide

o Hydroformylation

substitution

OMe

Krische silylformylation/crotylsilylation/

SOAr Tamao oxidation/tautomerization

Leighton C1-C16
61



Total Synthesis of Zincophorin-Miyashita
Retrosynthetic Analysis

IV. Miyashita: Angew. Chem., Int. Ed. 2004, 43, 4341
OTES

CH; CH; CH;,

4-1
+
H3C
TBSO TESQ TESO

Suzuki coupling \|

/7

Me Me Me
zincophorin R.B

CH; 4-6
S|Me2Ph
stereospecific OBn
stereospecific Sy2' allylation
thylation Lewis
methy acid
\CH3
OH
TIPSO” ™ 7 COzEt TIPSO
CH, CH; CH3
4-5

4-4



Total Synthesis of Zincophorin-Miyashita
Synthesis of the C16—C25 fragment (Sy2' methylation)

CBry4, PPh,, pyridine B
LRREL > TIPSOW '
Br

Corey-Fuchs Reaction

/\AO

4-8

4-9

S idati
TIPSO/\./\OH wern oxidation > TIPSO

4-7

[(E)-CH3(CH,),CHICHZrCp,CI
ZnBr,, [PACI,(PPhs),], DIBAL-H

Me,Culi, then |, W
TIPSO N
> -
| Negishi cross-coupling

Gilman reagent
4-10

Me,CulLi OQ/Q/\/\/ mCPBA GO
I —
V Me

S\2'
e e Me
4-12

methylation
4-13

@)

OH OH

Me Me Me

4-14
M. Miyashita, et al. Angew. Chem., Int. Ed. 2004, 43, 4341.



Total Synthesis of Zincophorin-Miyashita
Synthesis of the C16—C25 fragment (4-13 to 4-14)

o OH OH
Me,CulLi
é
: Sn2' H
i methylation Me Me Me
413 s
S\2’ methylation
OH OH
MeZCuLl
L/ . Z
SN2 Wie Me M
methylation e e e
4-14
lMeZCuLi T
OH OLi OH OLi

NG — k/'\(\‘/\/
é \ l\=lle MeCCu)—Me

Me Me Cu—Me

/
/ Me
Me




Total Synthesis of Zincophorin-Miyashita
Synthesis of the C16—C25 fragment (4-8 to 4-9)

CBr,4, PPh,, pyridine B
TIPSO N0 R > T'PSOW r
H H Br

4-8 4-9
Corey-Fuchs Reaction
Generation of the phosphorous ylide:
a Br—PPhs B PPh o
BraC—Br_/": PPhy — + —_— | 3 —_— F‘h3P=‘< *  PhgPBr,
B o2 Br
. r . .
3 Br/'\/ 'PPhsy ylide
Reaction of the phosphorous ylide with the aldehyde:
R
{_‘
0
ph3p=< - Ph3P—<Z — | g f - J(*l 2 ]
Br _ Br Phg Br / PPhy ~C<
ylide Br ® By Br Br

dibromoolefin

65



Total Synthesis of Zincophorin-Miyashita
Synthesis of the C16—C25 fragment (4-9 to 4-10)

= |
4-10

TIPSO/\/\/B" Me,Culi, then |, . TIPSOW
£ Br

4-9

Gilman reagent : Me,Culi

Me,Culi, then I,
= Br

= |
4-10

[

4-9
C ]
TIPSOW \ — TIPSOW
z Br -

Me = Br

,/_\ /CH3 /_\CHa
/\/\QB_r-. HC—cu U —> /\/\c:u/J — /\/\CH3

- LiBi \\ - CuCH

Me Br
u

66



Total Synthesis of Zincophorin-Miyashita
Synthesis of the C16—C25 fragment (4-10 to 4-11)

ZnBr,, [PACl,(PPhs),], DIBAL-H

TIPSOW
|

0

-

4-

Negishi cross-coupling

Ni-catalyzed process:

L,oNitMX,
2 RZnX
fransmelallation 2 XZnX
LNi"R,

R'—X

o reductive
R—R elimination

oxidative
addition

R
L Ni(”r RZnX .
R'—R I 2N X transmetallation
oxidative

reductive %ﬁm XZnX
elirmination

RITK ' (||}I/ R.

I - |._2Ni
LoNi_ . R
coordination
R'—X

Pd-catalyzed process:

Pd© or pd(" complexes (precatalysts) ‘

L, Pd“”
Q.

xidative
addition

R'—R

Ly Pd“”

reductive
elimination

XZnX

transmetallation

L. Karti, B. Czaké. Strategic Applications of Named Reactions in Organic Synthesis, 2005, Elsevier Academic Press

%ﬁznx
L Pd“"

67



Total Synthesis of Zincophorin-Miyashita
Synthesis of the C16—C25 fragment (4-14 to 4-1)

1) TESOTS, 2,6-lutidine

2) HF-pyridine
OH OH
3) DMP oxidation O  OTES OTES
I CrCl,, CHI;
: y _ 2 | 18 y 22
H : Takai reaction :
Me Me Me Me Me Me e Me Me
4-14 4-15 4-1
Takai reaction
I criinx,
, © o2
2 =R
R~ R R S
X crimy H R? (E}AI_kene
: 2 i) major
geminal L crliiny, ]
dihalide geminal dichromium species B-oxychromium species
[ Crinx, |
x x x S ~Ex
CFXQ Cr)(z R
e =l [TIAv S P —
X criy H R (E}Nker]yl
haloform 2 Crimx, halide(major

68



Total Synthesis of Zincophorin-Miyashita
Synthesis of the C1-C15 fragment (S\2' methylation)

Swern oxidation

(O'CH3CGH40)2P(O)CH2C02Et,

NaH, THF, -78°C

— OEt

TIPs0” " NoH > TIPso” Y Yo > TIPSO/\:/_\’]/

Z Z HWE olefination H

CH,3 CH; CH, o}

4-8
4-7 4-16
1. Swern oxidation
o 2. 'BuOK,
DIBAL-H AN —~_0OH m-CPBA /\A/OH (iPrO),P(O)CH,CO,Et
TIPSO Y TIPSO .
H H HWE olefination
-78°C to 0°C CH, CH,
417 4-18
o OH 1. Hy, PtOy; CHs
2. Ti(OiPr),, 100°C
Me,Zn—CuCN CO,Et

TIPSO/\NCOZEt > T|Pso/\:/k/\r 2 > 1Ipso” 1o Yo

2 S\n2' methylation 2 z

CH3 CH3 CH3 CH3

4-5 4-19

69



Total Synthesis of Zincophorin-Miyashita
Synthesis of the C1-C15 fragment (4-8 to 4-16. 4-18 to 4-6)

(0-CH;C¢H,0),P(0)CH,CO,Et,
NaH, THF, -78°C

— OEt
TIPSO” "0 > TIPSO/\:/_\H/
CH; CH; (o]
4-8 4-16
HWE olefination
RO 'Ic:'l) (O - HBase c&’M‘o ICl) 0 ? oseM
(NI —_—
4 OR' RO P <> RO".P ~— ROP.~ .
RO f\_/“‘g Y 7 Sor ROT oy, OR RO’ R
H ase M RO od\
bis(trifluoroalkyl) phosphonate carbanion R = trifluoroalkyl
phosphonate ester R’ = alkyl
M. . oMo o k M ¥
) anti addition yn addition /
RO, rg,% (slow) RO |‘:I \/l\ + . J—L (slower) RO; I'l‘lf )
RO/ 4, OR' RDS RO( OR' R H RO (.j OR
i phosphonate carbanion aldehyde \(d\ ils
H™ R3 R¥” "H
TS (anti) TS (syn)
Kanti 9 (I:I) (l:sw)
(fast) RO P @ RO ‘P @& ast]
Ro”, © RO”.
M ks MO MO k M
M i 3 MO tra 0~ "0
o |o (fast) 0P OR R R oxpuOR (fast) |
RTIY orR T OR | = 2qTOR T R (Y OR
2 7 Ycor COR COR 3 : =
0=P: IOR R 2 R CO,R 0=R 10R
\OR cis (Z)-Al.kene (E)—.f\lkene trans OR
oxaphosphetane major minor oxaphosphetane

L. Kiirti, B. Czakd. Strategic Applications of Named Reactions in Organic Synthesis, 2005, Elsevier Academic Press.
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Total Synthesis of Zincophorin-Miyashita
Synthesis of the C1-C15 fragment (Sy2' methylation and methylation of epoxide)

cH SiMe,Ph _
~~73  DIBALH ot /\)\/OB PhMe,Si o asymmetric
then Ac,0 /\/ij‘ [ n OTIPS R OBNl crotylation
— >
TIrso” N To0" o
A TIPSO™ XA 0" "OAc  riciy(0i-Pr) o
3 B : HO me
419 4-4 -
Ti(0i-Pr),

Ca, NH, D-(-)-DIPT, TBHP
—

y

OBn OH Sharpless Asymmetric Epoxidation

1. TESOTY, 2,6-lutidine
. 2. Swern oxidation,

Me,CuLi 3. (iPr0),P(0)CH,CO,Et, tBuOK
—>

Gilman reagent

HWE olefination




Total Synthesis of Zincophorin-Miyashita
Synthesis of the C1-C15 fragment (4-20 to 4-21)

“\\\ Ti (O i-P I') 4 ““\\
TIPSO ‘ D-()-DIPT, TBHP TIPSO o
A A > :
Y (0 M- OH Sharpless Asymmetric " (O M OH

H H Epoxidation H H

4-20 4-21

Sharpless Asymmetric Epoxidation

D-(-)-diethyl tartrate (unnatural)
:0:

rz2_ R

> OH

Prochiral or chiral R3

alvle alcohal R4 R2 %O_OH Enanti";ﬂu;el
Ra{ (>1 equivalent) epuxyoa: coho
R12 = H, alkyl, aryl
, alkyl, ary T OH Ti(i-OPr), R

(5-10 mol%)

activated molecular sieves ::{O H

s CH.CI,, low temperature ‘————» R3 0
L-(+)-diethyl tartrate (natural) Enantiopure
epoxy alcohol

72

L. Karti, B. Czaké. Strategic Applications of Named Reactions in Organic Synthesis, 2005, Elsevier Academic Press.



Total Synthesis of Zincophorin-Miyashita
Synthesis of the C1-C15 fragment (methylation of expoxide)

1. Swern Oxidation

W o 2. (EtO),P(O)CH,CO,Et, NaH
TIPSO o OTES 1. DllBA.L-H, TIPSO R OTES 3 S'_BAI):Z (O)CH,CO,
2. Ti(OiPr)4, D-(-)-DIPT (o} . -
a A _CO,Et > A
Y (g . 2 Y (O )-I> Y OH HWE olefination

iH A i : SharpEIeis _I:;)t(.r:rr;netric i H H i i
= = H xidati = = =
P 4-24

4-23

SN v ““‘\ '(66
oH oy oH TESOTf, TESO o'*” oTES
o Me;AlI-D,0 OH OH 2,6-lutidine
—_— A
0% X _-CO,Et o : X2 _CO,Et > ; 07 iy y . X _-COEt

IH A i IH H G ; : fH H:

4-25 4-26 4-27

1) DIBAL-H

2)mcpBa 57

PPhs, I,
—_—

4-28 4-29 4-30

73



Total Synthesis of Zincophorin-Miyashita
Synthesis of the C1-C15 fragment (4-25 to 4-26)

TESO

PPhs, I,

) q -

Iél : : Y OH imidazole, benzene, : H H : : H
£ H H r.t. = = = =
4-28 4-29

Pph-' 4 l; == |—F)phJ ]-
3 4 5
— i + /==
>"oH NONH 6 (=, RN NH T
N > > 0PPh,| =
R 4 S > f— 'N \
I=PPhgl = H-Ny NH? R 4
5 |
H"':‘Q/NH 7 >
sl § ' .
O=PPhy * f"P/V\I = . RHN/\/f I2
9 R ) 10 - NONH 6 2 4
“+
H

S.P. Chavan, L.B. Khairnar, P.N. Chavan. Tetrahedron Lett., 2014, 55, 5905-5907
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Total Synthesis of Zincophorin-Miyashita
Synthesis of the C1-C15 fragment (4-25 to 4-26)

OH

Me;Al-D,0
o X COEt
H H
4-25 4-26
Me;Al-D,0 Methylation (Z)-epoxy acrylates= anti product
(E)-epoxy acrylates=> syn product
Me

Me—AI_—Me

Me3AI-D20

o - "' !
425 : H H | D

Me—A}I_—Me

D’OiD

76
M. Miyashita, M. Hoshino, A. Yoshikoshi, J. Org. Chem. 1991, 56, 6483.



Total Synthesis of Zincophorin-Miyashita
Synthesis of the C16—C25 fragment (Sy2' methylation and methylation of epoxide)

‘\\ 6 6 “\ 6 6
o«?« 0(6 OH 0'«' o«?«

?TBS 1. Swern oxidation;

B TBSCI, DMAP
Z —_— =

H H : i i i H H : H : 2. NaClO,, NaH,POy,,
CH; CH; CH; CH; CH; CH; CH; CH; 2-methyl-2-butene,
then TMSCHN,

4-30 4-31

9-BBN, 60°C
_—

MeO MeO

: H H Z : :
CH, CH; CH; CH,

4-32

77
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Total Synthesis of Zincophorin-Miyashita
Coupling of the C1-C15 fragment with C16—C25 fragment

5 o & @
o 0'\6 o«('« é\

O B
é H © IEI : H i Cs,CO;, AsPh;
= - [PACl,(dppf)] MeO
4-2 C1-C15 >
Suzuki-Miyaura
* Coupling
OTES
|
4 : = Me
Me Me Me
4-1 C16-C25

1. TEAF, DMF

2. LiOH, H,O0/MeOH/THF

(+)-Zincophorin




Total Synthesis

of Zincophorin-Miyashita

Coupling of the C1-C15 fragment with C16—C25 fragment

s & T
o N
A\l \a & s

MeO

Me
41 C16-C25

Me Me

Suzuki-Miyaura Coupling

CSZC03, ASPh3
[PdCI(dppf)]
é
Suzuki-Miyaura
Coupling

L,Pd©
1-p2 ,
R RI R2-X
reductive oxidative
elimination addition
L R'-B(R) + M'(OR)
organoborane base
. X
I
Ln-yPd"X , L,Pd
R R2
Cl)R
R'-B(R)
o 7 M*(‘OR)
transmetallation borate metathesis
@
L+ RO—EIE(R)Q
M*(X
OR .0 (X)
LPa(
R2
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Total Synthesis of Zincophorin-Leighton
Retrosynthetic Analysis

V. Leighton: J. Am. Chem. Soc. 2011, 133, 7308

Hydroformylation CM reaction

OMe

17 N Yz
Me Me Me SO,Ar double Crotylation
Zincophorin methyl ester 5-2 C17-C25
5-1 C4-Cyg

OH
M
5-5
OBn -
OBn 5-6 5-4
silylformylation/crotylsilylation/ 5-3

Tamao oxidation/tautomerization

J. L. Leighton, et al. J. Am. Chem. Soc. 2011, 133, 7308. 80



BHOW

5-7

5 mol% NaH
hexane, refluxe

aval

(1.5 equiv.)

Total Synthesis of Zincophorin-Leighton
Synthesis of Tetrahydrofuran Fragment

X

fo) 0]
Ei"' | /
o

Y Yo

Me——
6 Oxone, Na,EDTA o n-BuLi, AlMe; OH
KOH, n-Bu,;NHSO, BnOW BF; OEt,
BnO
? 3 o
K,CO3-AcOH Buffer e TBME, -78 °C 3
10 ©
CHz(OMe)z, CH3CN, 10 °C 87%, 90% ee 43% 5-9
Shi asymmetric epoxidation

N 7
i. 1 mol% Rh(acac)(CO),
Si 1000 psi CO, PhH
o~ H -

OH O H
BnO .
] > . N
BnO = ii. H,0,, KF, THF/MeOH
/
3 silylformylation/crotylsilylation/
5-10

Tamao oxidation/ tautomerization reaction

uQ

5-6
67%, > 15:1 dr

J. L. Leighton, et al. J. Am. Chem. Soc. 2011, 133, 7308.



Total Synthesis of Zincophorin-Leighton
Synthesis of Tetrahydrofuran Fragment (5-7 to 5-8)

0\‘
)V Oxone, Na,EDTA o
BnOW KOH, n-BuyNHSO, BnOW
> 3
3
5.7 K;CO3-AcOH Buffer 5.8
CHy(OMe),, CH5CN, -10 °C 87%, 90% ee

Shi asymmetric epoxidation

y T R\ R \ >(
O o \)—/ o~ 0

|
[
T
5]
o
=3
2
=
=
@
o
&

|

P

L]

DX
\

3/

0] 0 -
° 'r;/o 4 Baeyer-Villiger
e . o OH oxidation
B * O\\\ = / o =

- E 0.
o>( f&i_.j S ﬁ\—-o 0-S0y
| A
= e >(
© 0 o] o
~o" R® v/ _gH \‘I'u/
(o) =z ﬁ o' —0

L i B - !
Planar transition state ——0 ([O—S0; ﬂ\o

82



Total Synthesis of Zincophorin-Leighton

Synthesis of Tetrahydrofuran Fragment (5-9 to 5-6)

/i /(\ i. 1 mol% Rh(acac)(CO), OH O

1000 CO, PhH o
S =
“H pei BnO '
BnO é ii. H,0,, KF, THFIMeOH 3
3 silylformylation/crotylsilylation/
Tamao oxidation/ tautomerization reaction 5-6
5-10 67%, > 15:1 dr
/? f\|1 mol% Rh(acac)(CO), /\)
1000 psi CO, PhH o-Si o <
—_—
—_— . .
é silylformylation R X H crotylsilylation

ii. H,0,, KF, THF/MeOH
Tamao oxidation

OH O OH OH OH OH

tautomerization reaction

J. L. Leighton, E.Chapman. J. Am. Chem. Soc. 1997, 119, 12416.
M. J. Zacuto,J. L. Leighton. J. Am. Chem. Soc. 2000, 122, 8587.

83



Total Synthesis of Zincophorin-Leighton
Synthesis of Tetrahydrofuran Fragment (5-9 to 5-6)

/? f i. 1 mol% Rh(acac)(CO),
1000 psi CO, PhH .
>» R
/l\l/ S|Iylformylat|on W crotylsilylation

. substrate
main product
R? R?
R? St
\ _R? 0" H
0-Si” 0 )\/\
H1WH (M) R'” N
/\/; (catalyst) ‘\
2 2
FEZ R? A\ H
1A)\)I\ A )\/“\
R M » R! SN

side product side product
10-25%
J. L. Leighton, E.Chapman. J. Am. Chem. Soc. 1997, 119, 12416. )
M. J. Zacuto,J. L. Leighton. J. Am. Chem. Soc. 2000, 122, 8587.



Total Synthesis of Zincophorin-Leighton
Synthesis of Tetrahydrofuran Fragment (5-9 to 5-6)

ii. H,0,, KF, THF/MeOH

(0] OH O OH
s Tamao oxidation OH OH OH :
E— R X X———>R X
tautomerization reaction 67%, > 15:1 dr
o o I L] o
Tamao oxidation . tautomerization
|
| OH OH OH
L REYY TS
|F 'I: F [ F—_ lF i
P Ny RS [ —— | A |
T T TR oL l
A . F HO- . rate determining step fl_{) I
F —0. __~H “H . H
H o hexaco-ordinate "
|
'|: E repeat r WF I
0—Siy 0—Siy ——————~ 2R—OH .
Rfr |F : R" l: ? [ OH groups "malched”
R

J. L. Leighton, E.Chapman. J. Am. Chem. Soc. 1997, 119, 12416.

¥F ) = minimization of A, 5 strain/
syn-pentans interactions.

85

M. J. Zacuto,J. L. Leighton. J. Am. Chem. Soc. 2000, 122, 8587.



Total Synthesis of Zincophorin-Leighton

5-14

TBSOTY{, 2,6-lutidine
>

DCM, - 78 °C
78%

PhCH;, reflux
3

RN

n-Bu,NI, DCM, H,0

R=

J. L. Leighton, et al. J. Am. Chem. Soc. 2011, 133, 7308.

TBSO

Synthesis of Tetrahydrofuran Fragment

TBSO (o]

s

BnO

5-11

5-13

0O
Q/U\?

Y

DIBAL-H
THF, -78 °C

r
96%

i. 2 mol% 0sO,
NMO, H,0
t-BuOH, THF

>
ii. Nalo,, NaHCO,
THF, H,0

5-15

85% (3 steps)
dr >20:1



Total Synthesis of Zincophorin-Leighton

Synthesis of Tetrahydrofuran Fragment

Ac,0, pyridine

1 mol% Rh(acac)(CO), DMAP. DCM

6 mol% PPh;, CO/H,

94% (2 steps)

THF, 50 °C

515 5-16

o)

)
- —F
o \)I\ Cl,
N~ s |
)—/ o’T"s
i-Pr 5-4 |
- Me N
TiCly, SnCl, RN S
i-Pr,NEt, DCM H + H H)\/
i-Pr
517 -78 °C

5-18 91%

TBSO 07 Yo
BnO . . ‘7-,_( =R

J. L. Leighton, et al. J. Am. Chem. Soc. 2011, 133, 7308.
X. Solans, et. al. Org. Lett. 2001, 3, 615.



Total Synthesis

of Zincophorin-Leighton

Synthesis of Tetrahydrofuran Fragment (5-15 to 5-16)

1 mol% Rh(acac)(CO),
6 mol% PPh3, CO/H,

R\/\AO hemiacetal BnO
> : OH
THF, 50 °C :
5-16
(o]
HPa, | TBSO g/u\g OH
Rh—PH; :
_ BnO
1P Lo R= 3
product
P “PHa substrate
! EtJ\H -
reductive ~ "
0. Et HP—Rh—PH;  --------- S
- | S H™ CHQ_
C ¥ co m-bond -~ H HiPy, | i
HaPon, & aH o. & coordination HBP”*--F'",% "% B~ CHy
7| YH ¢ 7 HPY |
HaP co Il :H H3P ca 3 CO
ochﬂ_ S
HP? TH .
3 PHy hydrometallation
Et
HyP-Rh—CO
i i . PHa
Hyc~CHs CO coordination ,
_ H, coordination "'~H|-.;;E B
el I;'I-I, JEt HGP’Fl'Ha R0 OC}'"‘FIIII-CO e P
; 0C-Rh-C A co
Q'0 -— HSP PH

* Bt

TBSO

carbonylation
88




Total Synthesis of Zincophorin-Leighton
Synthesis of C1-C16 Fragment

5% Pd/C
1 atm. H,, THF

OMe '

N~
N OMe

OMe DIAD, PPh;, THF
Mitsunobu reaction

X=S 88% 5-21
5.20 (NH,4)Mo07024 4H,0
30% H,0,, Et,OH I:> X=S0, 96% 5-22

J. L. Leighton, et al. J. Am. Chem. Soc. 2011, 133, 7308.



Total Synthesis of Zincophorin-Leighton
Synthesis of C1-C16 Fragment (5-20 to 5-21)

5-20

Mitsunobu reaction

Step #1:
CO2Et irreversible

T@:N’,Z addition

/
EtOgC :PPhy
Step #3:

H\ COzEt

N N P.T.

FO:C g PPh3 J\

Ph
HS_ _N
\
I N
~N
'
DIAD, PPh3, THF
5-21
Step #2:
CO-,Et H CO-Et
o ;72 _ . ;Y2
/N—I‘I\I H—Nuc /N_I\|]
EtO,C EPhs F1OC @ ppn,
zwitterionic adduct
Step #4-: ®
PPh
H\ /COQEt “N 3 SN2

OMe

Substitution
with inversion

90




Total Synthesis of Zincophorin-Leighton
Synthesis of C17-C25 Fragment

ﬁ/CHO
(excess)

OH 5 mol% (x 2) OTs (0]
. = Hoveyda-Grubbs II H 1.1 equiv. (S,S)-26
1.0 equiv. (S,S)-24 H 10 1% Sc(OTf
\/‘ﬁ\ 3.5mol% Sc(0TH; NNy CHCl reflux 7Y H mol% S¢(0Th);
y H > 2 o
H DCM, 23 °C 5.5 970/' 939 Then TsCI, Et;N DCM, 0 °C
5-23 - 0, 9370 €€ Me;N.HCI, DCM 5-25
o,
0-BrCH, 79%
R
o =N, /\)\ , (5,5)-24: R1=Me, R2=H

Si R® (s,5)-26 : R1 = H, R2 = Me
N

\\p-BrC6H4

PMBBr, Et;N 2 mol% 00, PMBO O
OTs OH KHMDS, THF OPMB 4 equiv. NalO, H
: : -78 °C to 0 °C : 2,6-lutidine VA
N X > 7N X
£ add LiBEt;H = Dioxane,
60 °C 528 H20 879 5-2

5-27 81%,19:1dr

J. L. Leighton, et al. J. Am. Chem. Soc. 2011, 133, 7308.



Total Synthesis of Zincophorin-Leighton
Synthesis of C17-C25 Fragment

1.0 equiv. (S,S)-24 OH
\/(l)l\ 3.5 mol% Sc(OTf); : '° Bréetts
M
> M
° H (S,S)-24 : R1 = Me, R2 = H (Z form)
H DCM, 23 °C z ()i /\)\ (S,5)-26 : R1 = H, R2 = Me (E form)
523 5.5 97%, 93% ee
p BrCGH4
OTs o) _ oTs OH
H 1.1 equiv. (S,S)-26 H H
\/\_/\rU\H 10 mol% Sc(OTf); A S
DCM, 0 °C -
5-25 5-27 81%, 19:1 dr
Sc(OTf);-catalyzed crotylation (5-23 to 5-5)
- 1+
N R1')\ Z form catalyst = syn form product
0--S| E form catalyst = anti form product
" Me -

J. L. Leighton. et. al. Angew. Chem., Int. Ed. 2003, 42, 946



Total Synthesis of Zincophorin-Leighton
Synthesis of C17-C25 Fragment (5-5 to 5-25)

ﬁ/CHO
(excess)

5 mol% (x 2) OTs o]

OH Hoveyda-Grubbs Il :

; CHCI,, reflux AN

NN 3 7 H
> :

5.5 - Then TsCl, Et;N

- Me;N.HCI, DCM 5-25

79%

Alkene(Olefin) Metathesis (Grubbs catalyst)
CysP

P CysP
Y3 | cl

v Cya| cl R cl
AT a0 - CH,=CHR R
I ||+ PCys CI-/Ru__‘ — » CI—Ru Y s Cl-Ru
R' 7
X ~ ¢
F|=Cy3 + TCY% | R' cis R
\\CI \R , ST .“\\ ‘\R . .
/Ru-‘:» R o CIZRI— metallocyclobutane rtggn?gg;ﬁg
cl ‘ - = A\ ‘ intermediate catalytic cydle
PCy; R PCys
CysP CysP CysP
|| +Pcy, | &R | e ene | Cl
N &7 R - CHy=CHR B
Cl—Ru=— —> g—-Ru—" —=— » ClI-Ru
- PC‘:{3 | /
P — R- R'

R trans

93



Total Synthesis of Zincophorin-Leighton
Coupling of the C1-C16 fragment with C17-C25 fragment

PMBO (o)
v N H + OMe
- 5-22
5-2 X=302
KHMDS, DME 69%, 14:1 E:Z
-60 °C to -20 °C Julia-Kociensky olefination

OMe

5-29

1. DDQ, 10:1 DCM:pH = 7 Buffer
2. NaOMe, THF, MeOH 60% (3 steps)
3. HF, H,0, CH,CN, DCM

J. L. Leighton, et al. J. Am. Chem. Soc. 2011, 133, 7308.



Total Synthesis of Zincophorin-Leighton
Coupling of the C1-C16 fragment with C17—C25 fragment

PMBO O

KHMDS, DME
-60 °C to -20 °C

69%, 14:1 E:Z

Julia-Kociensky olefination 5-29
OMe
j’t}
R'. 0L R'.. LOLi
= LDA = H™ R M r
e 44 sy e Ay, A"y
Julia-Kociensky NT g R NP g g g b g s
olefination 0e 00 00 ani 00 syn
S. LN 8. Nyl
i L — =R, o
S ..-'.-E-.\ R -"'B -
0’0 ROZFS, ROZFS,
HR |_|R
S S}* _< S0
=N =N H (0 \t© R
OO/L; ) - ¥y 0 %% R

95



Total Synthesis of Zincophorin-Krische
Retrosynthetic Analysis

V1. Krische: J. Am. Chem. Soc. 2015, 137, 8900

Hydroformylation

Methylation 6-1 C3-C13 6-3
o of epoxide anti-Crotylation
Me
— +
|
14
Y stereospecific
Me Me Me OTES substitution
Zincophorin methyl ester Z Me OH
— P | Me —
CM reaction
anti-Crotylation 6-4
+
6-2 C14-C25
/\rOAC
Me 6-5

M. J. Krische, etal. J. Am. Chem. Soc. 2015, 137, 8900.
96

OH OH

96



Total Synthesis of Zincophorin-Krische
Synthesis of the C14—C25 fragment

1) Tf,0 1) Swern oxidation
(o) 2) n-PrMgCl then Ph;P=C(Me)CO,Et OH
3) LiAIH (Wittig reaction)
OH 4
‘Buo” Y~ —> Ho > =
H 2) DIBAL-H
6-7 6-8 6-4
butyl lactate 92% e.e. > 20:1 (E:2)
/YOAC
) XN\ .
; Hoveyda-Grubbs II OH cat.[Ir
OSiEt
| =t 2) TESCI, imidazole | -~
anti-crotylation
z -« z

Alkene(Olefin) Metathesis :

6'2 C14'C25 6_9

M. J. Krische, etal. J. Am. Chem. Soc. 2015, 137, 8900.



Total Synthesis of Zincophorin-Krische
Synthesis of the C14—-C25 fragment (6-7 to 6-8)

1) Tf,0
0] 2) n-PrMgCil
3) LiAlH,
OH
‘BuO —_—> HO/
6-7 6-8

O n-PrMgClI o)
o) Tf,0 g LiAIH,

2,6-lutidine J\LR OTf  ZnCl, J R
rLOH tguo” & — T ¢ R — Ho
tguo” & —> : BuO Et,0, -10 °C

THE, 0 °C H THF, -10 °C

98



Total Synthesis of Zincophorin-Krische
Synthesis of the C14—-C25 fragment (6-8 to 6-4)

1) Swern oxidation

then Ph;P=C(Me)CO,Et

(Wittig reaction)

7~
HO 2) DIBAL-H
6-8
PPh3

(cocl),, DMSO

Et3 C02Et

HO
Swern oxidation W|tt|g reaction
6-8 DCM
-78 °C-reflux

.. _ o - Ph3lé H
Wittig reaction . ——9§ __ \F&RL
RQ -

R, H

1

H. Ry

I + PhsPO

H” "R,

7

0
4
H

Phs P/ﬁ

OH

z

6-4
92% e.e. > 20:1 (E:2)

OEt OH
2) DIBAL-H
N 2ADBAL. NA

6-4

H
N
_ PhP Ry
0" R,

99



Total Synthesis of Zincophorin-Krische
Synthesis of the C14-C25 fragment (6-4 to 6-9)

OH .
—_—

substrate

anti-crotylation
OAc
O+ _R NO, NO, Z
Y O»_Q ©Base O :( 7/ Me -
2/ oS oo O \’ 0 /@
- -
NO, Ln” "H Ln NO, F‘h~|\P
] | I Q /
d_ CN 5 CN || O,N If S
i N i A et
Ln”'rO R Ln’lr“”%) NG L R I‘..meo>
product H R ’
NO, Me i1 Q o)
I w Me Favored Mode of Addition
ﬁ/ Ln”
100

Reactant Alcohol
(R'=H)

|||(_‘J

M. J. Krische, et al. J. Am. Chem. Soc. 2008, 130,14891



Total Synthesis of Zincophorin-Krische
Synthesis of the C3—C10 fragment

From Miyashita
Angew. Chem.,

Int. Ed. 2004, 43,
Efficient! 4341.
1) cis-butene diol diacetate 1) Sharpless asym
1) (s)-Ir-SEGPHOS I\ Stewart-Grubbs >< )epox?dation g
3-butenyl-2-acetate § 2) Zn, NH4C|, MeOH OH o o 2) CuCN. MeLi
OH OH 2)I2, NaHCO; o Bernet-Vasella cleavage : ’
' > Z v N Gilman's Reagent
two-directional double ““OH 3) Me,C(OMe),, p-TsOH : dr = 20:1
anti-crotylation/
6-6 iodoetherification 6-3
6-10
H,/CO, XantphoS ><
Rh(CO
1) TESCI, imidazole  oH OH (CO)z(acac)
2) Swern oxidation =

then p-TsOH, MeOH OH OH 9 o

. ) 6-11
6-1 C3-C13 6-12 From Leighton

J. Am. Chem. Soc. 2011, 133, 7308.
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Total Synthesis of Zincophorin-Krische
Synthesis of the C3—C10 fragment (6-6 to 6-10)

I
(s)-Ir-SEGPHOS
OH

o OH OH I, (300 mol%)
OAc K,CO3;, H,0 z NaHCO; (250 mol%)
KH /\r >
6-6

o/

\‘\‘\
.

A ¢
THF, 70 °C H MeCN, -20 to 0 °C
two-directional double - iodoetherification
anti-crotylation/

““OH

(symmetrical)

6-10

two-directional double anti-crotylation lodoetherification

|7'- Phy = 0= ﬂ
This Work O_;\lr-.:;Pp ° <
Ph, Q%5 ;
0

: / 'S
~ ™ | H
’ /ﬁ;.:‘) — HO A
? 9 o
CN = ““OH - ; .
HO OH
HO  OH  No, (10 mol%) : = OH
/YOAC - AN SN 610
THF:H,0 (4:1, 1.6 M) Mo Mo Me
Me Me K4PO, (100 mol%)
70°C 62% Yield, 6:1 dr H H
>99% ee | H
\
~~
H 0 Me
HO Me
Me H
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Total Synthesis of Zincophorin-Krische
Synthesis of the C3—C10 fragment (6-10 to 6-3)

1) cis-butene diol diacetate
Stewart-Grubbs
2) Zn, NH4CI, MeOH

- s

6-3
6-10

1) cis-butene diol diacetate
N Stewart-Grubbs
H 2) Zn, NH,CI, MeOH
; 3) Me,C(OMe),, p-TsOH

3) Me,C(OMe),, p-TsOH OH 0

CM reaction cis-butene diol diacetate
Stewart-Grubbs

0\

Zn, NH,CI, MeOH

. >
‘“oH Bernet-Vasella cleavage

cis-butene diol diacetate
OH QXO
Z ' S
6-
3
MeZC(OMe)z
p-TsOH

OH OH

— HOMYYK:/\



Total Synthesis of Zincophorin-Krische
Coupling of two fragments and synthesis of Zincophorin methyl ester

;I'ES ;I'ES
0 9 o
o OMe
H
TES, TES 1) TiCl,, i-Pr,NEt on on on
6-1 C3-C13 OH 0 © snCly, Thiazole AR
t-BuLi, diamine A - oMo 2) DMAP, MeOH
>

O:NMQZ (o]} S
NMeZ S

68% dr = 3:1 i-Pr 6-15

614 (+)-Zincophorin Methyl Ester

From Leighton
J. Am. Chem. Soc. 2011, 133, 7308.

6-2 C14-C25
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Total Synthesis of Zincophorin-Krische
Coupling of two fragments and synthesis of Zincophorin methyl ester

From Leighton
J. Am. Chem. Soc. 2011, 133, 7308.

TES TES
\ \

oH 0 O

1) TiCly, i-ProNEt
SnCl,, Thiazole
2) DMAP, MeOH

OH OH OH




Total Synthesis of Zincophorin and Its Methyl Ester
Danishefsky: J. Am. Chem. Soc. 1987, 109, 1572 (35 steps LLS)

OR Cossy: J. Org. Chem. 2004, 69, 4626 (30 steps LLS)
Miyashita: Angew. Chem., Int. Ed. 2004, 43, 4341 (39 steps LLS)

Leighton: J. Am. Chem. Soc. 2011, 133, 7308 (21 steps LLS)
Me Me Me J. Am. Chem. Soc. 2017, 139, 4568 (9 steps LLS)
1 R = H, zincophorin Krische: J. Am. Chem. Soc. 2015, 137, 8900 (13 steps LLS)

2 R = Me, zincophorin methyl ester .
Guindon: Tetrahedron 2015, 71, 709 (49 steps LLS)

2nd hetero-DA

H
e fMe
Ferrier reaction

allylation

Claisen rearrangement
OR OR OR

s

Mukaiyama aldol reaction Guindon

1st hetero-DA : > i
Danishefsk llenylzin ition - . i C1-C16
and disassembly pohers y allenylzinc additio C13-C25 hydrogen-transfer reaction
SN2' methylation of epoxide I alkynylation .
stereospecific of epoxide O Hydroformylation

substitution
OTES

Me
BR, OTBSOTBSOTBS

A OMe f 1 OMe
- .. asymmetric crotylation a Krische silylformylation/crotylsilylation/
methylation of epoxide Mivashit CM reaction \ . C14-C25 SOAr Tazqao ozidation/tau):om)érization
iyashita antl-CrotyIatloﬁ: -

C1-C15 Leighton C1:G16
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(Classics In Total Synthesis

Total synthesis of zincophorin methyl ester

Me
OH OH OH

I\:/Ie Me Me

1 R = H, zincophorin
2 R = Me, zincophorin methyl ester

Reporter: Fusong Wu

Supervisors: Prof. Tao Ye
Dr. Yian Guo
2020.9.21
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Review-background of Zincophorin and Zincophorin methyl ester

Me Me Me

1 R = H, zincophorin
2 R = Me, zincophorin methyl ester

HO Me Me

Me Me OH
R'=C14-C25

Isolation:

e Seperated from strains of Streptomyces griseus

e In 1984, Grafe et al. and Poyser et al. reported the isolation
Biological activities:

e Possesses in vivo activity against Gram-positive bacteria
and Clostridium coelchii at <1 ppm

e Jts salts exhibited anticoccidal activity against Eimeria
tenella W/CAM

e Methyl ester has strong inhibitory properties against
influenza WSN/virus

Structural Features:

e A challenging C8-C12 all-anti stereopentad embedded
within the C6-C13 tetrapropionate, and the trans
tetrahydropyran ring

e 13 stereogenic centers (8 contiguous stereocenters)

1. U. Grafe, et al. J. Antibiot., 1984, 37, 836.
2.]. P. Poyser, et al. J. Antibiot., 1984, 37, 1501.

3. U. Grafe, Ger. Pat., 1986, 231, 793.
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Review - Danishefsky
I. Danishefsky: J. Am. Chem. Soc. 1987, 109, 1572 (the first total synthesis)

Me 2nd hetero-DA SO,Ph
OH OH OH >< Ve 17 OTBS .
: : CHO OBz O 18—19 methylation
OMe z + Ve
. — e —
IJulla olefination N OMe Me >
Me Me
< = Grignard addition Mukaiyama aldol
Me Me Me Ferrier reaction
Zincophorin methyl ester C1-C16 C17-C25

Key reaction: 1st hetero-DA
B OMe ok

Me *
/\\
H  OBOM MgBr,-OEt, o Mg
OM TMSO *~.Re’0 |, vBOM

' o
: o\> TMSO  Me Me HT&(EJ(
VY R

Me
1st hetero-DA

1-5 Me % \ OMe L




Review-Cossy

Il. Cossy: Org. Lett. 2003, 5, 4037
lll. Cossy: J. Org. Chem. 2004, 69, 4626

25

Marshall [3,3]- sigmatropic
propargylatlon rearrangement
Lo~ )

2-3
C13-C25 Subunit

W U
o “ OH
3 7 o
MeO” 1 07: Y9 J\/
H H EtO Y
OH

OPG

2-5
J. Cossy, et al. Org.Lett. 2003, 5, 4037.

2-4 PG =TBS = tBuMe,Si (S)-Ethyl lactate

J. Cossy, et al. J. Org. Chem. 2004, 69, 4626.



Review-Cossy

Intramolecular

Chain extension oxymercuration

A

TEN >
H H :

4

3-2
C1-C12 subunit

6 ‘\\
Aldol AN Chain extension HO Bt
condensation 9 N
N 3 7 7 9
7 H” O i : OP

)
E“\\ OP 4 H ’
. N
3-6 3-7
Hydroboration 6 _NUCleOph!c 0 o
ring-opengin
S o g-openg Q) , (P = appropriate protecting group )
7 7 : — E
E\\‘\‘ OP _\\\‘ 9
3'8 3_9

J. Cossy, et al. J. Org. Chem. 2004, 69, 4626.



Review-Miyashita

IV. Miyashita: Angew. Chem., Int. Ed. 2004, 43, 4341

Me Me Me
. Suzuki coupling \ HsC = N .
OTES
4-1
TIPSO TIPSO
. tereospecific
o e tereospecific SN2' Me s . Me
Me" o Me oH °S¢€ met?\ylelltlion /\/Ej; ~ allylation /\/Ej;/\/\
¢ ] . 1 X X
= ; TIP Y (@) OA TIPSO Y O = OBn
S N SO Ty ¢ SiMe,Ph SHORC
Me OB Me Me
Me H.C A n
EtO,C CO,Et 3
46 45 4-4 4-3
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Review-Leighton

V. Leighton: J. Am. Chem. Soc. 2011, 133, 7308

Hydroformylation CM reaction

OMe
Julia-Kociensky olefination

Me Me Me
Zincophorin methyl ester 5-2 C17-C25

double Crotylation

OBn 5-4

silylformylation/crotylsilylation/ ~ 5-3
Tamao oxidation/tautomerization

J. L. Leighton, et al. J. Am. Chem. Soc. 2011, 133, 7308. e



Review-Krische

V1. Krische: J. Am. Chem. Soc. 2015, 137, 8900

Hydroformylation

o><o
H \J N

6-3 anti-Crotylation

Methylation 6-1 C3-C13
of epoxide

OH

stereospecific
substitution

Me OH

j— pr—
e

anti-Crotylation 6-4

Me Me Me
Zincophorin methyl ester

CM reaction

6-2 C14-C25

M. J. Krische, et al. J. Am. Chem. Soc. 2015, 137, 8900. Ho
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Total synthesis of zincophorin methyl ester

0 Retrosynthetic Analysis

VII. Yvan Guindon : Tetrahedron 2015, 71, 709

Julia-Kocienski
Hlia-rociens Zincophorin methyl ester

allylation ~<q OH QR QR

\

\ 07: R
H H ©
x. Me Me Me Me

7-2
radical
reduction
Me (BUZB\OTf) Me
OH OBn >y OH OBn
MeO,C ~ - : MeO,C._i _~ -
2 1ho7s OR' —— 2 e OR'
Br Me Me Me Me Me Me Me Me

7-4 7-3

Evans anti-aldol
' OR

OHC\}\M\Q’/Y\/ Me
182 "



Total synthesis of zincophorin methyl ester

[ Synthesis of the C1-C16 fragment

O oTmDps 'eaction OH OTBDPS TBDPSw)L
sequence MeO,C - - |
HJ\.) i Y\) — 1SN0 H

: y SHOR
7-7 7-8 7-9
M reaction
e M
TBDPSO ' OBn OH TBDPSO N eOH OH sequence
o CO,Me =~ o
Me Me MeMe Br Me Me Me
7-4 7-10

J. Org. Chem. 2011, 76, 7654-7676

M

Bu,BOTf  TBDPSO ~€0Bn OH
—

1. LA DIEA o0 CO,Me

SHOHZ- o - =
2. BU3an, Et3B Me Me Me Me

ir, -78 °C
7.4 air, >20:1 11,12-anti 7-3a (77%)

\

Me
) OBn OH

MesAl TBDPSO
CO,Me

- H H = =
Me Me Me Me
>20:1 11,12-Syn 7-3b(50%)
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Total synthesis of zincophorin methyl ester

Bu,BOTf
——
1. LA DIEA
TBDPSO 2. BU3SHH, Et3B
_ COMe i, 78 °C
H -
Me Me MeMe Br
7-4
MeAl
—_—
Mechani
R E
Me%\cozl\ﬂe Bu,BOTf OH oA
_ DIEA - CO,Me — 3%
-~ 2
BuBO™ &7 H Busn R % BusSnH
H-SnBus | EtsB, air Me Br Et,B, air

anti-predictive T.S.

TBDPSO

Me
TBDPSO ’ OBn OH
A CO,-M
Y O - v v 2Me

- H H - - -
Me Me Me Me
>20:1 11,12-anti 7-3a (77%)

: H H = z
Me Me Me Me

>20:1 11,12-Syn 7-3b(50%)

|'I|—SnBU3 T

H /O//AIMez
O
Me

| OMe
R

syn-predictive T.S.
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Total synthesis of zincophorin methyl ester
[ Synthesis of the C1-C16 fragment

Me BnOC(NH)CCl,
TBDPSO OBn OH 'ﬁOH,cHeﬂDCM TBDPSO OBn OBn
. CO,Me o COzMe
H 0 H H H 86% W :
Me Me Me
7-11

I

T
Tn

Me Me Me
7-3
\IVIe \Me

TBDPSO "~0Bn OBn OH BFy-OEt, TBDPSO MeoBn oBn o TBDPSO ~"~0oBn 0Bn OH

. ~_CO,Me _DCM,-78 °C_ | o

SHCOR: D OTES Y > ~DMP, DM SHCOR: D

Me Me Me Me SePh Me Me Me NaHCO3 Me Me Me Me

H. .~ quant.
74%, dr 13:1 (7-14a : 7-14b) OMe 7-13 7-12
SePh

Me Me
BusShH, Et,B TBDPSO OBn OBn ?R 1. DIBAL-H, DCM TBDPSO OBn OBn ?Bn
0 CO;Me 2. DMP, NaHCO;,DCM o - CHO
: qo:ooz - SH R: I :
98% Me Me Me Me
717

air, DCM
l\:/Iel_| I_|l\_/le Me Me

88%
7-15 (R=H)
92%
7-16 (R=Bn)




Total synthesis of zincophorin methyl ester

\IVIe \Me
TBDPSO ~"€oBn OBn OH TBDPSO ~"°0Bn 0OBn O
| DMP, DCM _ !
Y O - Y v Y — Y O = v v

Z H H :z : = NaHCO;4  H H : z =
Me Me Me Me quant. Me Me Me Me
712 7-13
Mechani
Dess-Martin oxidations
OAc - -
AcD R AcO OAC R OAc
OH k
-"":'.‘:“--.,___>| =] F".'>_ .-____"'-.-‘:K-.ll --'.D*__f%p.' - .'.[-,'LOE T ~1: 0
" LS C'.-‘:".L, - e :? ' - i N )I\
0 ——— [ [ o { CH; I ] o -+ .
- AcOH (o= "ACOH - S A ROR
% o \ Carbonyl
0 O 0 compou nd
DMP diacetoxyalkoxy icdinane
periodinane
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Total synthesis of zincophorin methyl ester

\\Me BF3'OEt2
TBDPSO OBn OBn (l) DCM, -78 °C TBDPSO
Do NN OTES

M
€0Bn OBn OH

! ! CO,Me
- H |:| - - - - H |:| - - -
Me Me Me Me H. -~ OMe Me Me Me Me SePh
713 Seph 74%, dr 13:1 (7-14a : 7-14b)
Mechani
Mukalyama aldol reaction
@éM Mejs Me.six o o aqueous HO O
- Me,Si work-up
_ = S _ =
" CJ\ (, RJ\_)LF% R1/k__)J\R3
R2 R2
Transition states for Z-enol silane: Transition state for
E-enol silane:
- AT T : Tor ok r LA T
oy R , H HO O 0
R2 H R? H A R H /k/u\ R2 H
R H H O‘LA el RU| 77 R YT "Ry T | g H
2
Me,Si0” R Me;Si0”  "R® Me,Si0” "R° di : R®” T OSiMe,
A(favored) ~  B(unfavored) ~  C (unfavored) ~ anti diastereomer - G -
Chelation control:
i LA T Tr * r LA I*
-~ R1 H P ~
Ho2 R H  R? Ho S R? s R T
LA. HO O
1 H 0. "0 R! - - 1
R H \LA R Rs R
R¥” OSiMes R "OSiMe; R®”  "OSiMes R2 R OSiMes
D (favored) =~ E(unfavored) = F(favored) syn diastereomer - H -
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Total synthesis of zincophorin methyl ester

[ Synthesis of the C1-C16 fragment

Me Me 1.9-BBN, THF
TBDPSO ~*""0Bn OBn OBn TBDPSO *""0OBn OBn OBn NaOH, H,0,
| ‘. _CHo MePPhsBr | : 2. PivCl, Pyr. DCM
o NS - - nBuLi, THF e NS . . X
- H H - = z o > - H H - - = 90%
Me Me Me Me 74% Me Me Me Me
717 7-18
Me Me
0 *7"0OBn OBn OBn 1. TBAF, THF TBDPSO **""0Bn OBn OBn
| : OPiv 2. DMP, NaHCO3, DCM | R OPi
Meo Z H O lil Z Z Z v Z H O }El Z Z Z Y
Me Me Me Me 3. NaClO,,NaH,PO, Me Me Me Me
1. Ha, PA/C, MeOH 2-methyl-2-butene, BUOH
2. TBSOTT, 2,6-lutidine 7-20 4 T,\TSGCF{N |\>|J %‘ﬁ}t IU 7-19
3. K,CO3, MeOH . 2, Ve oluene
HS N
N
Me TBS TBS TBS Ny
0 0 O Ph
| OH
MeO™ ™ 1 O,i, NN 1. DIAD, PPhy, THF _ . _
Me Me Me Me 2. (NH4)gM07024+4H,0 - H HZ= v v O
H,0,, EtOH Me Me Me Me
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Total synthesis of zincophorin methyl ester

M M
TBDPSO ~"€0Bn OBn OBn TBDPSO ~"®0Bn OBn OBn
: CHO MePPh3Br -
SN RN nBuLi, THF Do NN N

S H H: : = S —— :H

Me Me Me Me 74% Me Me Me Me
7-17 7-18

TIn

Mechanism

Wittig reaction

2 * Cw
y fFut o N s RE ¥ .
T, e |HA >0 e HFR kiR “x O ot R0 L\ .
Hmlﬁhp'ﬂ”ﬁ klﬁpuﬂ‘ Y. R? 'K-Lr‘“ A‘“‘|‘/KF'|H s
R'-" -6._ 3 "Q, =] P' H :':- 4
> St T
trans _E'ZF'x]Ja ois
betaine betaine
1 kfasl 1 I':'f.5'|51
F'\':" H.".- = H1 :|3P=U H L R:j F‘!--'I H - |'H.I :|3P=U F'\_':'\' F'l':" -
0 Salll S ) ﬂ J { —0 Kt O
& ,f'd | HZ . - H o ", — ,‘__;_1.4 — & 1
B(R). —P(R); R H L p(R1). PR
RZ S RZ (E)-Alkene| |(Z)-Akene R S R2
trans oxaphosphetane minor major

cis oxaphosphetane
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Total synthesis of zincophorin methyl ester

M
0 ~"®0Bn OBn OBn

. : OPi

HO” o 2" > W

H : z z
Me Me Me

Me
7-20

Mechanism

© &,
ClO, +I H,PO;
‘0: H
: /d_-\-.w/ N
o+ 2 =
R H +3Q:|Jlr
aldehyde ‘*6}

chlorous acid

NaClO,,NaH,PO,

Me
O] *© OBn OBn OBn
2-methyl-2-butene, tBuOH | o : OPiv

- H H - - -
Me Me Me Me
7-19
Pinnick oxidation
. . . H;C CHj
side reaction scavenging
2ClO, + CI" + OH = ' == HO
+3 y
2CI0, || 2-methyi-2- M€ Cl
B 7 butene
& H 0, 0
D H "{t\ *3 )J\
Cl 0. +1
R)@ H”D““Pof’v* HOC T RT O
~ _.Cl. hypochlorous Carboxylic
070 | R ) acid acid
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Total synthesis of zincophorin methyl ester

Me TBS TBS TBS
o o d

- H = - -
Me Me Me Me

7-21

Mechanism

Step #1:
COZEt irreversible

F‘:N“;z addition
EtO;gC :Ppha
Step #3:

H  CO.Et
— P.T.

N NI) J\ e,

0L PPhE

N\N/

Mitsunobu reaction

Step #2:
o JCDzEt
N—N H—Nuc -
¥ | -
EtO,C  PPhs
®
zwitterionic adduct
Step #4: ®
H  COEt o~FPhs

;N - N\ + /I\J

EtO,C H R \Rz/\:wuc

0]

XY eo/TEss TBS TBS

)

SzO
Th© : ko)
Me Me Me Me
71
3 CO,Et
A - £ fa
,N 'T‘l + ‘Nuc
E1O:L & pph,
MNuc
Sy2 A~
o % R’ R?
Substitution

with inversion
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Total synthesis of zincophorin methyl ester

[ Synthesis of the C17-C25 fragment and Coupling of two fragments

1) TFA, MeOH

MgClp, TEA o O OTMS 2) PMBOC(NH)CCI; O O  OPMB
TMSCI, EtOAc JS TfOH, cHex/DCM
OHC N~ NP NF
= 0 0 @) : O\/’ :
Me Me )J\ \/’.,/ Me Me Me -, Me Me Me
(e) N’ZS Bn Bn 7.97
7-6 N 7-26
B 1) LiBH,, MeOH, Et,0
7-25
2) DMP, NaHCO3, DCM
O OPMB
KHMDS, DME
+ H Y =
Me Me Me
7-5

Me TBS TBS TBS
o 0 0

1) DDQ, buffer pH 7
- 2) TBAF, THF MeO

Me Me Me
Zincophorin methyl ester 7-28
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Total synthesis of zincophorin methyl ester

o 5 o O OTMS
M MgCl,, TEA )\
o N JS L OHC~ TMsclLEtoaAc o N Y
»_Me Me Me \/' Me Me Me

Bn Bn
7-25 7-6 7-26

Mechanism

Evans’ anti-aldol

Org. Lett. 2020, 4, 1127
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Total synthesis of zincophorin methyl ester

Me__TBS_TBS TBs Me [BS [TBS TBS
0" 07 0 oo

MeO O OPMB KHMDS, DME MeO
—_—
+ H =
N~y :
=s—< Me Me Me

Mechanism

Modified (One-pot) Julia olefination

R'._0U ; ; :
N \E g g - L+
L —_— - P—— —_—

0"b R\%%H R\f_R.;\H
R H
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Total synthesis of zincophorin methyl ester

0 Retrosynthetic Analysis

VIIl. Leighton: J. Am. Chem. Soc. 2017, 139, 4568

Hydroformylation

first-generation
synthesis

Hydroformylation

OMe anti-aldol
reaction

L

Suzuki cross-coupling =

________________

H H
Me Me Me

Zincophorin methyl ester 8-1 C11-C25 8-2 C1-C10

OPMB O OH

PMB_
- BPi * It O/>
NN n
X
r\é/\(\l/\/ Br/\/l\l/l\o Hj\l/l\é/\
8-3 8-4

8-5
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Total synthesis of zincophorin methyl ester
[ Synthesis of C11-C25 Fragment

OPMB OPMB
X - X 10 mol% HG-II = X - X BPin
: BPin :
= X
68% (20:1 E:Z
8-6 DCM, reflux ’ 2_3 )
. first-generation synthesis
Mechanism e
alkene (olefin) metathesis
- PCys CYST CYST CY3F|’ o
{Cl R \Cl _ RN
T W - CH,=CHR o
I ][+ PCys C‘I-/Ruz‘ —= ClI—RU 2 s~ ClI-Ru
R /1_7\R 7
B Ian ¢
PCys PCys R' cis R
| \\CI R * ' - | \\‘\CI\\R . o
(Ru" R - CI;RU__‘ metallocyclobutane :gg’ni’ggciﬁz
cl ‘ - = N ‘ intermediate catalytic cyole
PCy; R PCys
CysP CysP
1 Bhocl Sy o y3| Cl
+ PCys | R | 7R - CHp=CHR X
P >~ W - 2- —Ru
Cl—Ru=— —» Cl—RuU—" —— < = » Cl-Ru
- PCy; | I K
r” R' R

trans
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Total synthesis of zincophorin methyl ester
[ Synthesis of C11-C25 Fragment

1. Rh(acac)(CO), 18K(":”V'DS . /ﬁ
(R,R)-Ph-BPE -Crown- PMBO O
o 5 H,/CO, PhCH o O/?) PMBCI, Et;N _ 4
_><H 2. allylSiCly, DBU 7 H THF, -78 °C to 0 °C H
8-8, DCM
8-7 89 1%, 20:1 dr 8-10
Ph
R e NHMe
vacle™
Ph PR
(R,R)-Ph-BPE 8-8
. OPMB 5 mol% Pd(OAc),
1.1.5 mmol% OsOy, NalO, PMBO O ) : 5P 10 mol% P(tBu),Me
2,6-lutidine, dioxane, H,0 O + <N >
Br H NaOH, dioxane, 55 °C
2.NaBH,, MeOH, 0 °C H
8-4 8-3
3. PPh;, CBry, EtzN, DCM
79% (3 steps)
OPMB  PMBO O
OPMB  PMBOQ g b TMSOTf N NN y
N X H  2,2-bipyridine :
= DCM, 0 °C 8-12 81% (2 steps)

8-11



Total synthesis of zincophorin methyl ester

Ph Ph
1) (Rh(a)cac)(CO)z S NHMe
R,R)-Ph-BPE <
, HO t-Bu
9. O Ho/CO, PhCH3 QH 0/7) [ iP\/\P\ ) <:>_NH
_><H 2)allylSiCl, DBU 7~ b Ph  PH
8-8, DCM -Ph- 8-8
87 8-9 81%, 20:1 dr (R.R)-Ph-BPE
Mechani.
Hydroformylation
H
H’P":F:n—ma
HPY ¢o
o “'-PH_,
Et)I\H =
reductive
elimination ']'
o, JEt ¥ o, JEt /,L—; HgP—Rh—PH, -~ = b\‘d s $
c r-bon » H i
Pt HJP?: f: Osg ° coordination H"’?;'qnf/ HSP':;Flfhﬂ“c“z
17 o K" co 0c,, /M HPY Lo HP™ co
o .
{xidative PHs hydrometallation
addition
Et Elt
v 4 HP-Rh—CO
HP., Flih —‘I‘I AHE
HpY Lo M o CHy GO coordination .
“-.... Ho coordination OCu, ™ o
T PHy g Hp? | =0 ocy, ? - .
h-c’ ! 3 " Rh-CO
: OC-Fh-C{ He? ) co
H, PH, -— & PHy

carbonylation
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Total synthesis of zincophorin methyl ester

Ph
1) Rh(acac)(CO), o NHMe
(R,R)-Ph-BPE N HO  tBu
a b H,/CO, PhCH ¢H 0/73 P—"R <:>_NH
_><H 2)allylSiCl, DBU 7~ b Ph  PH
8-8, DCM Ph- 8-8
8-7 8-9 81%, 20:1 dr (R,R)-Ph-BPE
Mechani
A i. DBU, CH.CI.
p-BrCgH, i i Hemove%]HZClz {"' "}ErCEH‘:q‘
M

NHCI /\/J\ and filter DBU-HCI
salts, w/ pentane .
+ Cl3Si A g S NPT /S'/\")\HE
iii. Recrystallize g \GI
"NH,Cl

iv. Add 0.04 equiv \L__
Sc(OTf), and mix pBrCeH,

+ 0.04 equiv Sc(OTf);

H
R\ . OH O/w
H R1 4 \ /N. —_— S @)
/. __J0---si—N g
}z\/ F’{
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Total synthesis of zincophorin methyl ester

PMBQ 0/73 1.5 mmol% OsO,, NalO, PMBO Q)
> 26-lutidine, dioxane, H,0 7 o
H Lemieux-Johnson oxidation H
8-10 8-4
‘Mechani.
R'R2C—CR*R*
Stepwise [2+2 Rl Bg .
rrJem’rrE.'rr{smJr Sta%here R2a “.R* Enantiopure
T 7 cis vicinal diol
_Os =~ HO OH
L O&'} O
1 = 1
o R 0 /L Rz |* 9 5 R ,
O R? 5 o=l + alkene - R® o=~ “éR
Q=7 -R ~0s=0 0" N\ . /,/Os\ “-\(_Rg
o ©O 4 o” | Concerted [3+2] o=l . R - 0
DSMHDXE[HV‘IER I— mechanism -;;OS _O R4
o~ trioxoosmium(VIII)
glycolate

stoichiometric

— Il 2 . \R oxidant
0] ,/OSQ ) iR( . rearrangement o R3
o” | o | /R

4
o} | asmium(VI)
L glycolate
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Total synthesis of zincophorin methyl ester

PMBO O/w
O

PMBO 07 )
O PPh,, CBry4, Et;N, DCM Br
>~ H
8-4

HO
H
8-10

Mechanism

Appel reaction

“OH '|
N

A -
> o s
\_\‘d’J =

CC|4 4N L] _ l'\‘ Y ] .y
P —P=Cl "V ol S ¢ Y—pP-C O R
. I ™, —/ |

VRN
<Y — | N
\— \—/
r- ~ [_,,_, ‘[I \ "",IMT
g = H -
2 -\~ 4
1 ahe
3
e
| N ﬂ_”//'] ¢/~ Tl
~F | N
Y cl 7 N\ _pta~
¢ Hp=0 + [ == R
-\_{) 1 "H f?\n
)
6 5
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Total synthesis of zincophorin methyl ester

oPMB 5 mol% Pd(OAc),
: BPin PMBQ O/?) 10 mol% P(t-Bu),Me ?PMB PMBO O/ O\
X
: h toBr H NaOH, dioxane, 55 °C 7N X H
> 54 8-11

Mechanism

Suzuki cross-coupling

L,Pd©
1_ 2|
R'-R RZ2—X
reductive oxidative
elimination addition
L R'-B(R)z + M'(OR)
organoborane base
e X
Lin.1yPd 4
(n-1) N (1)
R2 L,Pd \R2
Cl)R
R'-B(R),
<] M*("OR)
transmetallation borate metathesis
2
L+ RO—?(R)Q
M*(X
OR  OR (X)
L,Pd"
R2
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Total synthesis of zincophorin methyl ester
[ Synthesis of Tetrahydrofuran Fragment

0 0 _ (pima > I o OH
[\ 0.09 mol% Rh(acac)(CO), (0] '
o PhCHj, 23 °C T8\
O. .0 0.45mol% (S,S)-Ph-BPE 3 Me—//4=G5 L |~ X
K , L, then 2M HCI HI R :

200 psi HZ/CO PhCH3

8-14 H uro 8-5
8-13 53%, 81%ee O 0 _gq 80%, 20:1 dr
s S) -Ph- BPE Q s
NJ(S
1 mol% Rh(acac)(CO), D H o _ )\/ 8-17
6 mol% PPhs, H,p/CO o~ "OH Ac,0, DMAP i-Pr
THE. 50 °C g pyridine, DCM HO OAC Ticl, iPrNEt
’ 8-15 96% 8-16 DCM, then SnCl,
-78 °C to -30 °C
_ _F
ol
o T 0 0O s o) 0
|
9 TMe NA o2 NJ( DMAP, MeOH o0 OMe
o S 68% H H S > H H
hOH H)—/ a 91%
P oqs P 8-2
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Total synthesis of zincophorin methyl ester

0o S
AL
«%% i-Pr” o5
6" OR OR 25, TiCl4, DIPEA, DCM Bno
BnO f ) 0~ DO0Ac then add SnCl,, 27
SET
27aR =TES 0o H 28a trace product
27b R,R = C=0 R 28b 91% yield
o_.0 25, TiCl4, DIPEA, DCM trace product

H 0" OAc then add SnCl,, 29



Total synthesis of zincophorin methyl ester
O Coupling of the C1-C10 fragment with C11-C25 fragment

Cy,BCl, Et;N, Et,0, -78 °C

o OMe
H H 1.7:1 dr, 53%

OH OH OH

catecholborane
DCM, -10 °C
then DDQ, H,0

78%

(+)-Zincophorin Methyl Ester

13

9



Total synthesis of zincophorin methyl ester

PMBO 0]

O 0]
CyzBCL Et3N, Etzo, -78 OC

= OMe
H H 1.7:1 dr, 53%

8-2

0 0 Cy,BO 0
A CyzBC|, Et3N, Etzo, -78 OC
- M > = z
g OMe L e OMe

disfavored favored



Total synthesis of zincophorin methyl ester

PMBO O 0 o) PMBO OH O o)
' i. 11, Cy,BCl, Ets;N :

i.add 1 equiv. 30 & A0 OMe

4:1dr

31
PMBO ° OH O 0

i. 11, Cy,BCl, Etz;N : _
ii. add 1 equiv. 32 A 807 OMe

1.6:1 dr

33

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Aldehyde Ratio (SU:31)
— C7-C8
Entry R= (g'yn:ann)) ”””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””
a \/T 1 5.5
b /L"T 1 4.5
c \/T 1 1.3
d \/\/\r 1 2.0
| 33
¢ TMS'&,\I/
f Ph]/ 11 1.0

J. Am. Chem. Soc. 1999, 121, 7050-7062.
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Summary
Total Synthesis of Zincophorin and Its Methyl Ester
Danishefsky: J. Am. Chem. Soc. 1987, 109, 1572 (35 steps LLYS)
Cossy: Org. Lett. 2003, 5, 4037 (18 steps LLYS)

J. Org. Chem. 2004, 69, 4626 (30 steps LLS)
Miyashita: Angew. Chem., Int. Ed. 2004, 43, 4341 (39 steps LLS)

Leighton: J. Am. Chem. Soc. 2011, 133, 7308 (21 steps LLS)

2 R = Mo sineaphorin methyl ester J. Am. Chem. Soc. 2017, 139, 4568 (9 steps LLS)

Krische: J. Am. Chem. Soc. 2015, 137, 8900 (13 steps LLS)
Guindon: Tetrahedron 2015, 71, 709 (49 steps LLS)

O Synthesis of Tetrahydrofuran Fragment

O s
AId;)I R . HJ\NJ(
m Intramolecular :a-c - H © OR2 )\/S
3 |7 rische

0]
)Kj’i 5 L oxymercuration 2015 i-Pr
X1 Y HOH R 9 OP Leighton
= c2(:)s()54y 0 2011, 2017
1
k H?* R 0 i‘rJJ\OR OAc
MPH H Me Ferrier reaction
R aII.yIatio.n Dan;sgt;;;fsky R l + /\/\TMS
O OAcC Miyashita o)
H 2004 H
+ Me

SiMe,Ph
/\/'\/OBn 142



Summary

Miyashita (2004) O . 'l
/\A/\/\ Me,Culi
1. HO Y —> HO v =
: SN2' —
- methylation Me Me Me
OH OH OH

[(NER
[NERE
[INN]

Leighton (2011)

RUe ) ) '
O,SLH i. 1 mol% Rh(acac)(CO), 3i /O )
é 1000 psi CO, PhH O-ol \ crotylsilylation :
N N —_—
R silylformylation R H
OH OH OH -
ii. Hy0,, KF, THF/MeOH R tautomerization
- R A AN reaction
Tamao oxidation
Krische (2015)
OH OH oA (s)-I--SEGPHOS OH OH Iz (300 mol%)
/\( c K,CO3, Ho,O _ : “ NaHCO; (250 mol%)
+ > v >
THF, 70 °C : MeCN, -20 to 0 °C
two-directional double ] iodoetherification
anti-crotylation (symmetrical)
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Summary

Danishefsky (1987)

Q  OBOM MgBr,-OEt, Me

H ; o)
: .\> TMSO  Me TMSO
: o)

Me / \ OMe

1st hetero-DA

M

Bu,BOTf  TBDPSO ~%0Bn OH
>

Me 1. LA DIEA o CO,Me

Guindon (2015)

- H H - z z
2. aBil:3S;:;§t3B Me Me Me Me
OR!' ’ >20:1 11,12-anti 7-3a (77%)
hydrogen-transfer
reaction

T

H
Br Me Me Me Me

Me,Al TBDPSO
>

- H - -
Me Me Me Me
>20:1 11,12-Syn 7-3b(50%)

Leighton (2017)

OPMB

PMB_
: . + O O/>
anti-aldol reaction X X BPin /\/|\I/[\
. — Br o)
Suzuki cross-coupling

9LLS

Me Me Me
Zincophorin methyl ester
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Thank you

for your kind attention



