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) Introduction

Epothilonesfamily

H; epothilone C
CH;; epothilone D

: R =H; epothilone E
: R = CHj; epothilone F

; epothilone A

2: H 3
3: CHj; epothilone B 4:
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Isolation:
Metabolites produced by the soil-
dwelling myxobacterium Sorangium
cellulosum.

Biological activities:

A The epothilones are a class of
potential cancer drugs.

A They prevent cancer cells from
dividing by interfering with tubulin.

A Epothilones have better efficacy and
milder adverse effects than taxanes.

H; epothilone A \g>\/\p/°

- o OH (]

CHs;; epothilone B

2:R
3:R

Structural Features:

A 7 stereogenic centers

A A thiazole moiety, a cis-epoxide and a
geminal methyl groups at C4

A A array of three contiguous methylene
groups

A Acyl section containing four chiral
centers.

H.Reichenbach, et al. Angew. Chem. 1996, 108, 1671 -1673. 4



C2-C3 aldol

bond construction —<\
C11-C12 Suzuki
bond construction

S
6 -. Approach 1 \N Approach 2 ,.°° 5
R =H or Me R=H or Me
C9-C10 bond construction a } C2-C3 bond construction
R
L d AN

.""Approach 4
2: R = H; epothilone A
3: R = CH3; epothilone B

opP
<4 ¢2.C3 aldol

“,, ~bond construction

C11-C12 Suzuki
bond construction

R =H or Me
X =0 or -H, a-OP 6

R =H or Me
015-C1 bond construction

C12-C13 bond construction



Aldol reaction

Approach 2
C2-C3 bond construction
strategy —
2: R = H; epothilone A
3: R = CH3; epothilone B
Yamaguchi
—<\ macrolactonization

Approach 3o
015-C1 bond construction

strategy R\

Suzuki coupling/

H; epothilone A
CHj; epothilone B



Approach 2 and 3 Suzuki coupling Strategy)

Synthesis ofSuzuki coupling partner compound 68

titanium-mediated

OMe cyclocondensation
TiCl,, CH,Cl,, -78 °C;
CHO X then CSA, PhH, rt LiAlH,, Et,0, -78 °C OBn
BnO/\r . > > v
oTMS 87% 91% OH
35 36 38
A cyclopropanation under modified
Conia-Simmons Smith conditions
Etzzn, CH2|2, Etzo, rt
0,
OMe OMe Oxidative solvolytic 93%
Reductive deiodination fragmentation H
OBn Q o, n-Bu3SnH, AIBN (cat.), PhH OBn ~.,,,/| NIS , MeOH, rt OBn
- -
“OH 80% (two steps) “OH v “OH
41 40 39
triphenylsilylation
Ph3SiCl, imidazole, DMF
97%
Qe t-BuMe,SiOTF
-sulviezsl OBn OTBSOTPS
OBn O y HS/\/\SH OBn (:)H OTPS CH,Cl,, 0 °C . =
- ‘y S
. TiCl,CH,Cl,, -78 - 40 °C SN\ N S\
¥~ “OTPS 26 | N
H o
42 43 % 44
98%



Titanium -mediated cyclocondensation

OMe
TiCI4, CH2C|2, -78 °C;
CHO AN then CSA, PhH, rt
BnO/\‘/ . ' ot
Z OTMS
35 36

Mechanism

\\-R

m

zZ
ol'é =S
™ ~+_.._._..._)
Lg

Danishefsky, S, J, et al. J. Org. Chem. 1996, 61, 8000.
Clardy, J, et al. J. Am. Chem. Soc. 1979,101, 7001.



Simmong Smith cyclopropanation

OBn 07 X Et,Zn, CHyly, Et;0  0oBn
K/z\ ’ >
“OH

38

Mechanism

3 e
R2 o R Et\z o H,
- Etl R :R“ N - EtZnl 2 3
ZnEt, + CHsl, ——» EtZnCH,l - CH, B —— R%.,. / \.«R
Rzr,_ ": i‘ l\\Rs R1 R4
R1 R4 Substituted cyclopropane

butterfly-type TS*



NIS , MeOH, rt OBn

Mechanism
I
H O S 0O H
DMF |//
R R ® Unactivated cyclopropanes
N * Mild reaction conditions
| o Excellent regioselectivity
[
R 8
R1
——
MeOH | N 0"
S P
R 10

>

O NBS

AN

R

0
®
A
% O
ROH ¢
HN
o]

R OR
10

Y.-Y. Yeung, et al. Adv. Synth. Catal. 2020, 362, 2039 - 2044.

@GN HJLNME
1} 2

o}
H ON
A@,Me
R (8} l?l
Me
B

o}

o]
H,0
HN + HNMe;
o

10



Reductive deiodination

OMe OMe

OBn O %, | n-BusSnH, AIBN (cat), PhH OBn O

o :
“OH “"OH
40 41
Mechanism
Mechanism: Another radical chain reaction
Initiation
N N AIBN is an initiator N
N O e N . s
(5 I
N CN
Bugsrr;\—H m é B H_e BuzSne
Propagation ~ C-Br bond weak regeneration of _
chain carrier ¥
/\ '\o ': =
Bu;Sne B R ——— | BugSn—Br R
Buas,an e R ————>  >Bussn* H R

+» Chain termination by variety of processes

*» Relative rates of each process allow selective formation of carbon centred radical
* Tributyltin (TBT) propagates chain

11



Approach 2 and 3 Suzuki coupling Strategy)

Synthesis ofSuzuki coupling partner compound 68

DDQ deprotection Bn group
Swern oxidation

oY () COC), DMSO, CHyCly, 78 °C TeSQ  oTPS
1 23 ’ 2Vl = ° ’ =
BnO " oS\ then EEN s
/\r\m - OHC e "',’ SA
81% (two steps) = -
44 65
Wittig reaction
MeOCH,PPh;Cl, t-BuOK,THF
86%
Hydrolysis
Wittig reactions
TBSO  OTPS (i) p-TSOH, dioxane/H,0, 50 °C; TBSO  OTPS
A s (ii) CH3PPh3;Br, NaHMDS, PhCH; "MeO S
X , B - A
z > 76% (two steps)
67 66

PhI(OCOCF;),, MeOH/THF, rt
92%

TBSQ  OTPSOMe'

/
o
=
(]
[
/
\
/
O
—
w
(%

suzuki coupling partner compound another suzuki coupling partner compound

vy vy

epothilone A epothilone A



Swern oxidation

TBS(:) OTPS TBSO OTPS
; (COCl),, DMSO, Et;N =

HO A » OHC ST\
44-1 65
Mechanism
O O
/‘H 0 CO,
cl Cl o)
0 0" 2 G)Sf e o
S. > s — > _S_ P 8k
B e e o ¥ s
78 °C S
Cl~ 4
1a 1b 3 co
HO. H cl
R1><R2 & s - N Me,S
(é)l o 5 O ny Base (')>‘\<H f )OJ\
2N N R1><Rz R” "R? .78°C RY "R?

13



Wittig reaction

MeOCH,PPh;ClI, t-BuOK
> MeO

TBS(_) OTPS
OHC/A\T/A\?/l)K:\gi:Z\
65
Mechanism

H
RS"@_ RS
trans
betaine
l{ kfast
3 - (R’
RE;/ o ‘ RY (RY)
’ 0 fast ‘) 0]
@ (‘l 1
P(R"); P(RY);
R R?
trans oxaphosphetane

(E)-Alkene

minor

RS
I

R2
(Z)-Alkene

major

TBSO  OTPS

1
PR =P
cis
betaine
1kfast
- (R")3P=0 g3 RS o
O kfast @)
7A| _— ®
1 P(R)3
ot TR R2

cis oxaphosphetane

14



Deprotection of Dithiane with bis(trifluoroacetoxy)iodobenzene

TBSO  OTPS

TBSO  OTPSOMe

$~7\ PhI(OCOCF;);, MeOHITHF OMe'
68
Mechanism
(TFACTFA i TFA- T
s-I-
TFA ® | Ph
4:%7::7 Ph_TFA 4
£&N” GN  CFaCO-H /—S ® CN R
2a . 9 H TFA | L 10 H TFA™
leo
TF
S (TFA),IPh S A?Ph 0
2
: — |5 Py g
E\‘SO L\S o X 7
14 O 13 12 11a

Y. Tu, et al. J. Org. Chem. 2001, 66, 6502 - 6504.



Approach 2 and 3 Suzuki coupling Strategy)

Synthesis ofSuzuki coupling partner compound 75

(i) Me;SiCCLi, BF;*OEt,, THF, -78 °C;
(ii) MOMCI, i-Pr,NEt, CI(CH,),Cl, 55 °C;

O MomMoO, H
RO\A (iii) PPTS, MeOH rt - HOM
62% (three steps)

TMS

71
Dihydropyran, PPTS 69: R=H | o
CH,CI,, rt (i) (COCI),, DMSO, CH,Cl,, -78 °C;
o R then EtsN, -78 °C to rt Classical transformation of the

(ii) MeMgBr, Et,0, 0 °C to rt;
(iii)TPAP, NMO, 4 A mol sieves
CHzclz, 0°Ctort
80% (three steps)

s \ 0
“<\N PPh, momo, H __~TMS
26 . =z
26, n-BuLi, THF, -78 °C;
then 72, THF o
97% 72

primary alcohol to a methyl ketone

Emmons reaction

lodination | (i) NIS, AgNO3, (CH;),CO;
Reduction | (ii) dicyclohexylborane, Et,0, AcOH

42% (two steps)

:S s
N (i) PhSH, BF3*OEt,, CH,Cl,, rt \ \
N oot 2w [ M ' th f75
(ii) ACZO, pyr, 4-DMAP, CH2C|2, rt ore concise syntneses o N |
OMOM . OAc -
86% (two steps) - CHO

10

Deprotection of MOM
Acetylation

16



Approach 2 and 3 Suzuki coupling Strategy)

Synthesis ofSuzuki coupling partner compound 75

(i) Me3SiCCLi, BF3*OEt,, THF, -78 °C;
(i) MOMCI, i-Pr,NEt, CI(CH,),Cl, 55 °C;
(iii) PPTS, MeOH rt

62% (three steps)

0
SRA
Dihydropyran, PPTS 69: R=H
CH2C|2, rt
73% 70: R=THP

Emmons reaction

S o)
,<\ \ I
Y PPh,
26

MOoMO, H
> HOM

26, n-BulLi, THF, -78 °C;
then 72, THF

97%

lodination | (i) NIS, AgNO3, (CH3),CO;
Reduction | (ii) dicyclohexylborane, Et,0, AcOH
42% (two steps)
S
—4 _
N (i) PhSH, BF3*OEt,, CH,Cl,, rt ;

86% (two steps)

Deprotection of MOM
Acetylation

T™MS

71

(i) (COCIl),, DMSO, CH,CI,, -78 °C;
then Et3N, -78 °C to rt;
(ii) MeMgBr, Et,0, 0 °C to rt;
(iii)TPAP, NMO, 4 A mol sieves
CH,Cl,, 0°C to rt
80% (three steps)

TMS
MomMo, \H
\IM
(o)

72

Classical transformation of the
primary alcohol to a methyl ketone

(ii) Ac,0, pyr, 4-DMAP, CH,CI,, rt
oM -

&
More concise syntheses of 75 N
OAc B |
B — 10 CHO

17



Approach 2 and 3 Suzuki coupling Strategy)

Synthesis ofSuzuki coupling partner compound 75

(i) Me3SiCCLi, BF3*OEt,, THF, -78 °C;
(i) MOMCI, i-Pr,NEt, CI(CH,),Cl, 55 °C;
(iii) PPTS, MeOH rt

62% (three steps)

0
SRA
Dihydropyran, PPTS 69: R=H
CH2C|2, rt
73% 70: R=THP

Emmons reaction

S o)
,<\ \ I
Y PPh,
26

MOoMO, H
> HOM

26, n-BulLi, THF, -78 °C;
then 72, THF

97%

lodination | (i) NIS, AgNO3, (CH3),CO;
Reduction | (ii) dicyclohexylborane, Et,0, AcOH
42% (two steps)
S
—4 _
N (i) PhSH, BF3*OEt,, CH,Cl,, rt ;

86% (two steps)

Deprotection of MOM
Acetylation

T™MS

71

(i) (COCIl),, DMSO, CH,CI,, -78 °C;
then Et3N, -78 °C to rt;
(ii) MeMgBr, Et,0, 0 °C to rt;
(iii)TPAP, NMO, 4 A mol sieves
CH,Cl,, 0°C to rt
80% (three steps)

TMS
MomMo, \H
\IM
(o)

72

Classical transformation of the
primary alcohol to a methyl ketone

(ii) Ac,0, pyr, 4-DMAP, CH,CI,, rt
oM -

&
More concise syntheses of 75 N
OAc B |
B — 10 CHO

18



Deprotection of THP with PPTS

T™MS
Momo, H iii) PPTS, MeOH rt MOMO_ H
THPO\M o I oHoL . A

70-2 7

TMS

Mechanism

R O —» R ﬂzl\/j -
0" o RN N b
H \

1 equiv R

I‘|‘

MeOH \
9 Y. excess '*

—@—s—o H-N’ N\
e e ) 0
catalytic —
Me _+
™ 0 Me.,o O

H 1 equiv

19



S \ o ’<\
1
- <\N PPh,
26
y
n-BulLi
72
08 el -
RO P Base M — RO,, u RO P
OT? 2 - H-Base RO"(P F OR' \)J\OR' RO
H RO LTV
phosphonate ester phosphonate carbanion R, R' = alkyl
M ¥ M
RO 9 _,' 0 kami addition ?( “O 0o ksyn addition
/ Pf P (fast) RO P _— + R3J\H (fast)
‘ OR' - ' -
(.), ROI OR
i phosphonate carbanion aldehyde
H™ "R®
TS (anti) 0 0
kanl\ RO! 'P“‘ e RO .P\ e
|l (faster) RO( © RO‘f
@0
kcls MO‘ OR RS R3 MO OR kIrans
(slower) _poV " (slow)
== (X ~oRr [ = OJP*‘OR -
H . J RDS
=¥ “cor COR COR RS TCOR'
ois (Z)-Alkene (E)-Alkene frans
oxaphosphetane minor major oxaphosphetane

= !
ro” 4, OR

R3 H
TS (syn)
ksyn

20



: ,OMOM N-iodosuccinimide, AGQNO;

Mechanism
LAuNTf, NXS
R——— — R——[Au) -
HNTf, — LAuUNTf,
2 4
-

R——SiMej; @ :

x 1 - -

N X

NY ~ 11

10 Y =H, AuPPh3 or SiMe;

T. D. Sheppard, et al. Adv. Synth. Catal. 2012, 354, 3217 - 3224.

R'=Hor SiMEg

21



More concise syntheses of 75

Asymmetric allylation S — S -
(a) Allyltri-n-butylstannane, ’<\ \ . . -—<\ \
S (S)(-)-BINOL, Ti(Oi-Pr),, CH,Cl, : N () 0504, NMO; \
— (b) [(-)-Ipc],BCH,CHCH,, Et,0; L or i) NalOg, THF/H,O; I
N then 3 N NaOH, 30% H,0, (iii) 79, THF OR
| > >
CcHO (a) 60%; >95% ee 50% (three steps)
10 (b) 83%; >95% ee | |
(0]
76:R=H - 78 -
Ac,0, 4-DMAP,Et 3N, CHZCIZ‘
96% 77: R=0Ac P
Lemieux-Johnson oxidation Ph3P/ I

NalO, Cleaves 1,2-diols to aldehydes and ketones
Wittig reaction

OAc

22



Keck asymmetric allylation

S
-—<\ \ Allyltri-n-butylstannane,
N | (S)-(-)-BINOL, Ti(Oi-Pr),

60%; >95% ee

CHO
10
Mechanism
SnB
o~ oe TiX,L" i
R1"\/\ R eH
X
Bu;SnX
% TiXL*
_TiXC g
9 I
1
R1J\/\ R'” H
BuzSnX /\\/SnBus
_Tix’

e 0

®
X R1/k/\/8n8u3

s
,<\N \
L on
>
76 ||

Corey's stereochemical model:

3; E/C

+/ O

li.‘
= ‘
=)

SnR3

Geraci, L. S, et al. J. Am. Chem. Soc. 1993,115, 8467.

23



Brown Asymmetric Allylation

Mechanism

H CHs

o CHs H
B
~ CH
H\H./%O' HaC %
R

S
1

[(-)-lpc],.BCH,CHCH,, Et,0;
then 3 N NaOH, 30% H,0,

CHO
10

« Allylation of aldehydes proceeds through a

chair-like TS where R occupies an equatorial
position and the aldehyde facial selectivity

derives from minimization of steric interactions
between the axial Ipc ligand and the allyl group.

83%; >95% ee

|-Bu\j\H

H

.%Me

Ipc~3 £ 20 SR
B™ -ees
LT

H

Ipc
Favored

- /_\ e Me
Me Me/\/\s"‘
Me\, I Me

Me Me

Y

H
4;.*~7-:J\Me

Ipc~'—~ O~y ~H
B B
P

lpc § R

Disfavored

Me

Corey, D. R, et al. J. Am.Chem. Soc. 1985, 107, 713.

24



(i) 0sO,, NMO; N |
OAc (ii) NalO,, THF/H,0;
-
| I
o)
. 77 78
Mechanism
NI NMO
¢ w7
£
Q. . 0 0O
0s Og

Dg A RN
7w o~ 0 0 0
1 [ H u
ﬁ’;\ 0 0 - Y ____.' - 1818 B 2 = I‘.‘.ﬁ}_@.‘:‘ + D\bép
"IH“I > < HO' ‘OH

osmate ester

0, ,0
Os
HO  OH
Nalo,
0. ,0
R R HO  OH  Nalo, o
= - “—H  HH
R2 Rl R2 Rl R2




Malaprade reactiond d NalO4 cleaves 1,aliols to aldehydes and ketones

o 1 ON TS A

‘OH NalO, "
/\)\/OH > /\)L "
. H H H . 1O

Mechanism
Q,.,0
oK O\ OHg
oH o7 0@ —| o
N.{:i —_—>
OH
CH,3 Hs' (after proton transfer)
Q@ @ l
O, O Na 0 H
i
’ \" ®
Ho” “OH o - ﬁ&', H@m,
Trivial detail: this
usually Ioses water CH,4 CH3

to give NalOg + H,O
(after proton transfer)

26



Approach 2 and 3 Suzuki coupling Strategy)

Synthesis of anore advancedsuzuki coupling partner

i J<

)l\o
TBSO  OTPS TBSO
2 R LDA, THF, -78 °C "

95%
2:1 mixture of C-3 epimers

‘R= 81 + C3 empier 82
68: R = CH(OMe), Aldol reaction P

OTPSOH O
] 1l

p-TsOH, dioxane/H,0
(5:1), 50 °C 80: R =CHO
81% (a) HFepyr, pyr, THF, rt;
(b) TBSOTf, 2,6-lutidine, CH,Cl,, -30 °C
94%

TBSO  OH c'>' o]

¢

Dess-Martin periodinane, CH,Cl,, rt

89%

2 9 TBSOT, 2,6-lutidine, CH,Cl,, rt

-
7307 ToTBS 93%




Approach 2 and 3 Suzuki coupling Strategy)

Aldol reaction

o) J<
TBSO  OTPSO )j\ o

TBSO OTPSOH O
LDA, THF, -78 °C :

> X

S . . ., Ot-Bu
i 2:1 mixture of C-3 epimers %
80 81 + C3 empier 82
Mechanism
(Z)enolate: [ X L 1 OH O (E)-enolate:
RICHO / ~0—M~L R X R'CHO
/-Cz=- 7 }
H h“ —— R2
oM R syn oM

- favored TS* ~
2
RS ) o
OH O 2
R'CHO A S ML /‘\)“\ ) R'CHO
H ! .- R i X
RZ

=Gz
W
R? * ; H *
- unfavored TS* - anti L unfavored TS* syn
Zimmerman-Traxler model for (£)- enolate Zimmerman-Traxler model for (E)- enolate




A oom
~OTBS K,CO3, MeOH/H,0

85, 9-BBN, THF, rt; then 75, PdCl,(dppf),,
Cs,CO3, Ph;As, H,O/DMF, rt

56%

84%

: ,OAC 87
Intermolecular Suzuki Coupling

68, 9-BBN, THF, rt; then 75, PdCl,(dppf),,
C52C03, Ph3AS,H20IDMF, rt

75%

85%

OMe

29



OTBSO

Mechanism

& onn

TBSO

R1—R2|

reductive
elimination

=

R'-B(R);
organoborane

OR

|
R'-B(R), 4
e
borate

1) 9-BBN (2 mol equiv), THF,
then [PdCI,(dppf)] (50 mol%),
K;PO,4 , DMF, H,0, 608C, 50%;

2) NaOH (aq), MeOH, 84%

L,Pd@

R2-X

oxidative
addition

+ M*(OR)
base

LPd 1

M*(‘OR)

metathesis

M*(X)

30



macrolactonization

KHMDS, THF, -78 °C, 0.001M

51%, 6:1 o/ B

NaBH,, MeOH, THF
-78°C tort

80% two steps

macrolactonization
2,4,6-trichlorobenzoyl chloride, TEA
4-DMAP, toluene, rt

N

93:

88%

90: X = ¢-OH, p-H
91: X = p-OH, a-H

Dess Martin periodinane
92: X =0 CH2C|2, rt

HFe+pyridine, pyridine, THF, rt
¢ 99%

R =H; X = a-oH, g-H

Y

» 95: R=TBS; X=0

31



Yamaguchi macrolactonization

S
—<\ cl o
N
cl
cl cl
TEA,4-DMAP

Mechanism
Formation of the mixed anhydride (R = 2,4,6-trichlorobenzoyl): cl o
OH OH
nucleophilic OH O
.. R acyl substitution + NEt;
0 L)ty — o Ccl _—
n - al n R - NEtz'HCI (0] Cl
:OH .0 \o "
H® ~O 0
tetrahedral intermediate mixed anhydride

Formation of the macrolactone (R = 2,4,6-trichlorobenzoyl):

NMGZ

R
o=( . o?
o | Py

S)
L&) ® -
o] ‘\;N 00 7N\ NMe, —RCOO
(Qn  OH (Qn  OH

O
(0]
- DMAP .
- H@ Medium- or

large-ring
lactone

32



: R=H; X = a-OH, p-H
TBSOTY, 2,6-lutidine, CH,Cl,, -30 °C (93%)| 93 $ X =0-OH, B

94: R=TBS; X = a-OH, B-H
Dess-Martinperiodinane, CH,ClI,, rt (84%)| ;
95: R=TBS; X=0

HFepyridine, THF, rt
S 99%

3,3-dimethyldioxirane, CH,Cl,, -35°C

49%; >16:1 mixture of diaster eomers in favor of 2

2: epothilone A

96: desxoyepothilone A

33



epothilone B

125

OTES

S

— |

N

RuBnCI,(PCy3),, 50 mol %,

CgHg, 0.001 M, rt epothilone A

80%, 1/5 (Z/E)

Z-isomer 129
E-isomer 130

34



Summary

Asymmetric allylation Yamaguchi

)

glycidol the chiral pool *

1
)
)
i
)
i

RCM ------- . \ —» Novel cyclopropanation
oxidative solvolysis

; epothilone A
3; epothilone B

mnin
O
T

S. J. Danishefsky (19977

35



M. Shibasaki. Angew. Chen200Q 39, 209- 213.

A Enantioselective total synthesis using simple asymmetric catalysts
A Using multifunctional asymmetric catalyses for direct aldol reaction and cyanosilylation

—<\ Yamaguchi

catalytic
esterification

S : s asymmetric
ey
& =

cyanosilylation S
— ) —
N : % — \Nj\)\ ~CN ’( A cho

\N
= A N
OAc OH
: . 3 7 6
o
R“\‘ A\
Suzuki coupling I B
ﬁ OPh : ' Ph
N N : A \ - \ /\n/
1: R=H; epothilones A OTBSO (=)TBSO :
2: R=CHj; epothilones B

direct catalytic
4 7< 26 asymmetric
Nldol reaction
catalytic
asymmetric

epoxidation | -
\/(/ <: <: /\ﬂ/ NE OBn <: Z NN }g("'
16 lo} 7 : :

\““

ot

+0
1

36



Synthesis of Fragment 3

reduction
wittig reaction
1)DIBAL-H, CH,Cl,;
2) Ph;P=C(Me)CHO
benzene, reflux

S Et,AlCl, ligand 12, TMSCN S]\)\/
Bu;P(0), CH,CI, , -40 °C N\
- QI T (A
CH

asymmetric cyanosilylation

CO,Et o] 97%, 99% ee
OH
5 63% 6 00 P(O)Ph, acidic ethanolysis
s OH H,S0, , EtOH, reflux 7:R=CN
(S)- 00 OH 75% 8: R = CO,Et
P(O)Ph,
12 protection and reduction

removal of TBS group
hydrotitanation, and aqueous workup

1) AcOH, THF, H,0, 50 °C;

2) [Ti(OiPr),], iPrMgCl, Et,0, -78 to -50 °C

81%
SMMS )iodingtiocr:r and acetylation
— 1)1 H,Cl, ;
N\ 2 2Cl2;
N FZ - Z 2) Ac,0, Et;N, DMAP, CH,ClI,
: >
OH 59%

addition of lithium acetylide
reductive deoxygenation with palladium
1) TMSCCLIi, THF, -78 °C;
then methyl chloroformate, 79%;
2) Pd(OAc), , BusP, HCO,NH,
benzene, 50 °C, 51%;

)
- <\ MCHO
40% N

1) tBuMe,SiCl, imidazole, DMF;
2) DIBAL-H, toluene, - 78 °C

87%

-

TMS :
)cj)\ 9 OTBS
cl” o~

\:s ‘ S /I

N =
OAc
3
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asymmetric cyanosilylation

s
|
’QNUCHO

6

Mechanism

/X

Lewis base

CI—AI_
) O
Lewis acid X OO

Et,AICI, ligand 12, TMSCN, Bu3P(O)
CH,Cl, , -40 °C, 97%, 99% ee

P(O)Ph
L,

>

(S)-

</ O OH
X P(O)Ph,
12
CN
(CHg)3Si KR
o AL
1: X = P(O)Ph, Ph*'?K/Hg_.
2: X = CH,P(O)Ph, Ph S
3: X = CHPh, TREANE
4: X = P(O)(PhN(CHg)s-D)> : 7
R1 -

M. Shibasaki, et al. J. Am. Chem. Soc. 1999, 121, 2641 - 2642.



Mechanism
at R
b
R! s OCHO
Hoo’)—%nﬂ —_— l 1
3 H">+H'
Pd
OcHO ¢

>

10
. )o\c 04CH,
RAS Pl R
// ~. L g™
R! R? ) N
~._ o / NwcD
©0: 2 R*:H \ o
FeLn t Fd OCH;
R! ==y e |
T ">—:_R: R BC {2 fﬁ;ain
co, a L~ HooNH,
0= {
AN 3 bCH‘D‘/mHgfc CH
R Ll';

J. Tsuiji, et al. Tetrahedron Lett. 1993, 34, 2161 - 2164.
I. Minami, et al. Synthesis. 1987, 603 - 606.
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[Ti(OiPr),], iPrMgClI S ™S

N
T™S
OH
10-1 11
Mechanism
R1 — RZ
szTiClg
l"Bung
Cp,Ti—Bu ————= Cp,TiH R R
pz 1 u ‘S_H p2 >—< A
elimination H TiCpg
BuMgX
CHs y e
:< CHs, R1 R2
CH j AN
3 Cp,Ti CHa
B H _ MgX
C
R R? R" R? 0.
_ HY ™\ -~
H , CO.H H  CO,MgX

F. Sato, et al. Tetrahedron Lett. 1995, 36, 3203 - 3206.
Gaixia Du, et al. RSC Adv. 2017, 7, 3534.
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Synthesis of Fragment

< oxidation
HO\/"</OR SO+ Py, DMSO, Et;N

13:R=H
NaH, BnBr, DMF 14 : R=Bn
72%

96%

reduction hydrolysis
Raney nickel (W;), H, , H;BO;
acetone, THF, MeOH, H,0

78%

1) LDA, butanone, THF, -78 °C;

aldol reaction and elimination

H\[%/OBn 2) trifluoroacetic anhydride, then DBU

19 : R=N~OMe

100%

NH,-OMe« HCI, AcONa, MeOH
83%

epoxide opening by cuprate reagent
CuCN, Meli, Et,0, -78 °C

(o)

60%

% OBn
> W

16

epoxidation
H,0, , NaOH (aq), MeOH
66%

o
OBn

17:X=0
18 : R=N~OMe
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Synthesis of Fragment

< oxidation
HO\/"</OR SO+ Py, DMSO, Et;N

13:R=H
NaH, BnBr, DMF 14 : R=Bn
72%

96%

reduction hydrolysis
Raney nickel (W;), H, , H;BO;
acetone, THF, MeOH, H,0

78%

1) LDA, butanone, THF, -78 °C;

aldol reaction and elimination

H\[%/OBn 2) trifluoroacetic anhydride, then DBU

19 : R=N~OMe

100%

NH,-OMe« HCI, AcONa, MeOH
83%

epoxide opening by cuprate reagent
CuCN, Meli, Et,0, -78 °C

(o)

60%

% OBn
> W

16

epoxidation
H,0, , NaOH (aq), MeOH
66%

o
OBn

17:X=0
18 : R=N~OMe
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Parikh-Doering Oxidation

HO\)(/OBn SO;¢ Py, DMSO, Et;N, 96% H%OBI‘

’
14 O 15
Mechanism
/\\9
2S5 e =
o . 91 %2° o [l 3
S S| 0°CorRT Y4 N™ SO4?
1a 1b 2> Ry H
6
~§7 = | NE
: 0
O><H N -80,% Base - %,_q_’; -Me,S .
R Ry v -[pyH-SO4] R R 0 °C or room temperature R;~ "Ry
2 1
6
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Juliai Colonna epoxidation

0%
7 0oBn H,0,, NaOH (aq), MeOH 2 OBn
N >

O 16 O 17

Mechanism

Ho Na© -
R e
40 -1 R
Na

44



Gilman reagent

0>
A _OBn CuCN, MeLi
-

X

Mechanism

LiCuR,

18

OBn

mu
RY
\“‘

x
o
X

19

Sp2

N

/{ + RCu(l) + LiX

A

oxidative X
c/“%‘a/

addition
F€L R

45



Synthesis of Fragment

evans-saksena reduction
ketal protection

£y LHMDS, allyl bromide 1) Me4,NBH(OACc); , AcOH, MeCN;
s OBn DMPU, THF, - 78 °C OBn 2) methoxypropene, TsOH, DMF OBn
o éH 48% (recovery of 20 52%) o o OH 71% two steps

(+)-20 (z)-21

deprotection of Bn | 1) Li, lig. NH3 , tBuOH, THF;
oxidation 2) TPAP, NMO, 4-A molecular sieves

~NHTs
. 89%
(£)-
b8 NHTs asymmetric aldol reaction

OPh BTSP, SnCl, , 4-A molecular
sieves, ligand 28, K,CO; ,CH,ClI,

acetophenone, (R)-LLB
KHMDS, H,0,THF, -20°C

TMSO-OTMS

30% (89% ee) for 24;
29% (88% ee) for 25

deprotection
selective reprotection of hydroxyl moieties
1) BCl3, CH,Cl,, -78 °C;
2) TBSOTT, iProNEt, CH,ClI,
77%

key compound for the
crucial catalytic resolution

‘
W
o

OPh Dess-Martin periodinane, CH,Cl,
; /
65%

TBSO OTBSO OTBSO
27 4

OPh

Om

o

OTBSOH
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Synthesis of Fragment

evans-saksena reduction
ketal protection

£y LHMDS, allyl bromide 1) Me4,NBH(OACc); , AcOH, MeCN;
s OBn DMPU, THF, - 78 °C OBn 2) methoxypropene, TsOH, DMF OBn
o éH 48% (recovery of 20 52%) o o OH 71% two steps

(+)-20 (z)-21

deprotection of Bn | 1) Li, lig. NH3 , tBuOH, THF;
oxidation 2) TPAP, NMO, 4-A molecular sieves

~NHTs
. 89%
(£)-
b8 NHTs asymmetric aldol reaction

OPh BTSP, SnCl, , 4-A molecular
sieves, ligand 28, K,CO; ,CH,ClI,

acetophenone, (R)-LLB
KHMDS, H,0,THF, -20°C

TMSO-OTMS

30% (89% ee) for 24;
29% (88% ee) for 25

deprotection
selective reprotection of hydroxyl moieties
1) BCl3, CH,Cl,, -78 °C;
2) TBSOTT, iProNEt, CH,ClI,
77%

key compound for the
crucial catalytic resolution

‘
W
o

OPh Dess-Martin periodinane, CH,Cl,
; /
65%

TBSO OTBSO OTBSO
27 4

OPh

Om

o

OTBSOH
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Mechanism

OH O
R

R

OBn Me,NBH(OAc); , AcOH

H
Me,NBH(OAc);  Hg

» R ,
MeCN/HOAc - “H©

Ill disfavored

y

H
H

48



Ley-Griffith Oxidation

OH
0 6 TPAP, NMO, 4-A molecular sieves
K = Pt
(+)-221 (+)-23
Mechanism
ey OH
OCN— . \c\"yo ZN/““/ R™ R
=Ru= L
NMM e~
TPAP
OH
@6 - 2 %R0 R
e — C < ~ i
(o] F‘i‘uﬁ "Wo . J\—s \ /(‘3? (>< 1
o : : o] R;| 0 o~ ) H R
RuO;
/N s i

0\—u,/Nkor\_ R)LR
NMO Oy 45 o\?H
A A
o J o CIJH



acetophenone, (R)-LLB,
KHMDS, H,0

Mechanism

Direct Catalytic Asymmetric Aldol Reactions of Aldehydes with Unmodified Ketones

0 . CS"M—O{

2
R R X C M : Metal of Bronsted
O—LA"‘ R o base

v * : Chiral ligand
O

- - g ) : U
OH O & /
J\)L O- M :> LA : Lewis acid Figure 1. The structure of LaLi,tris{(R)-binaphthoxide] ((R)-LnLB).

M. Shibasaki, et al. Angew.Chem. 1997, 109, 1942 - 1944. 50



BTSP, SnCl, , 4-A molecular sieves,

ligand 28, K,CO4 OPh
y
~NHTs
(i)—o\
NHTs
28
Mechanism .
- (TMS),0 |
C"anf_Cl + ketone
N Cl +BTP
+ TMSCI v O 1
P o e
Cl—c.~ Cl—cn~
N T~oTMS Nl
(N O, SiMes
\--O
R OTMS
] c|;| o I
Cl—gn”
- Ester ,\,-'S|n'”0\"TMS
(Tao p
N - TMSCI
R R

M. Shibasaki, et al. Synlett.1997, 971 - 973. ol



OPh Suzuki coupling
: 1) 9-BBN , THF,then [PdCl,(dppf)]
TB B
OTBSO 4 0TBSO K;PO, , DMF, H,0, 60°C;
2) NaOH (aq), MeOH
+ r
S \ | 42%
"<\
N Z . =
OAc
3
2,4,6-trichlorobenzoyl chloride, Et;N
THF, then DMAP, toluene
S S
88%
— ) — |
N deprotection N
epoxidation

1) HFepyridine, THF;
2) 3,3-dimethyldioxirane, CH,Cl, , -35 °C

un L\ ——

49%

1 Epothilones A
52



1) 9-BBN (2 mol equiv), THF,
then [PdCI,(dppf)] (50 mol%),
K;PO, , DMF, H,0, 608C, 50%;

H P S |
y A ) OPh ——<\N | _ ) 2) NaOH (aq), MeOH, 84%
H + H
OTBSO  OTBSO 3 OAc
4
Mechanism
L,Pd@

R1—R2| 2
R“—X

reductive oxidative

elimination addition

L R'-BR); + M*OR)
organoborane base

. X

L n.q)Pd™ ’

(n-1) \RZ and("}\RZ

Cl)R
R'-B(R
a2 M*(‘OR)
transmetallation borate metathesis
©
L+ RO—I?(R}Q
OR M*(X)
LnPd“"\RZ

53



Yamaguchi macrolactonization

Cl (o] s
N
Cl Cl

Et;N, THF, then DMAP

-
y

Mechanism
Formation of the mixed anhydride (R = 2,4,6-trichlorobenzoyl): cl o
OH OH
nucleophilic OH O
.. R acyl substitution + NEt;
0 L)ty — o Ccl _—
n - al n R - NEtz'HCI (0] Cl
:OH .0 \o "
H® ~O 0
tetrahedral intermediate mixed anhydride

Formation of the macrolactone (R = 2,4,6-trichlorobenzoyl):

NMGZ

R
o=( . o?
o | Py

S)
L&) ® -
o] ‘\;N 00 7N\ NMe, —RCOO
(Qn  OH (Qn  OH

O
(0]
- DMAP .
- H@ Medium- or

large-ring
lactone
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Epoxidation with 3,3-Dimethyldioxirane

s
_<\N|

30-1

Mechanism

55



:asymmetric cyanosilylation controlled
* by a Lewis acid and Lewis base

e bifunctional catalyst_________. :
S
_< | Yamaguchi
N\ e
N , esterification

. using heteropolymetallic catalyst ‘

epoxidation and Gilman reagent

Suzuki coupling

allylation

R=H; epothilones A

M. Shibasaki (2003

56



M. A. Avery: Org. Lett. 2001, 3, 3607 - 3609.

A Closing the ring through double-diastereoselective aldol condensation and

macrolactonization
A Synthesis of trisubstituted (Z)-olefingeometry by modifiction of a classical Normant

alkynecupration and electrophile trap

d ]
N -
Evans aldol reaction \7]/ \n/\s
o o
17
S
_<\ Yamaguchi esterification ﬁ C? o
N %
18
nn : OPMB
Wadsworth-Emmons
<\ o /// XMgCu \/\/g
Aldol reaction ~ 6
5
Epothilone B, 2 Normant olefination
— s o
—<\ | Il
N I “OEt
Et

Chiral hydroboration
and oxidation

57



PMB-Br, NaH, Bu,N-I, THF, 0 °C
OH el OPMB

O 8 85% O 5

(i) Mg, ether,rt ;

(ii) CuBr-DMS, ether, DMS, -45 °C;
(iii) propyne, -45 to -23 °C, 4 h RS 7
)\/\/Br then lithiohexyne, -78 °C (iv) epoxide 5, -78°C, 1 h, -25°C

o N 76% (four steps) ~ PMBO' :
9 C4Hy OH
10 1
s!'/ SEMCI, DIPEA, DCM, 0°C
1
1 o NN 92%
“ DMSO, (COCI),, DCM, “ =
TEA, -78°C R DDQ/water (8:2) .
o7 257 HO™ Y - PMBO™
OSEM ’ OSEM 88% OSEM
14
1 12
[ o 3
— | i _
N 1 NOEt 7, n-BuLi, THF, then 14
7
DMSO, (COCI),,
s z DCM, TEA, -78°C
/4\ \ o v
N Y 92% (two steps)
OSEM
15

58



PMB-Br, NaH, Bu,N-I, THF, 0 °C
OH el OPMB

O 8 85% O 5

(i) Mg, ether,rt ;

(ii) CuBr-DMS, ether, DMS, -45 °C;
(iii) propyne, -45 to -23 °C, 4 h RS 7
)\/\/Br then lithiohexyne, -78 °C (iv) epoxide 5, -78°C, 1 h, -25°C

o N 76% (four steps) ~ PMBO' :
9 C4Hy OH
10 1
s!'/ SEMCI, DIPEA, DCM, 0°C
1
1 N NN 92%
z DMSO, (COCI),, DCM, Z z
TEA, -78°C . DDQ/water (8:2) .
0™ % 257 HO™ ™ - PMBO™ Y
a a 0, H
OSEM ° OSEM 88% OSEM
14
1 12
S o 3
_<\ | i _
N 1 NOEt 7, n-BuLi, THF, then 14
OEt 72%
7
) DMSO, (COCI),,
S a (i-PC);BH, THF,aqueous NaBO; g DCM, TEA, -78°C
/4\ \ y - N ’
N Y N 92% (two steps)
OSEM
15
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Normant coupling reaction

(i) Mg, ether,rt;
(ii) CuBr-DMS, ether, DMS, -45 °C; X Z
)\/\/B (Ffi) propyne, -45 to -23 °C, (iv) epoxide 5, -78°C, 1 h, -25°C
r

then lithiohexyne, -78°C Cu o
» » o
\\ 76% (four steps) PMBO
9 C4Hy OH
i i 11
10 W/LOPMB
0O 5
Mechanism
Q
R'MgBr + Cubr[(CHa)2s] :%%T:f’_}“; 2w s 16] n-C3HyC=CLI R3An3
(CHal2 S S [ sther,(MezN)3PO  -78 10-20 °C
15 - ~78 °C, | h
2
1 RC==CH 1 3
R CU[(CH3)2S]'MQBF2 5T R R
1 OH
R NHaCl 2
)\/cu[(cwgs]-f.ngarg (4) w0 R A 4 A
27T R
16 22

Normant, J. F, et al. Synthesis. 1972, 63-80. 60



Diastereoselective hydroboration of the triene 15 using-PC),BH

S 7
X
N H
OSEM
15
Mechanism

(i-PC),BH, THF,aqueous NaBO;

S
' o
\
N
S\’ ;L’ CiHa SI L]
I’H ,I
R e ST e
r‘a'/B'--—H CHs M H(é-____H,- \CHg
§---C Nl
g---G CHs
L \L

Joshi, N. N, et al. J. Am. Chem. Soc. 1988, 53, 4059 - 4061.

CHs CHa

=0y
~_sB.
ch7®/ g CHs

HsC CHj
(+) —EMEERRNEE
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Sodium perborate reagent

Jeq. 1 eq BH,

i R Feq. NaBO,= 4 H.O R’
= (1M in THF) ef. NaBO 3 4 H,
I=- E Jar-
HJ\ rt, 2h R : THF { H,O (1:1) HJ\/C’H

rt, 2 h

Mechanism
Na@ HOTEB)’D_QE’B’OH Na@
HO ©0-0 “OH
i o= OH  Ho R
H—EL:;J D—EIH — IEI —0OF + BiD I—I]I3
= JH F
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Why does 17introduce
sulfide

Evans aldol reaction

(i) Bu,BOTf, DIPEA, CH,Cl,, 0 °C
then add 17 at -78°C,

(ii) Raney Ni, acetone, 60 °C, 45 min O/\\
: ?I/N
o o
o

%/

19 (R:S = 23:77)

() TBDMSOTT, 2,6-
lutidine, CH,Cl,, 0 °C
tort; o

(ii) LiOH, 8%
H,0,,THF/H,0, rt

0O

S

OTBSO
4
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X\ (i) Bu,BOTf, DIPEA, CH,Cl,, 0 °C \\

o then add 17 at -78°C, R
0/\\ (ii) Raney Ni, acetone, 60 °C, 45 min o

e s

O o | O O OH O
17 19 (R:S = 23:77)

Mechanism




