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Distribution of Taxus sp.
in the world
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Taxane skeleton variations
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[1] Wang Y.-F,, Shi Q.-W., Dong M., Kiyota H., Gu Y.-C., Cong B. Chem. Rev. 2011,
111,7652 —-7709 3
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Overview

* More than 550 taxanes have been isolated to
the end of 2009*.

* Total synthesis of Taxol:

- Holton R.A. (1994, 46 steps, linear)

- Nicolaou K.C. (1994, 40 steps, convergent, 3 parts)

- Danishefsky S.J. (1996, formal, 53 steps, convergent, 2 parts)
- Wender P.A. (1997, formal, 40 steps, linear)

- Kuwajima I. (1988, 66 steps, convergent, 3 parts)

- Mukaiyama T. (1999, 61 steps, linear)

[1] Wang Y.-F,, Shi Q.-W., Dong M., Kiyota H., Gu Y.-C., Cong B. Chem. Rev. 2011,
111,7652 —-7709 4
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Double Diels-Alder approach

1. MsCl, EtsN (100%)
OH 2. Nal, acetone (87% 3. LHMDS, -78°C (57%) =
\ > S
/,S N
11

o O
/ \ 14
o’ Yo
13 4. Toluene,
reflux (80%)
6. BF 30OEt, (82%) 5. ZnCl, (63%) -
- 0 \

[2] Winkler J. D., Kim H. S., Kim, S. Tetrahedron Lett. 1995, 36, 687 — 690
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[2+2]/Ca rbocationic Konstantin Samarin
rearrangement approach

™ TiCl, 7
0 5
1. hv, allene, Y _ 3. DIBAL, Et,0, TBSQ
DCM, - 78 °C 2. TiCly, DCM, rt = - 78 °C (98%)
e — | (ed
(84% + 12% head- (78%) 4. TBSCI, |m|dazole

to-tail adduct) H DMF, rt (100%)
19 20 i A 5. BH5-THF, rt,
21 H,O, NaOH,

(Ozonolysis afforded only 38% of ketone) H,0,, rt (97%)

OH
10. KHMDS, PhNTf;, THF, 8. LDA, HMPA, allyliodide, TBSO 6. (COCl);, DMSO, Et;N, TBSC, |
- 78 °C (99% brsm) THF. - 78 °C t0 0 °C /o) DCM, 0 °C
11. 9-BBN, THF, rt; -<
) 9. AcOH, THF, H,0, rt 7. O,, tBuOK, THF/DMSO
24

H50, K3POy4, Pd(PPh3),, (98% b 2 st - 20 °C, (92% over 2 steps)
dioxane, 80 °C (85%) o brsm over 2 steps) 25

TBSQ 12. TBAF, THF, rt (100%) 15. 080, (cat.), KsFe(CN)s, OH 16 Pb(OAC), benzene,
13. TPAP, NMO, DCM, rt (100%) K,COs3, MSNH,, rt (100%)
> .
14. PPh3CH3Br, NaNH,, quinuclidine, tBuOH/H,0, 17. tBUOK, DMSO/DMF

27 toluene, reflux 28 rt (94% over 2 steps) 29 OH -10 °C, (94% brsm)
(Overall yield 42%

[3] Shimada Y., Nakamura M., Suzuki T., Matsui J., Tatsumi R., Tsutsumi K., Morimoto T.,
Kurosawa H., Kakiuchi K. Tetrahedron Lett. 2003, 44, 1401 — 1403

[4] Enomoto T., Morimoto T., Ueno M., Matsukubo T., Shimada Y., Tsutsumi K., Shirai R.,
Kakiuchi K. Tetrahedron. 2008, 64, 4051 4059 (installation of C ring)
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substitution - domino process

2. tBuLi, THF
>

EtO )(
EtO,C
2 (:) o
1. LDA, THF (51%) EtO
Br OLi L
Br
(o)
31 33
+
CO,Et
Z~ "Br
l,/o
o‘#
32

(o)
C]
3. 15% HCI, DCM
(59% over 2 steps)

4. O3, MeOH, - 95°C;
Me,S (81%)
-

[5] Gutke H.-J., Braun N.

A., Spitzner D. Tetrahedron. 2004, 60, 8137 — 8141
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Fischer Carbene mediated 1. stantin samarin
alkyne insertion/carbonylation/[2+2] —
domino process

OMe 1. 70°C, MeCN Q&/
(OC)sCr= \ 2. AcOH
37 28 (69%)
l loss of CO
OMe ( oMe OMe
(OC)4Cr=< “ E\,rz : _

: C\\ o
alkyne insertion L (o] 43

’ [2+2] T
OMe _ | OMe
J% CO insertion > Jw%\\

Cr C~Cr(CO);
41 (CO)4 42 o

[6] Kim O.K., Wulff W.D., Jiang W. J. Org. Chem. 1993, 58, 5571 — 5573 8
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Fischer Carbene mediated  «onstantin samarin
alkyne insertion/carbonylation/[2+2] —
domino process

o —> o, 33

[7] Jiang W., Fuertes M. J., Wulff W.D. Tetrahedron. 2000, 56, 2183 — 2194 9
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Fischer Carbene mediated  «onstantin samarin
alkyne insertion/carbonylation/[2+2] —
domino process

alkyne >_(4 —OMe
insort
inse |on> / \Cr\(co)
4
§\7
54

@) Z — OMe
ome | akyne £
/ \C e <|nsertlon + (OC)5Cr=< +

r
~(CO
(CO), \> .
— 49

B 50 CcO - Reaction conditions: MeCN, 70°C, 3.5h - co -
insertion insertion
B Cr(CO); | _
~
OMe —
74 [1,5] H-shift OMe 124z
C —_— N\
\ o}
H O
— —
56% (70%)
_ 51 . (56%) 56 i

[7] Jiang W., Fuertes M. J., Wulff W.D. Tetrahedron. 2000, 56, 2183 — 2194 10
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alkyne insertion/carbonylation/[2+2] —
domino process

g&\& &&\b (OC)5Cr
o
; @ \_J

Hy, 5% Pd/CaCO3
(100%)

X

chrysanthenone )

[7] Jiang W., Fuertes M. J., Wulff W.D. Tetrahedron. 2000, 56, 2183 — 2194
[8] Kulkarni Y. S., Snider B. B. J. Org. Chem. 1985, 50, 2809 — 2810

11



Gaich-Group Seminar

Fischer Carbene mediated  «onstantin samarin
alkyne insertion/carbonylation/[2+2] —
domino process

— ~
OR " MecN, 45°C, 48h OR - OR
" (OC)5Cr=< > = N No

62
59
R Yield (%)| Ratio

MOM 84 2.8

Ph(OMe)| 82 1.4

PhH 87 4.3

PhBr 78 7.3

PhCF3 76 7.0

63 O =/ 64

[7] Jiang W., Fuertes M. J., Wulff W.D. Tetrahedron. 2000, 56, 2183 — 2194 12
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cyclocarbo-palladation/ intramolecular
Heck/6m-electrocyclization

domino process

O >< 1. nBulLi, THF, >< 2. 5mol% Pd(PPhg)y,
Br 4steps 78 C; 67 iProNH (20equiv.), >
(60 -90%) benzene, microwave
160°C, 20 min

65 (23-65%)

/\/\/"u
OHC . R (R = H; SiEts; SiMeg; Ph; 4-OMeCgHj; 4-CF3CgHy; CO,Me)
O O I HO i i HO ]
S S Y Y
+ -« O — o) =
A :
= R
" R - R PdL,
i - " - - 70 -
Cis-72 trans-72

[9] Petrignet J., Boudhar A., Blond G., Suffert J. Angew. Chem. Int. Ed.. 2011, 50, 3285 — 3289

13
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Palladium-mediated  onstantin samarin
domino process

Jq
o OH
3. DMP (1.5 equiv.) 4. RuCls, NalOy,
DCM, rt, 2h CCl4/CH3CN/H,0 >
(68-90%) (40-62%)
H
R

H R
(R = H; Ar; CO,Me) (R Ph; 4-OMeCgHy; 4-CF3CgHy; CO,Me) 74
cis-72
i ( OAc
C
H AcO AcO =
o =
o o -
i. RuCl3 (3.5 mol%),
NalOg4 (4 equiv.),
CCI4/CH3CN/H20
H 0°C, 20 min
75 Ph (54%) h o) 76
.0
\_ Brianthein A )

[9] Petrignet J., Boudhar A., Blond G., Suffert J. Angew. Chem. Int. Ed.. 2011, 50, 3285 — 3289
[10] Aoki S., Okano M., Matsui K., Itoh T., Satari R., Akiyama S.-I., Kobayashi M.
Tetrahedron, 2001, 57, 8951 — 8957 (Brianthein A)

14
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Formal intermolecular [6+2]-cycloaddition

OTIPS 0

TIPSO
OTIPS ) EtAICI,, DCM
Co(CO); > 2 Co(CO)
1/ (81%) = T/ 3
I BzO 79 Co single isomer Co
(CO)s 82 T (CO);
- OTIPS i

TIPS\ ® ,(OT|PS

(,0‘/

Y OTIPS
¥ Co(CO), > Co(CO
\/@ 74 Ve
78 Co C
80 (CO),

o
_ _ 81 (CO)3

[11] Mitachi K., Shimizu T., Miyashita M., Tanino K. Tetrahedron Lett. 2010, 51, 3983 — 3986
15
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Formal intermolecular [6+2]-cycloaddition

OMe

1. 84, BuLi, THF, -78°C to rt (97%) (OC)3CO

2. Tf,NH, (CF3),CHOH, rt | | Co

3. TIPSOTF, EtsN, DCM, rt 4 Coa(CO)s, DCM. 1t )
(o) >

(74%, 2 steps) (98%)
g3 OH ° TIPSO
— g5 OTIPS 86 OTIPS
5. EtAICI,, DCM
MeO 0°C, 30min
(72%)
(0C);Co
-—- H / H
o H 7. Homoallyl-Br, tBuLi 6. BusSnH, 1,4-CHDN,
THF, -78°C to rt toluene, 80°C, 5 min (OC)3Co
- -
2 8. mCPBA, DCM, 0°C = (100%)
&\ OTIPS (54%, 2 steps) e OTIPS
\) OH , O g7
5:1 mixture
X~ 89 | 9. TMSCI, KHMDS,
THF, 0°C to rt
10. 90 (1 mol%), TsCN,
PhSiHa, EtOH, rt - N

(92%, dr = 1:1)

\9/
/ \

d%}

[12] Hanada R., Mitachi K., Tanino K. Tetrahedron Lett., 2014, 55, 1097 — 1099 16
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Formal intermolecular [6+2]-cycloaddition

NC

)l\ 13. 1,2,3-trichlor-

Q H o 9 SMe benzene, 200°C
-20°C tort
(82%, dr = 10:1) 14.mCPBA, DCM,  nc
’ > NC 0°Ctort

12. CS,, KHMDS, (74%, 2 steps)

OTIPS

R THF, 0°C;
OTMS then Mel (87%) TMSO TIPSO
91 92
15. 94, Li, THF, -78°C
94

(¢

TMSOTIPS
96

[12] Hanada R., Mitachi K., Tanino K. Tetrahedron Lett., 2014, 55, 1097 — 1099 17
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Kaliappan metathesis approach

X

>< O Grubbs 2 (10 mol%),
e (e P RIS
/‘"‘ o~ 'OH 41% 16% 7 (64%)
HO 97
% \

D-(+)-ribose monoacetonide

0
\F TBSO TBSO TBSO

Grubbs 2 Grubbs 2,
6 steps @) \ ' O DCM, reflux
O : \ DCM, rt, 3h ><
€ 0O —> (64%)
o (41%) o o
102
101 OH
D-(+)-mannose diacetonide | o
N\
Grubbs 2,
DCM, reflux

[13] Kaliappan K.P., Ravikumar V., Pujari S. J. Chem. Sci. 2008, 120, 205 - 216 18
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Kaliappan metathesis approach

o
(0)
o |l|0 %Qi
‘ty )< ><
105 O o 106
D-glucose-derived ketone (S)-carvone

)-mannose diacetonide

c
4 2 steps ¢
steps (74%) l steps

0
\\ OMe O\F
1, o ; : ; : \0><
H \\\\ IO
\g H NNHTris OMe
107 nBuLi, nBulLi, 109
(60%) THF, -78°C THF, -78°C (46/)

| |l ome O\OF
&L

a) OH oxidation OR protection
b) RCM

OMe O\F H o
N(Dsgljgeseny

[14] Nandurdikar R.S., Subrahmanyam A.V., Kaliappan K.P. Eur. J. Org. Chem. 19
2010 2788 — 2799
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Kaliappan metathesis approach

HO
H “ /o\// (0} Grubbs 2 (10 mol%),
ethylene, toluene,
/\)4 /\ "0 > steps // H y80°C, 12h
o I © > >
o (29%) J (57%)
114

D-glucose-diacetonide

[14] Nandurdikar R.S., Subrahmanyam A.V., Kaliappan K.P. Eur. J. Org. Chem.
2010, 2788 — 2799 20
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Grantja metathesis approach

1. PivCl, Et3N, THF, -78°C;
(0] (4S)—4-benzyloxazo|idin- o O 3. LAH Etzo 0°C (870/0) 0
2-one, DMAP, rt (94%) /IL 4. PDC,, DClV,l (70%)
A OH > X N” o 2 H
2. LHMDS, BrCH,C=CCHs, \ /
117 THF, -78°C (73%) S
Z g " Z 1o

5.120, LDA, THF, -78°C (91%)
6. AllyIMgBr, THF (68%)
7. MOMCI, DIPEA, DCM (82%)

8. Grubbs 2, benzene,
reflux

(90%)

[15] Aldegunda M.J., Garcia-Fandino R., Castedo L., Granja J.R. Chem. Eur. J.
2007, 13,5135 -5150

21
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Grantja metathesis approach

1. mCPBA, DCM 0°C

(71%, 4:1)

2. [TiCl,Cps], Zn, THF, 0°C
(81%)
T

125 126

cis trans

[16] Aldegunda M.J., Castedo L., Granja J.R. Chem. Eur. J. 2009, 15, 4785 — 4787 22
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Construction of the alk-2-ene-1,4-diol
system from dienes

/O‘fu /C(‘H/
TBSO (89%, ZIE = 2: 1) TBSO

Reaction conditions: 0.05 M in THF, [{TiCICp,},] (0.2 M in THF, 1 equiv.), 0°C

[16] Aldegunda M.J., Castedo L., Granja J.R. Chem. Eur. J. 2009, 15, 4785 — 4787 23
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Grantja metathesis approach

O 1. AllyIMgBr, CuBreDMS,
LiCI, THF, -78°C; then
132, THF, -78°C

2. DIBAL, DCM, -78°C (76%, 2:1)
3. MEMCI, DIPEA, DCM (85-96%)

' o

(100%, 1:1 mixture)
131

4. Grubbs 2, benzene
reflux (71%)

6. BH3, THF, 0°C;

H,0, NaOH (3M) 5. mCPBA, DCM, 0°C

2 (96%) (93%)
S H:
MEMO 6MEM
137
7. PDC, DCM;
Al,O3 (cat.); ( o )
DIPEA, DMAP,
Ac,0 (88%) AN H
OAc
B P
8. NaBH,, CeCl3e7H,0 H 7 a3
. 4, 3® 2%, \_ _J
MeOH, 0°C -
(75%) HO 2
S H:
MEMO 6MEM
139

[17] Aldegunda M.J., Castedo L., Granja J.R. Org. Lett. 2008, 10, 3789 — 3792 24
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Prunet metathesis approach ~ “mmeme”

—0

4. DIBAL, DCM, -78-0°C;
silica gel, -20°C (85%)

( OTr )
w 5. 143, tBuLi, THF, -78°C
\J o_ 0O 6. HCI (1N), rt
7§ 147 TrisHNN

143
T 11. 5 mol% Grubbs 2, \ / Y

142

X
1. Prenyl bromide, Zn, aq. NH4CI 3 TMSCN, Znl,
THF, 20°C DCM, reflux (97%)
\/\)L 2. IBX, THF, 20°C (98%, 2steps - OTMS

dichlorethane, reflux
(100%)
7. Amberlyst H-15, MeOH, rt (80%)

\ 8.2,2-DMP, CSA, rt
9. PBu3, 0-NO,-CgH4-SeCN, THF, rt
N 10. HyOp THF, rt (71%, 3 steps)
-
w! \“‘ ",

37%
Taxol like

43%

[18] Ma. C., Schiltz S., Le Goff X.F., Prunet J. Chem. Eur. J. 2008, 14, 7314 — 7323

25
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Prunet metathesis approach ~ “mmeme”

1. tBuOK, DMSO, | |

o 3. Mg, THF, prenyl chloride (95%)
AN 75°C (94%) 4. TMSCN, Znl,, DCM
2. 1myCO, DCM, 5. DIBAL, hexane; SiO,
co H Me(OMe)NHoHCI N (83%25t6ps OoTMS N/
(90%) < “OMe
148 149 15 Tris” 143

6. tBuLi, THF, -78°C

7. 1N HClI (aq.)
(76% 2 steps)
(1:1 mixture)

OTr

Tris = 2,4,6-Triisopropylbenzenesulfonyl

OTr

8. Im,CO, NaH, DMF

9. Amberlyst H-15, MeOH

10. 0-NO,CgH4SeCN, PBus, THF | |
11. (NH4)6M07024.4H20, H202

A

(77% 4 steps)
W

OH OH
—
152
Taxol like

12. Zhan-1B, toluene, reflux
(70% + 20%)

MesN NMes
Zhan 1B

Ru= 156
Cl” !
]
]
Taxane core o SO,NMe,
14 steps, 11% overall yield —<
s e L

tarting from ethyl isobutyrat:

[19] Letort A., Aouzal R., Ma C,, Long D.-H., Prunet J. Org. Lett. 2014, 16, 3300 -3303 1
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(+)-Taxadiene synthesis

4. Me3Al (1.4 equiv.),
CuTC (2 mol%),

ligand 162 (4 mol%),
I N LA
then THF, TMSCI
(89%, 93% e.e.)
161 fo} [gram scale] 163 TMSO

(CuTC = copper(l) thiophene-z-carboxylate)

5. Acrolein (20 equiv.),
Gd(OTf)3 (10 mol%),

1. CHBr3, tBuOK; then Br 3. sBuLi, TMSCI,
PhNMe,, 150 °C CuBreSMe,
> \ 1>
(67%) (86%)
157
(commercial) 159 [decagram scale]
2. vinylmagnesium
bromide
(75%)
158 OEt 160 o

(commercial)

7. PhNTf,, KHMDS;
8. Me,Zn, Pd(PPhs),

1:10: H,O/EtOH/PhMe;

then Jones reagent
(85%, 2:1 d.r.)
[gram scale]

H o 166
(+)-Taxadienone

9. LiAlH4 (72%)

10. KH, AcCl (89%)

11. Na, tBuOH (82%)
[gram scale]

H 167
(+)-Taxadiene
> 1 g has been prepared

(84%, two steps)
[gram scale]

6. BF3OOEt2
-
(47% of desired
diastereomer)
[gram scale]
(+)-165 (>99:1 d.r. at C1)
4 A
O ™
P—N
>-|lll
Ph
Ligand 162

[20] Mendoza A., Ishihara Y., Baran P.S. Nat. Chem. 2012, 4, 21 - 25 27



Gaich-Group Seminar
Konstantin Samarin

(-)-Taxuyunnanine D synthesis

2."CrV", MnO,, 15-
crown-5, trifluoro-

toluene, 80 °C
>

"’o Ac (53% +35% 170)

1. Pd(OAc),, p-benzoquinone,
anisole, acetic acid, 50 °C

(49%)

(+)-Taxadiene - ~N - —

167 o
Oxn—0-d-0
® N
Na o O
(@)

9 Cr'" 171 )

@\

3. NBS, (BzO),, CCly,
reflux; then
AgOTf, Et3SiOH,
toluene, 0 °C
(80%)

Et3SiO
4. DIBAL, toluene, -78°C;

5. 1BX, DMSO, then MeOH 0°C;
80°C then Ac,0, DMAP, EtzN
-
. -
oA (88%)  AcO“' (80%) .,
"OAC IOAC

174
173

(-)-Taxuyunnanine D
14,6% overall yield

[21] Wilde N.C., Isomura M., Mendoza A., Baran P.S. J. Am. Chem. Soc. 2014, 136, 4909 — 4912

28
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Selective methylene oxidation of

tertiary allylic alcohols

HO HO
a) PCC b) complex B
-
(59%) 44%
? [V | c V)
176 175 [Cri] (@)
177

- ° -
o Na,Cr,07 (o) o\él -0
acetone ® ~
HO (81% after O

crystallisation)

178 171
available by Aldrich available by Aldrich
59 ~40 EUR CAS Number 66767-36-0
1g - 48,50 EUR

[21] Wilde N.C., Isomura M., Mendoza A., Baran P.S. J. Am. Chem. Soc. 2014, 136, 4909 — 4912
[22] Krumpolc M., Rocek J. J. Am. Chem. Soc. 1979, 101, 3206 — 3209 29
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Further reading

1. Klingston D.G.l., Molinero A.A., Rimoldi J.M. The Taxane
Diterpenoids. Progress in The Chemistry of Organic Natural Products.
1993,61,1-165

2. Klingston D.G.I., Jagtap P.G., Yuan H., Samala L. The Chemistry of
Taxol and Related Taxoids. Progress in The Chemistry of Organic
Natural Products. 2002, 84, 53 — 225

30



Thank you for attention!

Questions?



