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Introduction to Taxol: An Evergreen Molecular Ensemble
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® Potent anti-cancer activity
®* |isted as WHO'’s essential
medicine list

6-8-6-4 Ring Skeleton

» At least 30 groups simultaneous started its
synthesis in 90’s to check the synthetic feasibility.

= FEven till date it’'s been an interest to chemists.

» Most of the syntheses actually accesses the terpene
core until ~20 steps. (Convergent synthetic routes)

General Core Skeleton
& Numbering

Isolation & Industrial Scale Preparation

* Destructive isolation process from Pacific
Yee tree.

* Current best route comes from Plant Cell
fermentation enabling metric ton quantity.

[1] Suffness, M. TAXOL.: Science and Applications; CRC Press: Boca Raton, 1995. [2] Cino, P. M.; Schwarz, S. R.; Cazzulino, D. L.. 2
US 5527702 A, 1996. [3] Bringi, V.; Kadkade, P. G.; Prince, C. L.; Roach, B. L. US 7264951 B1, 2007.



Concept of Two-Phase Synthesis
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Oxidaze Phase ______________________
C-O Bond Formation
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Cyclase Phase
C-C Bond Formation

Feedstock chemical

« As many as 20 enzymes to accomplish Taxol
synthesis by nature

+ Two-cyclase phase, Nine- C-O bond forming
steps, rest for functionalization.

* Meticulous design of the substrate in the
chemical space.

» Did not restrict to the biosynthesis steps since
unnatural taxanes were also to be synthesized.

* Why we should pursue? Because of the purely
curiosity

 Rapid access to all the natural & unnatural
taxanes with different oxidation level

 Preferences of C-H functionalization on
terpenes

« Every oxidation step could allow for a structure-
activity relationship.

Chemical Biosynthesis
- | — Taxol Level
Late ‘
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C1, C7, C4/C20 ! ’
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Taxol Synthesis Pyramid
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Synthesis of Taxadienone & Taxadiene

I; melMgBr IE
OEt
Me CHBr3, BuOk
PhNMez, 150 °C

X _Me
Me)\( e

Me Me CuBry-Me,S
Acrolein (20 equiv)
Gd(OTf)5 (10 mol%)
1:10:4 H,O/EtOH/PhMe BF4-Et,0
-
then Jones Reagent DCM

85%
(dr:2:1)

47%

Me s-BuLi, TMSCI

L (14 mol%)
) then THF, TMSCI
—_—
89%, 93% ee
(0]

[4+2] cycloaddition

MesAl (1.4 equiv)
CuTc (2 mol%)

PhNTf,, KHMDS
Pd(PhsP),, Me,Zn

D
>

84%, 2 steps

taxadienone
1.4

1. LiAIH,4, Ether Me Me
2. KH, AcCl, THF
reflux, 75%

3. Na, 'BuOH

Et,0, HMPA H

taxadiene
1.2

Mendoza, A.; Ishihara, Y.; Baran, P. S. Nat. Chem. 2012, 4 , 21-25.



Oxidation at C5, C10, C13

Kharash type condn
(Rh, Mn, Ru)

decomposition <—\
. Pd(ll), O
Me Me  TSOH, 2-MeNPyr . taxadiene
1.2

additive yield
Me Me Pd(OAc),, BQ none 35
AcOH, additive 41
60 °C . TMB
i 1,3 DMB 45
H Me
taxadiene
1.2 N,N-Di-Me aniline ~ decomp

Conducted in NMR tube using AcOH-d, and TMB
as internal standard lead to the discovery that additive
has a role.



Oxidation at C5, C10, C13

C13-Oxidation: * Most of the existing methods put this oxidation at
the very end

* Putting this at the beginning posses risk of
interference.

* However, it shows critical medicinal importance so

lets install it.

Cr(VI) .
based reagents May be prior C10
additives “ope functionalization is necessary

To mute the reactivity of 411-
12 alkene.

“"OAc

Cr(VI) source: PCC, PDC, Imidazloium dichromate

Het additives: 3,5-DMP, 1,2,4-triazole,imidazole,
oxazoline, HMPA, bpy, quinoline, urea, DMPU,
DMAP, pyridine, purine, uracil

Cr (V), MnO,
15-Crown-5 Et
PhCF,, 80 °C Me

—» 0O

2.7 53%



Oxidation at C5, C10, C13

C10-Oxidation: Since out of C10/C13 oxidation, it was unclear which position
should be done first.

Me Me
i‘ C-10 Oxidation
i
H Me

)

taxadiene
1.2
L
N
10,, PhCF4 O BF4

-

Mscl, E2 elimination

217 Me

A10-11 olefin
no isomerization to 249-10
alkene of no use

unsuccessfull transformation

mCPBA, DMDO, Oxaziridine

AgOTf, H,0

NBS, BPO

C10 radical O ) solvolysis
halogenation “OAc
stability by conjugation
with enone ,2'22
single dr 8
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taxuyunnanine D taxabe:cgatin i
1.4 .
\
\

taxadienone

1.4 || | | || | |
1. Cr (V), MnO,
Me Me
Pd (Il), BQ, anisole 15-Crown-5
AcOH PhCF, 80 °C
“OAc 2 NBS, BPO “OAc
H Me then TESOH
taxadiene
1.2
DIBAH, MeOH
then Ac,O IBX
> AcO'-
80%
9

taxuyunnaine D



Synthesis of Taxabaccatin IV

e (5, C10, C13 Installed
A « Stereoselective C2- oxidation
“OAc « C9 oxidation & diol formation

" H
H' 6Ac
taxabaccain Using C9-C10 as an Alkene precursor for Diol formation %

Oxidation
with PhSeCl, DDQ
Pd(OAc),, 10,

elimination
-~

“OAc
poor orbital
3.1 arrangement
for E2 or syn elimination Ry = -Br, -OH, -OCS,Me
isomerization 3.3

Although it is strained .. .
Ofc ATROHINTS ST Model Substrate Optimization:

New Cyclase Phase with A9,10 Olefin:

1. nBuLi, CuTc Me Me

O Phosphoramidite
< . then TMSCI _
I 2. Acrolein, GA(OTfs, 75%
Me

3. Jones Reagent, 64%

3.12

mCPBA or DMDO
to A12.13 oxidation

3.10 3.1

dihydroxylation: decomposition
mCPBA or DMDO: All.12 poxidation

1 . BF3.Et20, 190/0
2. PhNTf,
3. Pd(PhsP),, MeoZn, 70%

o

@ N
3.13 314 g'|\1/|5|:3 (;( =CH, 'PF; Pr
0sO4 leads to 3.14 TFDO leads - All1Z epoxide
mCPBA leads to decomp to decomp.  3:16, X=0, 350 -AlLL

dihydroxylation



. "'OAc Pd(ll), O
H & s
OAc BQ, AcOH, 80 °C
. _—
taxabzicgatm ] C5-oxidation
) failed
Oxidation relay taxadienone desired a-alcohol
3.21,could not be
from C10 R=H, TBS converted back
) TBHP
Blueprint iVWMME
\ taxabaccatin Il
AcO 15
C13 oxidation
Cr (V)
Reduction at TBHF, NaOH
the first Dehydrathn . 3.23 dehydration to
acetoxylation give alkene
Me Me 3.Cr(V)
:ﬁTﬁvﬁsxO&waQZ 4.NBS, BPO then
enNa _ AgOTf, TMSOH
> _—
2. Ac,O g ©
7 H

oxidation chroreopgraphy

taxadienone
1.3 o

Chemical 2,513 10, 2

Me

1. Burgess 2. DIBAL
3. NaHMDS, MOMCI

1. Et,NLi, MoOPh
= . ~ MOMO: -
4.1BX > MOMO

' a-hydroxylation -
“OMOM

1. deprotect, Ac,O Me
2. CBry, PrOH
then Ac,O

— 2 > AcO

1. LIAIH(O™Bu)(s-Bu),
then H,O, DCM

2. Na, Hg

Y

decinnamoyltaxinine E taxabaccatin Il



Oxidation at C1 & C7

Ph” > 0
OH T 9L
OH OBz OAc
taxabaccatin Il Taxol
1.5 1.1
1N
. . .y N — S
Methylene C-H is more challenging to oxidize than y Mﬁo o PG
. . OH e M H
electron rich methine C-H bond at C1. Me I o]
Selection between C7 & C6. Me ;
. . .. Me
Steric hindrance presented by quaternary C8-position. H OPG  MOMO
4.1
: D 42
Functional group compatibility in presence of strong Schonecker's Oxidation

oxidants.

12



Directed C-H Oxidation at C7 from C9

for C9 o-alcohol
radical C-H abstraction

\ // 3Et2 Me
o ers R' = MOM, TBS 7 '
remote de-saturation
NaNO, TfOH, TEMPO, MeNO,, rt R2 RS =MOM, TBS
2,5-Di-Cl-BzOH, O, Nat. Chem. 2012, 4, 629 DG = O, 2H, p-OH
TFE, rt o

OBC, 2016, 14, 4378

M~

(0] N CF,4 Pd-desaturation
| H
F Et,
Me, Me CH;CO.Br ,
Br si__cl Et—S!
O/ I\/ PhCFs, CBI’4, hV O |
100 w lamp >
(0] F JACS, 2008, 130, 7247 Pd(ll), L
ke : . CSZCOS, PhH
preparation of all these failed . Blue LED

due to no coupling reaction presumably
due to low nucleophilicity, H-bonding with
C-10 ketone, inductiv effects, steric effects

JACS 2016, 138, 6340

Et

‘OMOM

0TBS
Intramolecular TFDO Hartwig C-H Silylation
no reaction decomposition

For C9-Ketone

2-Py

no-condensation
due to poor anti-bonding
orbital burried under the
taxance core

O 9
1%
direct a-amination
neber rearranegment

OMOM
Du Bois-Breslow
Nitrene insertion
C19 oxidation

Directed DMDO/TFDO
double epoxidation

13



Oxidation at C1-Challenge Begins

Substrate preparation Unsucessfull

For C2-Condensation " For C2-Alkene Henry Radical C-H Abstraction
e Me
L T
N-oMe MeO” MeO,C NO, N-OH
_ L o S o “cFs
N N. N. Corey-Chaykovsky  lakai anbar .
OH NH, Pd- Desaturation
Norrish type Nitrene Insertion
Et
Fo o Foowe e e e g b oF y
Me lYO N3O cI__.0 N3\S,O “PL 3>pg Et—3
© o b S0 g0 pho’ © pho’ O 50 |
o o @)

Radical C-H Abstraction

g Vet
o H/\CFs O’SI\/CI
s e
O\ /O NsEt2
°8!
(0]
N\IL\I\I‘
Norrish type  pqg.desaturation

0
Fsc)J\o}ﬁ @0%

Substrate preparation sucessfull
but C-H abstraction was failure

Me

Du-Bois- Breslow
Nitrene insertion
follwed by barton
deamination

O | Rhy(OAc),
PIDA, MgO

DCM

no protection with
O Tf Cbz Boc, Ts, o-NS
p-Ns, 2,4-(NO,)>-CeH3S50;

Me

1. Lawesson's reagent
2. allyl iodide

>
?

Schwartz reagent
_

Nvo Me

no further hydrolysis

to free amine 14



i AcO  OAc
Lit Report Me b MeOAC
DMDO, rt +
AcO'- '
“OTES  Oritami et.al g O"OTES
OH >
45% 51%

* TFDO was too harsh

* Even with lower concentration
TFDO was unsuccessful

» C13 was gradually oxidized to ketone
after 15 h at rt (even TBS-protected)

: « A420 gpoxidation was rapid

probably the C2-alcohol is the culprit H oac * Neither sterics nor electronics at the C2

influenced the overcome

“'OTES

JTES
Me DMDO, rt
H
Me
MOMO trace o
« hypothesis is correct « C2 B-alcohol may do * suppress (he C'2-'ox1dat'/on
indeed the C2-geometry H-bonding with C1-H * Look for kinectic isotopic

is controlling the C1-oxidation  directing the oxidation effect (KIE) based protecting group
for smallest oxidation resistant PG

Vo TESO TESO
1. Cr (V), MeCN Me Me - Me
Pd(OAC), 2.NBS, BPO ?Eﬁ%ﬁ?
BQ, AcOH, AgOT{, TESOH —_—
itediettl i oo _ LiAID, TBSO'™
“OMOM “OMOM
DMDO, rt
e major side product

““OMOM
o 15



TPAP, NMO

p-face bocked
by C16, C17 methyl

H
& OTES group  1gg0 GQ OMOM

attack from
a-face exclusively

This Path was abandoned

Failure in C2-reduction.
Failed MOM deprotection for

C5 carbon to oxetane formation.

No C7-Oxidation.
Poor material throughput.

' " 5 TBSO

RO
1 s 0o
. . decompostion 2: H z
VM exclusive C2 B-alcohol OH 5g; OAc
5 no reaction
‘OMOM no C2-a-OH

LiBH,, Zn(BH,),, DIBAL, Noyori, MPV, Sml,, Li, LiNapth
NaNaph, LiDBB, Birch, CpoTiCl, Bu3SnH, (TMS) ;SiH
photoreduction, intramolecular hydrosilylation

LiOH, rt, H,O
.
retro aldol

Et,NLi
NBs,BPO  MOOPh
@ Not Accomplished
Cr(V) @ Accomplished
Pd(ll)
DMDO AcOH, BQ

16



Na, EtOH Na, PrOH Zn(BH,) Na, CF3CH,OH

Key for C2-reduction is to create a streic accessibility at C4 thus allowing more time to adopt o-conformation at C1

TESQO

Me

DMDO, rt TBSO'
_ >

* probably because the
removal of C20-carbon makes H OBz

C2-center too mich accessible for , ~r_ e
DMDO C5-subsitution

C20-d thyl is necessary for the
taxaec?ircr)fe Y protection of C2-hydroxy group
during C1-DMDO odixation

Steric Shielding TESO I
for C1 Oxidation e e X C7 oxidation « Late Stage C2-deuteride
reduction
» C4-tertiary p—hydroxyl group
masked c5 for C2-reduction & C1-oxidation
*X oxidation ° Installing C5-oxidation without

TBSO!-

: o H = protection
KIE assisted  H,f"Dme OH - C10 & C13 bi-silyl ether to
Steric crowding protect C11-12 bridgehead olefin

for C2-reduction

17



18
Me Me 7 .
6 double allylic
oxidation
. >
O SeO0,, CrO;,
H Me OH O, electrochem

O Kharash type oxidation

* C4-Motif is already present for C2
reduction

* A56 alkene is a placeholder for C5

* Functionalization at C6 gives a
chance to oxidation relay at C7

OTMS

TMSO TMSO

9 out of 14 peripheral
carbon is Sp? hybridized
-highly strained geometry

first hint at C7 oxidation

; L-shape ;
increased electron P Wrong stereochemistry

density at C7

A%10 oxidation

condition No Success may be due to

»  decresed electron density due

mCPBA, TFAA+H ;0 to C13-enone (C_9 Hd =6.36 ppm

urea+H>0,, VO(acac) » C10H b = 5.28 ppm)

DMDO, AgOAc+l,, OsO,

NOE shows l RuCls, NaOH+H 0,
MelLi

C-ring adopts
10 9 OH- boat configuration

DMP
DIBAL-H

_—

C9HS =6.35ppm less electron desnity is not due to CO induction or resonance 18
C10H & =5.14 ppm but due to inductive effect of bridged doube bond



TMSOTf Then

NXS, X =Br, CI, | AgOTf, H,0
_—

or
KO,, 18-crown-6

decomposition

or EtsB, 02

unsuccesfull oxidants direct inversion with

Shi, Mn(salen), Fe(phen)s(PFg) Mitsunobu, Tsunoda

TMSOTf CAN. DMDO ares Re cat. unsucessfull
then Oy, hv ’

* C13 reduction-protection HHo
* C7 oxidation, reduction,

protection R =H, BOM, Piv, TES, TBS
* C2-reduction

oxidation relay
Me 10— Me 7

6 C5 masked oxidation

C5, C13, C10 | must precede Late stage C7-oxidation

C13,C5,C10 [ C1,C7, C9
C13, C10, C5 13

put as a inert

* HO Me alcohol alternative

Twist boat rather than boat-boat

Key motif for C2-reduction
& C1-oxidation

19



C7-Oxidation using Oxidation Relay

18 C13 reduction-protection
10
1 CTV), HFIPITMSOR e Me NBS. BPO. CCl C5-C6 olefination with
/BUOH S, BPO, CCl, LiBr, Li,CO
2. CuBr,, THF then AgOTf, DTBMP 155, Li,C03
t) O > - >
B —
8 gy then TESOH, PhMe "By 1. MeMgBr then LiAID4
e I
enolizing C14 A\O/A o c4 SM_ c1o:Cis o _
C20-desmethyl would make starined (C5, C6) : no radical decompostion or
taxadione bridgehead diene  npon-enolizable ~ f-OH, a-Me  olefin 11 ZO’VO’YZ'S at C5fdue C-ring
B-OH, a-Me CHa CH, trace 2908 %, 08 0 T =
TESO ﬁg:ggg CH,, CH, 1 1 antibonding orbital better overlap
TESO Ketone Br, CH, 10 with bridgehead olefin
DMDO ~Me TESO
CHCIj, rt M
., _ e 1. TPAP, NMO
TBSO!- O+ incomplete 4 >
, oxidation  _. . 0 2.Na, PrOH-Et,0
H I "ho ‘Me 8% ‘ ; 3. Cyclic carbamate
undesired 11% HO L&' "D HO Me
TESO _ _ . 49%
Me TESO desired

BFsEt,0
TBAI then 2-F Pyr

O—»

\\\

B

HHO “Me Pyr or EtgN

DMDO
phosphate buffer
_—

“OTMS

20



Final Fifth Generation Route

Cr(V)
HFIP,TMSOH, CuBr,, THF, 1t, NBS, BPO then DTBMP,
+-BUOH, 80 °C 55%, over 2 steps AgOTf, TESOH, 4A MS,>
—’G ; 0 —O0 PhMe, rt, 68%
ram scale Gram scale “Br  Gram scale
C20-desmethyl
taxadione
1. MeMgBr, DCM, 0 °C tort, M
2. DIBAL, -78 °C, DCM € DMDO,
. . i o 0 °C, 49%
LiBr, Li,CO., 3. LIAID,, THF, 60 °C, 74% :
PR MY > TBSO: I
-, DMF. 100°C. 88% 4.NaHMDS, TBSCI, Gram scale
Br THF, 0 °C tort, 94%
Gram scale
Gram scale
1. TPAP, NMO, DCM, rt, 81% 1. TBAI, BF 3-OEt,, DCM, -78 °C,

2. Na, i-PrOH, Et,0, rt, then

then 2-Fpyr, -78 °C, then TMSIm, Me
triphosgene, pyr, DMAP, DCM,

Me r

-78 t0 0 °C o, 2. DMDO, -78 °C tort, 43%
o »~ TBSO' 0 ~ TBSO'-
! Gram scale 0
., H { (0] z HO Me
1. Cp,TiCl, EtgSiH, THF, o MsCI, pyr, 0 °C to tt,
-78 °C tort, 67% o OBOM Me then OsOy, THF, pyr,
2. BOMCI, TBAI, DIPEA, Burgess reagent, 0°C tor, 68%
DCE, 45 °C, 84% PhMe, dioxane _ oo5... -
>TBSO 5 then HF, H,0, pyr,
Gram scale ~"“OTMS MeCN, rt, 32%
e) Me
TESO o)
Me Me 9BOM 1. DIPEA, PhMe Me o 9BOM  KOt-Bu, (PhSe0),0, Me
2. IBX, DMSO, H,0, THF, H,0, -78 to 0 °C, 73%
°° > TBSO' v
TBSO!+ 80°C.62% _ tBso.-
“‘OMs

“'OH




Final Fifth Generation Route

O OH

KOt-Bu, THF, then triphosgene, AcQ O 5gom  TASF, THF, i,

pyr, DMAP, DCM, -78 to 0 °C, e then PhLi, THF,

then Ac,0O, DMAP, pyr, rt, 60% -78 10 0 °C, 48%
» TBSO'"

OBOM
e

Me

TBSO'+

Bz  Ph
[;La: tirg,ol&Htl\él ?ts, early middle late
> Biosynthesis 5, 10/13 9,7,2 1/4/20
then Pd/C, Ha Two-Phase  2,13,5 101,7  4/20,9

EtOH, 80 °C, 85%
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What Did We Learn?

OH 5Bz OAc
Taxol

Two Phase synthesis logic concept. A Rapid
assembly of core structure generation. Then put
the requisite functional groups via site selective
oxidation. Mimicking the Enzymatic approach.

Strategic Insertion of C-O bonds with different
oxidation level thus accessing the unnatural
taxanes in the Taxol oxidation pyramid.

An extremely wide array of functionalization
techniques regarding C-O bond formation
process & usage of several critical parameters.

KIE assisted protection of alcohol by the smallest
possible protecting group.

Effect of the peripheral functionalization on the
shape & geometry of the molecule & it's
reactivity.
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