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Mechanism of action
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Semi-synthesis
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Medicines
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Biosynthesis & biomimetic synthesis

D-labeled GGPP

C5-C10/C13-C9-C2/C7-C1/C4/C20
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[O] ph/'\:)ko...
OH
geranylgeranyl
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TiCls, Zn-Cu

f

McMurry cyclization

Williams, D. C.; Carroll, B. J.; Jin, Q.; Rithner, C. D.; Lenger, S. R.; Floss, H. G.; Coates, R. M.; Williams, R. M.; Croteau, R.
Chem. Bio. 2000, 7, 969. Expésito, O.; Bonfill, M.; Moyano, E.; Onrubia, M.; Mirjalili, M. H.; Cusidd, R. M.; Palazén, J. Anti-

Cancer Agents in Medicinal Chemistry 2009, 9, 109. Jackson, C. B.; Pattenden, G. Tetrahedron Lett. 1985, 26, 3393. Begley, M. 9
J.; Jackson, C. B.; Pattenden, G. Tetrahedron Lett. 1985, 26, 3397.



Biomimetic synthesis
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Hitchccck, S. A.; Pattenden, G. Tetrahedron Lett. 1992, 33, 4843. Houldsworth, S. J.; Pattenden, G.; Pryde, D. C.; Thomson, N.
M. J. Chem. Soc., Perkin Trans. 1 1997, 1091. Hitchccck, S. A.; Houldsworth, S. J.; Pattenden, G.; Pryde, D. C.; Thomson, N.
M.; Blake, A. J. J. Chem. Soc., Perkin Trans. 1 1998, 3181. Goldring, W. P. D .; Pattenden, G.; Rimmington, S. L. Tetrahedron 10
2009, 65, 6670. Lu, Y.-F.; Harwig, C. W.; Fallis, A. G. Can. J. Chem. 1995, 73, 2253.



Diels-Alder

» Construction of C ring
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R =H, Me; R'=H, OMe
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Diels-Alder
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Chouraqui, G.; Petit, M.; Phansavath, P.; Aubert, C.; Malacria, M. Eur. J. Org. Chem. 2006, 1413.
Yadav, J. S.; Ravishankar, R. Tetrahedron Lett. 1991, 32, 2629.
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Miscellaneous

TiC|3, Zn-Cu Me C02M9
McMurry cyclization Me
20% Me A
[ > Me +
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O\) TMSO

Kende, A.; Johnson, S.; Sanfilippo, P.; Hodges, J. C.; Jungheim, L. N. J. Am. Chem. Soc. 1986, 108, 3513. Stork, G.; Manabe,
K.; Liu, L. J. Am. Chem. Soc. 1998, 120, 1337. Swindell, C. S.; Chander, M. C.; Heerding, J. M.; Klimko, P. G.; Rahman, L. T.; 13
Raman, J. V.; Venkataraman, H. Tetrahedron Lett. 1993, 34, 7005.
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Holton’s work

Me.__Me Me. ,Me

Mﬂ/&}“e BF;*OEt, Me Me TBHP, Ti(O'Pr),
rearrangement
\ g / OH

(o)
B-patchouline oxide

(+)-patchino
Me 1. MOMCI, DIEPA

Me
Me

Me

M
2. BMDA, TMSCI, NEt; e
then MeLi, then MVK
Y
H o o

» Fragmentation strategy
» Introduction of C7 before fragmentation

» Construction of C ring via aldol condensation?

Holton, R. A. J. Am. Chem. Soc. 1984, 106, 5731.

Me
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then DMS, reflux

fragmentation
syn
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Holton’s work

1. TBHP, Ti(O'Pr),

Me 2.BF3°OEt, e Me 1.PDC Me
Me tBuLl CF3SO3H Me Me 2. LDA, TMSCI Me
3. PhSeCl
4. H,0O,
patchoullne oxide rearrangement
(—)-patchino
oM Me Me

B Br/\( ¢ o|-Me 1. LDA, TMSCI OH"Me  CH3COzH

Br Me Me 2. CH;CO5H 0 Me then Ti(O'Pr),

> S > HO > HO
2. BusSnH, AIBN 5 3. Red-Al
3. Jones tBuCOpI fragmentation
o) BuOCO
MeO OMe
1. Me Me 1. Sml, 5. LDA, TMSCI
2. TBSOTf 2. deMEM 6. mCPBA
3. K,CO4 5.Li 3.Ts,O 7. deprotection
4. MEMCI \l/ OMEM4 NaOBy 8- acetylation
OMe
9. Wittig
BzHN

» Introduction of C9 carbonyl group at late stage Ph

» Introduction of C7 after fragmentation?

taxol 16

Holton, R. A.; Juo, R. R.; Kim, H. B.; Williams, A. D.; Harusawa, S.; Lowenthal, R. E.; Yogai S. J. Am. Chem. Soc. 1988, 110, 6558.



Holton’s work

1. 4-pentanal
1. TESCI OTES then C1,CO
Me. _Me 2. CH3CO3H e 10 then EtOH
Me Me  then Ti(OPPr), 2. LDA, (+)0]
z \|9H 3. TBSCI ' . 3. red-Al
o) fragmentation then CI,CO
rearrangement H o OTBS CC 4. swern
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e
- Z QQ
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oMe (o) Chan then SiO,
OTB§H/ rearrangement
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Holton, R. A.; Somoza, C.; Kim, H.-B.; Liang, F.; Biediger, R. J.; Douglas Boatman, P.; Shindo, M Smith, C. C.; Kim, S,;
Nadizadeh, H.; Suzuki, Y.; Tao, C.; Vu, P.; Tang, S.; Zhang, P.; Murthi, K. K.; Gentile, L. N.; Liu, J. H. J. Am. Chem. Soc. 17

1994, 116, 1597.



Holton’s work

1. 2-methoxypropene

2. KMnO, 2. 86 °C, acidic workup
3. CHoN, 3. BOMCI
0o 4. LDA 4. LDA, TMSCI
/y o Dieckmann cyclization /y HO COMe 5. mCPBA
(0]
1. MeMgBr Me
2. Burgess 1. DBU, 105 °C
acidic workup TBSO' 2. Ac,0
3-4. LGCI, OsOy4 3. HF+pyr.
LG =Ms, Ts 4. PhLi

1. KO'Bu, (PhSe0),0 4- BZ‘N
then KOBu

2. ACzO Ph\\\‘ .,

3. TASF 5. H,, Pd/C

» Chiral pool » C1 C2 protection
» Fragmentation strategy » Construction of D ring
» Conformation control » Oxidative dance for C9 C10

» C1 C9 oxidation via enolate

Holton, R. A.; Somoza, C.; Kim, H.-B.; Liang, F.; Biediger, R. J.; Douglas Boatman, P.; Shindo, M.; Smith, C. C.; Kim, S;
Nadizadeh, H.; Suzuki, Y.; Tao, C.; Vu, P.; Tang, S.; Zhang, P.; Murthi, K. K.; Gentile, L. N.; Liu, J. H. J. Am. Chem. Soc. 18
1994, 116, 1597. J. Am. Chem. Soc. 1994, 116, 1599.



Wender’s work

hv 10 ‘BuLi, TMEDA _
KOtBu s iy

rearrangement

fragmentation O

o)

verbenone

Ti(OPr),
TBHP

» Fragmentation strategy
» Compatibility of the C ring subunit with the photochemical conditions
» Introduction of a C9 C10 linker

Wender, P. A.; Mucciaro, T. P. J. Am. Chem. Soc. 1992, 114, 5878.
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Wender’s work
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o/k 2 3

2. TBSCI, then Me then NH,Cl 8, 2.HC, Nal
2—methoxypropene= | IIHM then NaBH, = TIPSO Me 3. TESCI _
3. mCPBA TIPSO" € 2.H,, Carbtree's cat. 4. DMP, then
4. DABCO (cat.) then TMSCI H Eschenmoser's salt
then TIPSOTf H 0 then triphosgene o 0
fragmentation oTBS 3. PCC O/y
Me it

OTES 1. allylMgBr, ZnCl,

2. BOMCI 1. DMAP, then TrocClI
TBSO' Mg 3. NH,F R 2. Nal, HCI (deBOM)
: 4. PhLi, then Ac,0O 3. MsCl
(o) 5. guanidinium base 4. LiBr
/y 6. 03 5. OSO4
| » Chiral pool
1. triphosgene Me .
2. KCN, EtOH » Fragmentation strategy
3. DIPEA, tol, 110°C _ Ho » Conformation control
4, ACzo

» Construction of C ring
via aldol condensation

5. TASF, then PhLi

OBz

10-DAB & baccatin Il

Wender, P. A.; Badham, N. F.; Conway, S. P.; Floreancig, P. E.; Glass, T. E.; Granicher, C.; Houze, J. B.; Janichen, J.; Lee, D.;
Marquess, D. G.; McGrane, P. L.; Meng, W.; Mucciaro, T. P.; Muhlebach, M.; Natchus, M. G.; Paulsen, H.; Rawlins, D. B.;
Satkofsky, J.; Shuker, A. J.; Sutton, J. C.; Taylor, R. E.; Tomooka, K.;; Krauss, N. E.; Lee, D.; Marquess, D. G.; McGrane, P. L. J. 20
Am. Chem. Soc. 1997, 119, 2755. J. Am. Chem. Soc. 1997, 119, 2757.



Nicolaou’s work
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3. CSA Me Me
HO >
4. TPSCI 3
5. BnBr OH
6. LAH OH

Nicolaou, K. C.; Yang, Z.; Liu, J. J.; Ueno, H.; Nantermet, P. G.; Guy, R. K.; Claiborne, C. F.; Renaud, J.; Couladouros, E. A_;
Paulvannan, K.; Sorensen, E. J. Nature 1994, 367, 630.
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Nicolaou’s work

TPS(‘) 19BN RV
, - - . acac),
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- Me_ /] ——O0TB -
Me OHC™ >7 Me><i‘ oF WoB 3. C1,CO
NNHSO,Ar 074 "¢ 0 | 4. TBAF
Me 5 Le
Me y

1.(ZTiC(I:3)2;\(”DAI\2E)3 e Me
n-Cu, McMurry . Ac
23-25% . 6. H2,2Pd(OH)2/C .
2-3. resolution 7. TESCI
8. MsCl
o Convergent
. B 0} .
2. TBAOAC Z‘H o Conformation control
reflux |- = _ .
3. Ac,0 P’ OTES b gm gglltj)rc])g)d formation
4. PhLi 8. HF+pyr.
5. PCC C1 oxidation via epoxidation
6. NaBH,

C9-C10 bond formation via
McMurry cyclization
» C13 oxidation via PCC

Nicolaou, K. C.; Yang, Z.; Liu, J. J.; Ueno, H.; Nantermet, P. G.; Guy, R. K.; Claiborne, C. F.; Renaud, J.; Couladouros, E. A_; 22
Paulvannan, K.; Sorensen, E. J. Nature 1994, 367, 630.



Danishefsky’s work

o) |
1. NaBH,
9 0 2 AcO QTBS 4. [BHy], H,0; e
Me Me .
3. HOCH,CH,OH 2. PDC Al(OPr),
> > (0] —_— >
4. NaOMe 0 3. NaOMe & o
o 5. TBSOTf &o 4. Me;S*I, KHMDS o HI
Wieland-
MieSCheE)TBs OTBS
keto 1. 0sO, 1. HOCH,CH,OH OTBS
We 2. TMSCI Me 2. BnBr Me 1. TMSOTf
3. Tf,O o 3. TsSOH R 2.DMDO
7 "OTf o \'H 3. Pb(OAc),
@o OH NO 4 MeOH
OTMS OBn
OTBS
1. LAH Meo. ., Me
2. 0-NOCeHySeCN
3. H,0, OMg . \'H
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OBn

Danishefsky, S. J.; Masters, J. J.; Young, W. B.; Link,J. T.; Snyder, L. B.; Magee, T. V.; Jung, D. K_; Isaacs, R. C. A.; Bornmann, 23
W. G.; Alaimo, C. A.; Coburn, C. A.; Di Grandi, M. J. J. Am. Chem. Soc. 1996, 118, 2843.



Danishefsky’s work

, Me
1. L-Selectride

Me 1. BuLi S 2. PhNTf,
2. TBAF 3. PPTS R
3. mCPBA 4. Ph,P=CH,
4. H,, Pd/C 5. [Pd], 49%
5. CDI
1. TBAF 0-0sO0,pyr.
2.TESOTf Me o/ .O 0
3. mCPBA -, : MeOTES 1. Pb(OAc), MeOTES 1. PCC
4. H,, Pd/C 2. Sml, . 2. NaBH,
5 Ac,0 3. KO'Bu, (PhSe0),0 3. HF-pyr.
6. PhLi : —, then KOBU 4-5. C13
7. 0sQy, pyr. z?Acd: 0 H 4. Ac,0

» Convergent

» Chiral pool

» SM selection

» Construction of D ring at early stage

» C10-C11 bond formation via palladium chemistry

Danishefsky, S. J.; Masters, J. J.; Young, W. B.; Link,J. T.; Snyder, L. B.; Magee, T. V.; Jung, D. K;; Isaacs, R. C. A.; Bornmann, 24
W. G.; Alaimo, C. A.; Coburn, C. A.; Di Grandi, M. J. J. Am. Chem. Soc. 1996, 118, 2843.



Kishi’s work

' CuBrDMS
. OSO4

. NalO,

. LIAI(O'Bu)3H
. Appel

. PhSeH, NaHCO, O’H,,e

. NalO,
TBS(:) MeOTBS
Me O )  TBSO. » C1-C2 bond formation via NHK?
q"'Mz + | g --= > Introduction of C12 methyl group
| o e before construction of B ring
Me

25
Sheng, X. C. A. Total Synthesis of (+)-O-Cinnamoyltaxicin-l Triacetate Ph.D. Thesis, Harvard University, 1998.



Kishi’s work

1. mCPBA OBOM

Me Me 2. BOMCI, 'Pr,NEt Me
\© Li, NH3, tBuOH‘ 3. DIBAL-H _— Me "BuLi Me
g e
then (CO5H), 4. M Me N x [2,3] Me><,
OMe 0 ez\N »\/()
\ 0]
o

1. pTsOH, MeOH
2. LAH TBSO M OTBS
Me OH OBOM OH, OBOM 3. TBSOTT TBSO. -~y
Mel Me. N 7/\@ then KOH : Ie! 4. CrO3DMP
— X HO,C —
Me><,o 5. CHo=CHLi
CuCN, TMSCI
6. Yb(OTf)3, HCHO
7. Acy0, then Oj
then DMS
1. 'BuLi, MgBr,
TBSO __ OTBS
1.NaHCO3, ACOH 1ggo - Me TBsoT BS? Mey oo 2. TBAF
2. pTsOH, MeOH N NaH, BnBr N 3. TBSCI N
3. Luche MeO OH then CSA 4. Me,C(OMe),
5. mCPBA
OMe 6. LAH

OBn

26
Lim, J. A. A Total Synthesis of Taxol. Ph.D. Thesis, Harvard University, 2000.



Kishi’s work

1. NaH, CH,BrCl

then HCI . LAH M OAc
. TBSCI . Appel e o 1. 0sOy
3. Me,C(OMe), . Ac,0 MeOTES 5 pipea, A
. LDA, Mel . . CrO3*DMP 3. Ac,0
. KHMDS, PhNTY, . HCl - 4. PhLi
then TBAF . TESCI 5, 5 PCC
r
. DMP . DMP /Y 6. NaBH,

. NHK

» Convergent

» Conformation control

» Construction of C8 quaternary carbon centre via [2,3]
» C10-C11 bond formation via NHK

Lim, J. A. A Total Synthesis of Taxol. Ph.D. Thesis, Harvard University, 2000.
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Kuwajima’s work

TiCl,

> For taxusin, V
» For taxol, in situ chelation of C2 C4 oxygen atoms

Horiguchi, Y.; Furukawa, T.; Kuwajima, I. J. Am. Chem. Soc. 1989, 111, 8277.
Seto, M.; Morihira, K.; Horiguchi, Y.; Kuwajima, I. J. Org. Chem. 1994, 59, 3165.
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Kuwajima’s work

SPh OBn
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N 2 CH(OBn )
vcl)>/\= 0 TPSCl  11pso m&EHOBM2 T TRAF
2. PDC 2. BnOCH,Li 2. Mitsunobu
3.Me  OLi H . 4 _
>— TBSO IBSO
Me OEt
OBn 1. TIPSCI OBn
1. CHoly, ZnEt
Me 2. Me,AlOTf Me 0Bn , p27 e

GH(OBN), '

t
o BuO)s;AIH _ TESO' Simmons- Sm/th‘ HO'
4. TESOTf 3. Li, NH;
5. DIBAL-H then MeOH
PivO HO

Holton's method to (+)-taxusin

Hara, R.; Furukawa, T.; Kashima, H.; Kusama, H.; Horiguchi, Y.; Kuwajima, |. J. Am. Chem. Soc. 1999, 121, 3072.
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Kuwajima’s work

. 'IBUOK
1. BuLi, EtCHO then PivCl o 1. (MeNHCH,),
2. H,, Lindlar Me - pTsOH Me then KOMe, TIPSCI
\\\/OTHP 3. Swern N Etggc Me . Swern ~ Me Me then SiO, N
4. Me  OLi OTHP 4. TIPSOTY ) 2. (MeNHCHS,),
— o . asymmetric  PivO OI:ICHO then PhSCH(Li)TMS
Me OEt dihydroxylation then SiO,
. (MGNHCH2)2
then SiO,
SPh 1. (MeBO),
e OBn Me cH(oBn), 2 SCl
‘BuMgCl M 2 3. pi |
Me + BnO e~ T1BSO praee
‘CHO Li :
HO 64
Me 1. TBAF
1. DIBAL-H 2. PhCH(OMe),
2. TBSOTf 5. Swern . TBSO"- 3. Luche .
3. BuzSnH 6. K/NH; O 4. hv, Oz
AIBN (cat.) ‘Bu(’Pr),COH HO Rose bengal (cat.)

4. Pd/C, H, then thiourea

Kusama, H.; Hara, R.; Kawahara, S.; Nishimori, T.; Kashima, H.; Nakamura, N.; Morihira, K.; Kuwajima, |. J. Am. Chem. Soc.

2000, 722, 3811.
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Kuwajima’s work

/LM 6. 0sO,
e

. PhLi

PMP
Me p/{ 1. TBSCI Me
1. PMPCH(OMe), CNO 2.DIABL-H
2. DMP - TBSOII- 3. LAH ~ TBSO'"
3. EL,AICN _ 0
O z
Ono
Ph
Me OH Me OH Me
1. HCI “MeOH - PhB(OH), “MeOH 1.DMP 2. OMe
2. Sml, HO! 2. TBSCl 1gs0. TBSO
3. TBAF 3.H0p Me
4. NaOMe : : 3. KHMDS, PhNTf,
(repeating) L0 9 V0§ 4. TMSCH,MgCI, [Pd] \
Ph Ph Ph T™MS
. DBU, reflux
’ A
3. LDA _PPTS Me. 17, 1. HFpyr.
MoOPH . TESCI MeOTES 2. TrocCl
1.NCS 4. Ac,0 _Pd(OH),, H,  TBSO! - 3. TASF (~Maxo
2. OMe 5.DBU . triphosgene 7 4.C13
. Ac,0O T Y, 5.2Zn
Aco —©O

» Control of atropisomerism

» C2-C3, C9-C10 bonds formation
» C7 C9 oxidation

» Introduction of C19 methyl group

Kusama, H.; Hara, R.; Kawahara, S.; Nishimori, T.; Kashima, H.; Nakamura, N.; Morihira, K.; Kuwajima, |. J. Am. Chem. Soc. 31
2000, 722, 3811.



Mukaiyama’s work

NH, NaNO,, H,SO,, H,0 OH ; ;B(S)gl(cu) NH Me, Me QBN
alNLa, H2oUy, M2V - BN 3)= ‘ OTBS
)\/0"' J_oH ~ MeO,C~
HO,C then HC(OMe);  MeO,C 3. DIBAL-H :
L-serine 4. aldol OPMB
5. PMBOC(CCls)=NH
1. DIBAL-H
2. Swern
1. Swern 3. LAH Me Me OBn 1. LAH Me Me OBn
"o Me Me 2. HC(OMe); 4. Swern _ MeO 2. TBSCI OTBS
CO,Me 5. asymmetric aldol T COMe 3 AcoH OHC™ ™
6. PMBOC(CClI3)=NH OMe OPMB OPMB
1. DIBAL-H 6. NBS
1. aldol BnO Me Me OBn 2. Swern 7. LHMDS Br BnO Me Me OBn
2. TBSOTf h OTBS 3. MeMgBr Mel, HMPA N h 3. 0
MeO,C : 4.Swem  8.HCI L g
TBSO OPMB 5. LIHMDS 9. Swern O OTBS OPMB
TMSCI
BnO O 1 Cu BnO OM (o) 1. NaOMe
1. Sml, ' | 2. AlH; 4. DDQ
2 Ac,0 1BSO Me /\/\/OTES ~ TBSO 3. Me,C(OMe), 5.PDC
3. DBU Me 3 2. HCI Me 6. homoallyl-I, SBuLi
Me — 3. Ley Me™ 3
PMBO OBn PMBO

Mukaiyama, T.; Shiina, |.; lwadare, H.; Saitoh, M.; Nishimura, T.; Ohkawa, N.; Sakoh, H.; Nishimura, K.; Tani, Y.; Hasegawa, M.; 32

Yamada, K.; Saitoh, K. Chem. Eur. J. 1999, 5, 121.




Mukaiyama’s work

M
s Me 1. Na, NHs
BnO HO ™ ‘o 2. TBAF
< Me|\H 1. Ley 3. triphosgene
1. TBAF - HoJ 2. Wacker Me: 4. Ac,0 .
2. R'R2SiX, Me > 3. TiCl, B 5. HCI
3.Meli  (RARYISQ” = = LAH 1~ 6. TESCI
: (R?)(R")MeSiO" % Hgn (RA)(R")MeSiQ < H 7. Ley
74
1. PCC
1. TCDI 2. K-Selectride
2. P(OMe); _ 3. TESOTf
4. PhCO3Bu
CuBr, -23 °C
7. Ph » B—-BC—ABC—ABCD
.CO,H .
1. CuBr an)ﬁ“ T aaN o Me M » Aldol condensation
o d° Y. MeoH 3> C11-C12 bond formation
. 4 o ¥ [ . . .
5 DBU  DPTC DMAP oH via McMurry cyclization
4200 73 -y » C11 C12 deoxygenation
: [ o
6. HFepyr. & 1T (-)-taxol Ac > C13

Mukaiyama, T.; Shiina, |.; lwadare, H.; Saitoh, M.; Nishimura, T.; Ohkawa, N.; Sakoh, H.; Nishimura, K.; Tani, Y.; Hasegawa, M.; 33
Yamada, K.; Saitoh, K. Chem. Eur. J. 1999, 5, 121.



Takahashi’s work

MPMO MPM BOM
1. Se0,, TBHP o 1. [Ti] ? meyt°
2. NaBH, 2. BOMCI
> Me  ———
3. VO(acac),, TBHP AN 3. NaOH OHC
4. MPMOC(CCl3)=NH 4. Le '
(CCL) OAc Me Y Cring
1. ethyl vinly eth
1. NBS, 'BUOH/H,O °ny: vinly ether
oAc 2 NaoH Me OTBS
Me OH Me oAc [henNEts N\ 3. SOg3pyr.
— Ac,0 — epoxidation Me 4.DBU Me
Me Me : > >
/<M e 21T Me 5. NaBH,, then HCI Me
OH 6. TBSCI NNHTs
7. SOzepyr.
8. H,NNHTs
1. 1BuLi, BrCH,CH,Br 1 z;'j/MDS’ MW
t . (0]

2. Bulli, CeCls Me  OTBS 2. acid; 3. NaOH
then C ring ?VITSOBOM 1. TBAF 3. TBAF 4. Se0,, TBHP
3.VO(acac),, TBHP 9 2. TMSOTf 4. Ley 5.0s04, NMO

4.LAH  7.Me,SiHCI Mo 5. TMSCN, HCI 6. AcCl

5. TBSCI 8.DDQ R 6. ethyl vinyl ether 7. MsCl

6.BnBr 9. TsCl DMSQ 6 H 8. Pd/C, H,
9. triphosgene

1. TESCI
2. K,CO5

3. DIEPA, 100 °C
4. Ac,0

5. PhLi

6-11. C9C13
Danishefsky

(£)-baccatin 11l

Doi, T.; Fuse, S.; Miyamoto, S.; Nakai, K.; Sasuga, D.; Takahashi, T. Chem. Asian J. 2006, 1, 370.

» Conformation control

» C9-C10 bond formation
via umpolung Sy 2

» Automated synthesizer
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Nakada’s work

McOBn 1. 9-BBN
27 2. [Pd]

Suzuki
MOMO oB
1. DA
M B
e Y MeNHOMe-HCI ' o Me  Br ve  Br
/ N\ _pe 3 LAH Me 1.DIBAL-H
Me 4. TIPSOTf Me PhCH(OMe)z‘ Me 2. DMP . Me
+ 5. Sharpless /[ Me o] OMe Me
_ asymmetric_ HO CHO )\o BnO CHO
CcOoClI dihydroxylation Ph
1. HMPA
OMe LDA, Mel Meo
MeO,C 2. DIBAL-H baker’s yeast
e > BnO Y >
3. NaH, BnBr
MeO 4. HCI (0]
known
OH 1 pd/C, H 1.DIBAL-H  OEE OBn
Me : 172 : | Me
. 2. PhCH(OM OO 2 EVE .,
BnO~ " (OMe),_ 7 Me].H _ o,
3. hydrazine
(o) 4. 1,, DBU |
|

Kawada, H.; lwamoto, M.; Utsugi, M.; Miyano, M.; Nakada, M. Org. Lett. 2004, 6, 4491.
Hirai, S.; Utsugi, M.; Iwamoto, M.; Nakada, M. Chem. Eur. J. 2015, 21, 355.
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Nakada’s work

1. "BuLi
Me  Br OEE OBn 2. VO(OEt);
ve , lyo TBHP
/ Me 3. BF3°OFEt,
BnO CHO '

1. DMP
2. TESOTf 2. TBAF
3. MeMgl 3. DMP 3. AcCl
4. DMP 4. Zn, CHyl,
Ph
OAc
M
1. MsCl e O o8
2. K,CO3, MeOH MeDBn 4 1, Pd(OH),/C
3. DBU, reflux N alumina N
4. KHMDS B N / 2. triphosgene
Davis' reagent ofs L”H 3.TESCI
5. Ac,0, then DBN }/ AcO O
Ph OAc Ph

Nicolaou's INT

» C2-C3 bond formation
» 1,5-hydride shift-benzylidene formation
» C10-C11 bond formation via palladium chemistry

36
Hirai, S.; Utsugi, M.; lwamoto, M.; Nakada, M. Chem. Eur. J. 2015, 21, 355.



Chida’s work

1. KQCO3, Mel
2. HOCH,CMe,CH,OH
O " prsa Me
3. TSNHNH,, - Me
4. "BuLi, Mel Me
O 5. HCI NNHTrisyl
6. TrisyINHNH, A ring
OAc OBn
OAc 1. NaOMe Hg(OCOCF3), OBn
A O//"' \OAc BF3*OEt,, MeOH _ AcO//"' then Appel= then MsCl .0
¢ S then Pd/C, H, o) 2 NaH,BnBr O
t
OMe 3 BUOK OMe
1 MeLi 7. Luche (1:1 dr) 1. Aring, "BulLi o
. MeLl . Lucne (1: r
2. PCC 8. MOMCI TBDPSO 2.VO(acac),, TBHP  Me
3. vinylMgCl, Cul 9. thexylborane 3. DIBAL-H MeOBz
then TMSCI then NaOH, H,0, 4. triphosgene BzO
4. Sc(OTf)s, formalin 10. TBDPSCI 5. CrOs a7
5. K,CO3 11. deTHP 6. L-selectride (o) H
6. DHP, PPTS 12. Ley 7. BzOH, EDCI }/ MOM
8. HF«pyr. (o)
9. DMP

Fukaya, K.; Tanaka, Y.; Sato, A. C.; Kodama, K.; Yamazaki, H.; Ishimoto, T.; Nozaki, Y.; Iwaki, Y. M.; Yuki, Y.; Umei, K.; Sugai,
T.; Yamaguchi, Y.; Watanabe, A.; Oishi, T.; Sato, T.; Chida, N. Org. Lett. 2015, 17, 2570.
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Chida’s work

1. Ley

Bz 2 NaBH, 1.100 °C
3. NaH, BnBr 2. PPTS
4. 0OsOy, then NaHSO3; MeS 3. Ley

5. NaH, CS,, then Mel 4. TMSCH,MgCI

Me
1. H,, Pd(OH),
2. Ley MeOBz

3. BF3’OEt2

1. K2003, MeOH
2. triphosgene
3. TESOTf

» C10-C11 bond formation via
Sml,-mediated cyclization

» Construction of bridged olefin
via Chugaev reaction

1. 8902
2. MsCl, then OsO,4

3. DIPEA, 100 °C

Takahashi's INT

Fukaya, K.; Tanaka, Y.; Sato, A. C.; Kodama, K.; Yamazaki, H.; Ishimoto, T.; Nozaki, Y.; lwaki, Y. M.; Yuki, Y.; Umei, K.; Sugai, 38
T.; Yamaguchi, Y.; Watanabe, A.; Oishi, T.; Sato, T.; Chida, N. Org. Lett. 2015, 17, 2570. Org. Lett. 2015, 17, 2574.



Paquette’s work

OoTBS TBSO

TBSO
C4 oxidation before rearrangement

Paquette, L. A.; Zhao, M. J. Am. Chem. Soc. 1998, 120, 5203.
Paquette, L. A.; Wang, H.-L.; Su, Z.; Zhao, M. J. Am. Chem. Soc. 1998, 120, 5213.

Me
o ()
then Et,AICI .
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Paquette’s work

1. TBSOTf (2 eq.)

2. DMDO H
3. K,CO3 Martin 1. OsOy4
4. MOMCI R sulfurane 2. MeZC(OMe)Z‘
5. Wittig 3. TBAF
6. Bu,AlH, 6 °C TBSO H TBSO H -, 4. KHMDS, O,
OoMOM OoMOM
Me .. Me .. 1. TBAF
1. LAH 0J< 1. 0sOy 0J< 2. Ley
2. BzCl o 2. PMPCH(OMe), HOHO 3. Sml,
3. PhSeBr 3. LAH, then SEMCI Me: .} s 4. SOCl, _
> , (+)-taxusin
4. H,0, o 4.DDQ SEMO 5. ‘Bu,AlH
5. Sml g- kﬂeyL_ e 6. LiBF,
" . MeLl, Lellj "
OMOM omom - A0
> [3,3] & semi-pinacol rearrangement
» C9 C10 oxidation via dihydroxylation of trans olefin
Paquette, L. A.; Zhao, M. J. Am. Chem. Soc. 1998, 120, 5203. 40

Paquette, L. A.; Wang, H.-L.; Su, Z.; Zhao, M. J. Am. Chem. Soc. 1998, 120, 5213.



Baran’s work: two-phase synthesis

B.
highest
[O] state MNoteworthy taxanes:
Taxol® (7)17a
e Ohe
taxusin (&)'7k
i : “Me i Me
» 1 I~ ~n i
/ wadene @™ 3 Divergent synthesis
level B > SAR
HO
1?1!:1 131!5 19.1!5
we "3 e e "3 now  me "3 O "3 Qe » Linear synthesis
" > Differentiations of
// o 22 231 24180 functional groups at
* 8] Y oty ot e s late stage
level & HO HO- HO HO:
HI:I OH 6$ ‘OH i$ I ‘OH i~ Al “OH ) B oM i qY o

2g1ee taxusin [O] state (29)'7baed  3piea

oxidation from Mature's
cyclase phase endpoint

'

taxadiene (9)17c

41
Ishihara, Y.; Baran, P. S. Synlett 2010, 1733.



Baran’s work: two-phase synthesis

Cln k) = o

n: Maximum [O] level in a
family of terpene natural
products; alternatively,
the number of hydrogens
in the unoxidized
hydrocarbon framework

k: The selected [O)] state C(4.4) =

C(n.k): Number of possible ’

redox isomers at the

"level k" [O] state /

'choose all’

n = 36, k=36
hypothetical
level 36 taxane,
CaoH1002z (47)

__*rexamp.fe of pyramid chm'r.:e‘*,ﬁ

00 . O®

O 00 'e0@ 0@

L L L L L L L LE L L L E R TR Ty -

lexa mples of initiall
| target selection I

If T i .r"\ll P Fa l,r—-\l

level 1 . S l\_./I .I e 'n__.f'l I‘k.__.»' L
_ A YO N T

au1)=4 OO0 OO e 'O

Me

n= 36, k=0 .
level 0 taxane, taxadienone

CooHag (46)

'choose none'

Ishihara, Y.; Baran, P. S. Synlett 2010, 1733.



Baran’s work: two-phase

OH Me OAc Me Me CHO Me CO,H Me CO,Et
/ \ Me )_\g )_\§Me )_\QMe / \ Me )_\Sfl\lle )/_\nge

Me Me
117¢.e,ij.kn,p,q,s 124c,7a,7i,7r 134¢,7r 147a,b,d 157k 167r
(min: 2 steps) (4 steps?) (min: 5 steps) (min: 5 steps)  (min: 3 steps) (min: 3 steps)

synthesis

174¢
(min: 3 steps)
OH
Me

OMs Br |
Me Me Me CHO
/ \ Me \ Me \ Me \ Me / N Me / \ Me )_\§:Me
Me Me Me M

187cfhiknrs 197r 207h 217¢ 297¢
(min: 3 steps) (min: 4 steps)

23Ti,h 2479,i,l,m,n,0,8
(min: 4 steps) (min: 4 steps)

(min: 5 steps) (min: 5 steps) (min: 4 steps)

Me 0] EtO EtO EtO
Me (0] (o] 0 (0] 0
25b 260 27b 28b 2913a,b 3013c,d
(min: 1 step) (min: 2 steps)
Me — Me Me
D: Diels—Alder
Me Me Me Me Me without a
: A: RCM 3%?0%?1".9 12
H ¢ H
MeO
Br I 3 o 0
o o 50
E: Diels-Ald
31b 3?13a,b,e-g 3313h-] 3413c 3513b Me i wli?hssp2 aetr
(min: 1 step) (min: 1 step) (min: 3 steps) (min: 2 steps, C3/C8 or
Me B aldol 1,4-addition
Me
"taxadienone" (10) : . 52 (R=H)
55 C: reductive F: Shapiro/aldol/ 53 (R = TBDPS)
Me Me / \
Me Me Me
6 Me /- \Me ‘
1= x Me
o (o]
Ishihara, Y.; Mendoza, A.; Baran, P. S. Tetrahedron 2013, 69, 5685.

A 3
47 (X =Br)

41 Me
48 (X =1)



Baran’s work: two-phase synthesis

Me Br

Me\ /Me CHBr, 'BUOK 1. 'BuLi, TMSCI, CuBr,*SMe,
an Vrewesryis )/_\&Me — 2. AMes, CuTC (2 mol%)
Me  Me N ©2 M L* (4 mol%), then TMSCI

150 °C
93% ee

3. acrolein, Gd(OTf)3 (10 mol%)

0 , = H,O/EtOH/tol. (1:10:4)
_vinylMgBr _ — 1 then Jones' reagent, 2:1 dr
OEt O

Me Me Me
Me 1.KHMDS Me 1.LAH
BF;°OEt, m PhNTf, 2.KH, AcCl
. 2. Pd(PPh), 3. Na, '‘BuOH
H ZnMe,
0 (o) Me Me
+ 21% undesired taxadienone taxadiene

diastereomer

» C8 quaternary carbon centre
» Short, convergent and scalable

Mendoza, A.;Ishihara, Y.; Baran, P. S. Nat. Chem. 2012, 4, 21.



Baran’s work: two-phase synthesis

D-labeled GGPP

C5-C10/C13-C9-C2/C7-C1/C4/C20 OH

Me

BzHN O
~. Ph Y
OH
geranylgeranyl
pyrophosphate
(GGPP)

[CrY], MnO, 0
53%:35%

NBS, BPO, then N DIBAL-H N
AgOTf, Et3SiOH then Ac,0O
OAc
[allylic C—H oxidation panel] substrate
1 4 59
category conditions [C-5] [C-13] [C-10]
1 Pd(OAc),, BQ yes no no
2 Cr¥ or Cr" no yes no
3 NBS, (BzO), no no yes
4 M cat.,, ROOR' no no no
5 $¢0; or '0, no” no® no taxabaccatin 1|

Wilde, N. C.; Isomura, M.; Mendoza, A.;Baran, P. S. J. Am. Chem. Soc. 2014, 136, 4909.



Baran’s work: two-phase synthesis

» Oxidase phase » Cyclase phase

diene dione

Wilde, N. C. The Two-Phase Synthesis of Taxane Natural Products: Developing the Tools for the Oxidase Phase, Ph.D. Thesis, 46
The Scripps Research Institute, 2016.



Baran’s work: two-phase synthesis

1. Pd(OAc),, BQ, AcOH Me
2. KOH
3. Na, NH;

1. Na, 'PrOH
2. VO(acac),, TBHP

3. pyrrolidine, "BulLi

taxadienone

Wilde, N. C. The Two-Phase Synthesis of Taxane Natural Products: Developing the Tools for the Oxidase Phase, Ph.D. Thesis, 47
The Scripps Research Institute, 2016.



Baran’s work: two-phase synthesis

1. Na, 'PrOH
. VO(acac),, TBHP
then NaOH

. Ac,O Burgess NaHMDS, MOMCI

. [CrY], MnO, then DIBAL-H then IBX
50%:29% 5

_NBS, BPO OHOAc OH

then AgOTf, TMSOH

LiAIH(O'Bu)SBus,

THF
w/o over-reduction

then Na(Hg)

5 then Ac,0O
omom

decinnamoyltaxinine E taxabaccatin Il

48
Yuan, C.; Jin, Y.; Wilde, N. C.; Baran, P. S. Angew. Chem. Int. Ed. 2016, 55, 8280.



Baran’s work: two-phase synthesis

» C7 oxidation » C1 oxidation: DMDO

R3
47 R®=R*=NR, CHOH

R3 = H, R* = OC(O)R, OS(0),R
OSIEt,R, OR,

> C2-B-OH

OTES

Kanda, Y.; Nakamura, H.; Umemiya, S.; Puthukanoori, R. K.; Appala, V. R. M.; Gaddamanugu, G. K.; Paraselli, B. R.; Baran, 49
P.S. J. Am. Chem. Soc. 2020 142, 10526. Kanda, Y. Ishihara, Y.; Wilde, N. C.; Baran, P. S. J. Org. Chem. 2020, 85, 10293.



Baran’s work: two-phase synthesis

» KIE assisted chemoselective oxidation

120
TBSO
H- or OMOM

2e” then H* 4.40
. C4 is important!!!

1. Na, 'PrOH
2. VO(acac),, TBHP

3. pyrrolidine, "BulLi

taxadienone

Kanda, Y.; Nakamura, H.; Umemiya, S.; Puthukanoori, R. K.; Appala, V. R. M.; Gaddamanugu, G. K.; Paraselli, B. R.; Baran, 50
P.S. J. Am. Chem. Soc. 2020 142, 10526. Kanda, Y. Ishihara, Y.; Wilde, N. C.; Baran, P. S. J. Org. Chem. 2020, 85, 10293.



Baran’s work: two-phase synthesis

interrupted
Saegusa oxidation QO

then O, hv ¢

then NXS

\

Kanda, Y.; Nakamura, H.; Umemiya, S.; Puthukanoori, R. K.; Appala, V. R. M.; Gaddamanugu, G. K.; Paraselli, B. R.; Baran, 51
P.S. J. Am. Chem. Soc. 2020 142, 10526. Kanda, Y. Ishihara, Y.; Wilde, N. C.; Baran, P. S. J. Org. Chem. 2020, 85, 10293.



Baran’s work: two-phase synthesis

C1-C7

C1 C2: LAD, DMDO, Na
C9: at late stage in Holton's synthesis

C1-C2-C7-C9

Kanda, Y.; Nakamura, H.; Umemiya, S.; Puthukanoori, R. K.; Appala, V. R. M.; Gaddamanugu, G. K.; Paraselli, B. R.; Baran,
P.S. J. Am. Chem. Soc. 2020 142, 10526. Kanda, Y. Ishihara, Y.; Wilde, N. C.; Baran, P. S. J. Org. Chem. 2020, 85, 10293.
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Baran’s work: two-phase synthesis

1. [CrY], HFIP
TMSOH, 'BuOH

2. CuBry

3. NBS, BPO, then

DTBMP, AgOTf
TESOH

TBAI, BF3°OEt,
then 2-Fpyr.

then TMSimid.
then DMDO

. BOMCI

OTES

me  QTES 1. MeMgBr

then DIBAL-H
then LAD

Y

2. NaHMDS
TBSCI

Me OTES
1. Ley _
<H 2 Na, 'ProH, then
'O triphosgene
Me
TBSO!'
7. KO'Bu, then

triphosgene, then Ac,0
8. TASF, then PhLi

. MsCl, then OsO,4
. DIPEA, then IBX
6. KO'Bu, (PhSe0),0

1
2
3. Burgess, then HF
4
5

Kanda, Y.; Nakamura, H.; Umemiya, S.; Puthukanoori, R. K.; Appala, V. R. M.; Gaddamanugu, G. K.; Paraselli, B. R.; Baran,
P.S. J. Am. Chem. Soc. 2020 142, 10526. Kanda, Y. Ishihara, Y.; Wilde, N. C.; Baran, P. S. J. Org. Chem. 2020, 85, 10293.

> (—)-taxol
9. LHMDS, O ‘\\OBn

then Pd/C, H, Ph
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Inoue’s work

» Chiral SM

» C2-C3 bond formation via radical coupling

» C2-stereochemical information

» Construction of C8 quaternary carbon centre via [3,3]
» C10-C11 bond formation via palladium chemistry

Matoba, H.; Watanabe, T.; Nagatomo, M.; Inoue, M. Org. Lett. 2018, 20, 7554.
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Inoue’s work

Me Me
e
Q TePh MeMgBr, Cul
Me + >
Me Me o NC then NaBH, ~ Me
o)
o)

Bz(Cat)z
NaOAc+3H,0O

1. Burgess
2. HFepyr.

R = SiHMe,

RO - H)—
AcOl 6 MeOCin |
1-hydroxytaxinine ! R=H
abeotaxane diterpenoids

» C8-C9 bond formation via radical coupling
» Construction of C8 quaternary carbon centre via conjugate addition
» C1-C2 bond formation via McMurry cyclization

55

Imamura, Y.; Yoshioka, S.; Nagatomo, M.; Inoue, M. Angew. Chem. Int. Ed. 2019, 58, 12159.



Inoue’s work

4a:4b=2:1
' (in THF-dg, RT)
4a: major TiCl; Zn
pyridine

C1,2-epi-3/C1-epi-3

56
Imamura, Y.; Yoshioka, S.; Nagatomo, M.; Inoue, M. Angew. Chem. Int. Ed. 2019, 58, 12159.
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synthesis & medicines

v Selected strategies to construct taxane skeleton
» Biosynthesis & biomimetic synthesis
» Diels-Alder
» Miscellaneous

v' Total synthesis of taxol
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Summary

palladium chemistry, 1,6-addition
_Sml,-mediated cyclization
* .- McMurry, aldol, umpolung Sy2
__-- rearrangement, radical coupling
--aldol

[l Simmons-Smith, 1,4-addition

Diels-Alder ~ .--"

Shapiro, McMurry
1,2-addition, aldol, radical coupling

positions methods

C1 C2 enolate, epoxidation, DMDO
C5 allylic oxidation

C9 C10 enolate

C13 Cr chemistry

C20 dihydroxylation

Strategies: fragmentation, convergent synthesis, linear synthesis, two-phase synthesis
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