Total Synthesis of Taxol S{ARLLAH

Group

/," ______________________ “». Introduction
1. Introduction i
1 2. Synthesis Based on C9-C10 Ph O

. 1
! 2.1 Nicolaou (1994) [ BzHN/K_/lLO...

. I : Ph O
! 2.2 Kuwajima (2000) ! OH B P
| 3. Synthesis Based on C10-C11 OH 6Bz OAc BzHN i ©
. 3.1 Danishefsky (1995) ; Taxol
E 3.2 K'S_h' (2000) i Background Structural features
! 3.3 Chida (2015 & 2022) 1+ isolated from the stem bark of * highly oxygenated [6-8—-6-4] core
‘ 3.4 Inpue (2023) : the Pacific yew tree (Taxus » 11 stereocenters, 7 contiguous chiral centers, 3
i 4. Mukaiyama (1997) : brevifolia) quaternary stereocenters
. 5. Baran (2020) .« structure fully elucidated in + extremely strained bicyclo[5.3.1] undecane ring system
| 6. Synthesis Based on Grob 1 1971 with an anti-Bredt bridgehead double bond between
: Fragmentation |+ mostwidely prescribed C11-C12
. 6.1 Holton (1994) ; anticancer drug today * highly distorted taxane skeleton in an inverted bowl shape
| 6.2 Wender (1997) :
\ 7. Li (2021) y Taxol production
N // » 1960s-80s: Taxol only obtained in low yield by isolation from the bark
/’:::::::::::::::::::::_\\ ofthePacificyeW
/ Relevant Reviews \‘ . ~_6I,((j))00 trees, 27,300 kg of bark, ~1.9 kg of Taxol, (0.007%
yie
Nicolaou, K. C. et al. Angew. Chem., Int. Ed. + Semisynthesis of Taxol from 10-deacetylbaccatin Ill: Holton—Ojima
1994, 33, 15-44. method

https://doi.org/10.1002/anie.199400151
Kingston, D. G. I. Chem.Commun. 2001,
867-880. https://doi.org/10.1039/B100070P
Kingston, D. G. I., et al. Springer Vienna:
Vienna, 2002; pp 53-225.
https://doi.org/10.1007/978-3-7091-6160-9 2
Urabe, D., et al. Chem. Rev. 2015, 115,
9207-9231. https://doi.org/10.1021/cr500716f

* Renewable: isolated from the needles and twigs of the
European Yew
+ Plant cell fermentation technology: metric-ton scale
* No commercial or other practical need for total synthesis

- —

TESCI, pyridine; Bz 0] DMAP, pyridine;
Wang, Y-F., etal. Chem. Rev. 2011, 111, 12, 1 AcCl, pyridine “5( 0.5% HCI
7652—7709. https://doi.org/10.1021/cr100147u, 74% (2 steps) > * gy T83% (2 steps) (-)-Taxol
Hu, Y.-J,, et al. J. Am. Chem. Soc. 2021, 143, ) iR g ! Ph ‘OEE
\ 42,17862-17870. / OH 0Bz OAc OH 5Bz OAc
\https //doi.org/10.1021/jacs.1c09637 ’/,’ 10-deacetylbaccatin IIl Note: see slide 13 for references
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Nicolaou (1994)

esterificatioq

Ph

BzHN)\)L:k

OH

0!

'McMurry coupling

! OH! 5pyOA
C-H oxidation! } OBz DAC
: Shapiro reaction

o)
| OFEt (O
+
o =
OH OH

AcO
* 40 steps LLS CO,Et
« 3 year campaign N 4 steps 3 steps
_- oxetane * enantiomeric synthesis by chiral separation _— _—
formation * 13.9 mg synthesized (6]

« convergent NNHTs

1 step from

acetone
TBDPSO  OBn

Et0,C—\\ 0
PhB(OH),, PhH; R EtO,C.. ©
7 0 2 - ——

then
2,2-dimethyl-1,3-propandiol

\
B~
79% o~ Ph O
4 steps from
allyl alcohol
TBDPSO  OBn
(TiCl3),*(DME)3
nBuLi Zn-Cu, DME 10steps
—_— —_— J———
* THF 70°C
82% 23%
NNHTs
8 steps 13 steps
epox. and LAH
gives C1 oxidation
AcO O OH
Ph O NaHMDS; B2 0 PhLi; PCC;
HF+pyridine N NaBH,4
BzHN™ > ~Or- 70% (2 steps) . ] + 50% (3 steps) 56% (2 steps)
OH A \_©O PR OTES
OH Bz OAc
Taxol

Nicolaou, K. C., et al. Nature 1994, 367,630-634. https://doi.org/10.1038/367630a0

Nicolaou, K. C., et al. J. Am. Chem. So0c.1995, 117, 624-633. https://doi.org/10.1021/ja00107a006
Nicolaou, K. C., et al. J. Am. Chem. Soc. 1995, 117, 634-644. https://doi.org/10.1021/ja00107a007
Nicolaou, K. C., et al. J. Am.Chem. Soc. 1995, 117, 645-652. https://doi.org/10.1021/ja00107a008
Nicolaou, K. C., et al. J. Am. Chem. Soc. 1995, 117, 653-659. https://doi.org/10.1021/ja00107a009

Hu, Y.-J., et al. J. Am. Chem. Soc. 2021, 143, 42, 17862—-17870. https://doi.org/10.1021/jacs.1c09637
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https://doi.org/10.1021/ja00107a009
https://doi.org/10.1021/jacs.1c09637

Kuwajima (2000) S{ARLLAH

Group

ivinylogous Mukaiyama aldol

esterification '
I AcO_ | O op
g CHO " BnoTms, TMsoTr,  BnO~ -OBn ] coLEt
.- oxetane Br DCM. 45 °GC /\OTHP 4 steps o - 10 steps
BzHN H Or 2 X formation T Br. H = _— OTHP - .
OH T2 H \O 98%

OH: 5Bz OAc

3 1,2-addition

BnO OBn 't\/lBugﬂogCH nB.I.(;!_i; S-nCI4; 12 steps Birch and 102 [4+2]
+ B (MeBO)3, pyridine TIPSO pinacol — _—_—_— . TBSO gives C ring oxidation

67% (2 steps) 76% (2 steps)

Ph
PMP pmP
3 steps Et,AICN
1N HCI PPhg, CBry ~——  T1BSO" .9’ 74%
100%  TBSO'- 88% y
i ~ hd :
Ph Bh Ph Ph
AcO. O OoH + 61 steps LLS
12 steps 0s0y; Ph O « 11 years to 1998 synthesis; streamlined synthesis
> DBU BZHN o published in 2000
. 74% (2 steps) z : A « enantiomeric synthesis
MoOPH gives C10 OH (H NSO - 7.4 mg synthesized
oxidation OH 5Bz OAc
Ph Ph Taxol

Horiguchi, Y.; Furukawa, T.; Kuwajima, I. J. Am. Chem. Soc. 1989, 111, 8277-8279. https://doi.org/10.1021/ja00203a039
Morihira, K., et al. 3. Am. Chem. Soc. 1998, 120, 12980-12981. https://doi.org/10.1021/ja9824932

Kusama, H., et al. J. Am. Chem. Soc. 2000, 122, 3811-3820. https://doi.org/10.1021/ja9939439

Hu, Y.-J., et al. J. Am. Chem. Soc. 2021, 143, 42, 17862-17870. https://doi.org/10.1021/jacs.1c09637
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Danishefsky (1995)

The
S[ARLAH
Group

intramolecular Heck reaction

esterification
Ph O + 52 steps LLS
. . oxetane * 3 year campaign
BzHN Y O " formation * enantiomeric synthesis by chiral pool strategy
OH | « early stage oxetane formation
1 OH'! 5Bz OA
C-H oxidation: ' OBz OAc
' 1,2-addition
0s0Oy4, NMO;
Q oTBS OTBS  TmsCl, pyridine,
then Tf,0,

then ethylene glycol
46% (2 steps)

mﬂ, 6 steps
o —_— O =

OTBS
Q OTES
Pd(PPhs),
7 steps K,CO4 5 steps
g 49% (e}
TR N\O
OH OBz AAc
AcO O OTES
AcO 2 OTES
KOtBu, (PhSe0),0, PCC; 2 steos
then KOtBu; Ac,0, DMAP NaBH, HO!" P
62% (3 steps) AN 51% (2 steps) THN\O g
H (0] OH OBz \oac

OH 0Bz Hhe

Masters, J. J., et al. Angew. Chem., Int. Ed.1995, 34, 1723-1726. https://doi.org/10.1002/anie.199517231
Danishefsky, S. J., et al. J. Am. Chem. Soc. 1996, 118, 2843-2859. https://doi.org/10.1021/ja952692a

Magee, T. V., etal. J. Org. Chem. 1992 57, 12, 3274-3276. https://doi.org/10.1021/jo00038a008

Masters, J.J., et al. Angew. Chem., 1995, 107, 495-498. https://doi.org/10.1002/ange.19951070414

Boyce, C. B. C.; Whitehusrst, J.S. J. Chem. Soc., 1960, 2680-2686. https://doi.org/10.1039/JR9600002680
Heathcock, C. H.; Ratcliffe, R. J. Am. Chem. Soc. 1971 93, 7, 1746-1757. https://doi.org/10.1021/ja00736a029

Hu, Y.-J., et al. J. Am. Chem. Soc. 2021, 143, 42, 17862-17870. https://doi.org/10.1021/jacs.1c09637

OTBS

10 steps
E—

TBAF;
mCPBA;
H,, Pd/C

42% (3 steps)

Ph O
BzHNMO'-' !

OH YA \.O

OH 6Bz OAc

Taxol
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Group

Kishi (2000) S{ARLLAH

[2,3]-Wittig rearrangement

NHK ~__ 5
esterification: « 45 steps LLS J
Ph OE » 7 year campaign Q R 3 steps o. O
BzHN :o ! . oxetan_e » enantiomeric synthesis by chiral separation o Seps
z : ! formation + 2.9 mg synthesized
OH ' H : @) |
i OH! Apz OA
C-H oxidation: ! OBz OAc
1 1,2-addition
R-BINAP-Ru(OAC), FBOM oH  OBOM TBSQ  OTBS o b
Ha 4 steps nBuLi N 11 steps :
—_— _— - —_— \ ~ —_— + :
549 — g 80% \& E———
° : _ N{ o TBSO oBn |
OH OH = I |
6. A g
_ OTBS )
tBuLi
6 steps mCPBA; LAH 3 steps MgBr,
89% (2 steps < 97%
D— OBn " (25teps) OBn ’
OBn
AO, O on
o Ph O
0s0y; DIPEA; A OTES BPR
NiCl,+CrCl, 7 steps Ac,0; PhLi 4 steps BzHN™ Y~ ~On-
; —_— — > = 3
N'(SCZC:/D)g . 57% (4 steps) | — OH [
o 75 \O PCC then NABH, OBz OAc
OH OBz QAc gives C13 oxidation Taxol

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

Kitamura, M., et al. J. Org. Chem. 1988, 53, 3, 708-710 https://doi.org/10.1021/jo00238a048

Utsugi, M., et al. Yuki Gosei Kagaku Kyokaishi. 2017, 75, 1102— 1114 https://doi.org/10.5059/yukigoseikyokaishi.75.1102

M.H. Kress, et al. Tetrahedron Lett. 1993, 34, 50, 8047-8050 https://doi.org/10.1016/S0040-4039(00)61447-8

Kress, M. H. Applications of the nickel(Il)/chromium(ll)-mediated coupling reaction to the taxane diterpenes, Ph.D. Thesis, Harvard University, 1995.
Hu, Y.-J., et al. 3. Am. Chem. Soc. 2021, 143, 42, 17862-17870. https://doi.org/10.1021/jacs.1c09637
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Chida (2015 & 2022) S{ARLLAH

Group

Sml,-mediated cyclization ~. _

. o}
esterification; *~. ACO, O oH QBn
Ph O AcO, 6 steps 6 steps
" .- Ag-promoted —_—
BzHN T O 2 . oxetane AcO' 0 NNHTris
OH 2. H \ O formation o)
' OH! C:)Bz OAc tri-O-acetyl-D-glucal Tris = 2,4,6-triisopropylbenzenesulfonyl
Rubottom oxiation ! '
1 Shapiro reaction
O\ OBz
nBuLi TBDPSO, QBn 8 steps Sml, a-OH: 18 steps
+ W» ———— BzO . m B-OH: 16 steps
° o TH : a-OH: 40% R ——
NNHTris N o. 6 OMOM B-OH: 26%
i H 2
b OMOM o E(

Takahashi's intermediate
9 steps to Taxol

aq. HCI; DMP;
K,CO3, MeOH,
then TESOTT, pyridine

65% (3 steps)

LDA, NEt;, TESCI;
DMDO, HCI
60% (2 steps)

9 steps
—_—

* 51 steps LLS AcO O oTES
« 16 years to formal synthesis (2015) Ph O 0s0,, pyridine:
. i 4 ’

7 years betwee-n formal and total synthesis (2022) BzHNMO" | 5 steps AgOTf, 3 A MS
« 2.2 mg synthesized 6H X 5 -— .
- convergent tH: 66% (2 steps)

OH 6Bz OAc
Taxol

Momose, T., et al. Chem. Commun. 2000, 2237-2238. https://doi.org/10.1039/B006170K

Fukaya, K., et al. Org. Lett. 2015, 17, 2570-2573. https://doi.org/10.1021/acs.orglett.5b01173
Fukaya, K., et al. Org. Lett. 2015, 17, 2574-2577. https://doi.org/10.1021/acs.orglett.5b01174

liyama, S., et al. Org. Lett. 2022, 24, 202-206. https://doi.org/10.1021/acs.orglett.1c03851

Hu, Y.-J., et al. J. Am. Chem. Soc. 2021, 143, 42, 17862-17870. https://doi.org/10.1021/jacs.1c09637
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Inoue (2023)

The

S LAH

Group

AcO O OTES DIPEA;

Bz, o AcZO: DMAP; MsCl, pyridine;
’I‘j . . LBH, 0s04
j— 58% (3 steps) 89%

Ph OTES

enolate coupling - _

esterification;
Ph O:
12 .- oxetane

BzHN™ > Tor " formation

OH

PhLi, then
aq. HCI

75% —> Taxol

OH 0Bz Gp¢

I
i
'
'
'
'
'
'

allylic oxidation " decarbonylative coupling

Imamura Y., et al. Angew. Chem. Int. Ed. 2023, 62, €202219114 https://doi.org/10.1002/anie.202219114
Watanabe, T., et al. J. Am. Chem. Soc. 2023, 145, 47, 25894—-25902 https://doi.org/10.1021/jacs.3¢c10658

LiOH; i OTMS o)
iBUOCOCI, NMM /L H
' TMSCI 5 steps Br.
NaBH,, (PhTe), + N"Ph T yae E— “0
90% over 2 steps Li ; - /
OTBS SoTBS
Et' EtTePh OTf O OTES
0 Et;B, Oy, 8 steos ot PdCly(PCys),
+ Br then Zn, AcOH k ) P PhOK
0 75% ﬂ . g 85%
'/ co ENZS

CrO3, DMP;
SeO,
35% (2 steps)

* (November 2023, this sequence) 28 steps LLS, 11.0 mg Taxol synthesized
« (January 2023): 34 steps LLS, 35.1 mg Taxol synthesized

« enantioselective

« convergent

« 0.055% overall yield
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Mukaiyama (1997) S{ARLLAH

Group

esterification;
Ph O:

BzHNMO' :

* 61 steps LLS
aldol * 3 year campaign
* asymmetric

i |
A | /5 X"} formation
OH , EORL- o * 2.9 mg synthesized
. OH ABzOAc
C-H oxidation:
H2804, NaNOZ, then
NH, MeOH, CH(OMe)s; oB
HO OH TBSCI, imidazole; Bn-imidate, OBn Br = n, OBn
. 17 steps :
TfOH; DIBAL-H H OTBS I CHO
9 > :
) 69% (4 steps) 3 & OTBS:
L-serine OPMB

TiCl,, LAH NaOMe
43-71% 98%
e 92:8 B:a
OSiMe,Cy
DMAP, TCDI,

then P(OMe)s;

NaOAc, HCrO5Clepyridine; Ph O
K(sBu);BH
(sBu)z 12 steps BzHN)\./U\OI-- |
36% (4 steps) _— 6H . |:| %
esterification with : =
OH
linear acid OBz OAc
Taxol

Mukaiyama, T., et al. Proc. Japan Acad., Ser. B 1997, 73, 95-100. https://doi.org/10.2183/pjab.73.95
Mukaiyama, T., et al. Chem. Eur. J. 1999, 5,121-161. https://doi.org/10.1002/(SICI)1521-3765(19990104)5:1<121::AID-CHEM121>3.0.CO;2-O
Hu, Y.-J., et al. J. Am. Chem. Soc. 2021, 143, 42, 17862-17870. https://doi.org/10.1021/jacs.1c09637
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Baran (2020) S{ARLLAH

Group

' . [ i Ph
Ph O: 0.0014/.0 overall yield OEt O
_.- oxetane « synthesis of taxane skeleton: Nature, 2011 O, >

formation « divergent, biomimetic, two-phase synthesis CHBr3, BUOK; ligand = / > .

D2 : » 35.2 mg synthetic Taxol prepared then PhNMe,. 150 °C Br o PH
|MDA" ' >:< 2
: 67% 7N\

C-H oxidation © then SiO ~
- i
+ /\MgBr 402>
esterification;; * 24 steps LLS 75%
. redox relay o)

BzHN” > ton

C-H oxidation

Me3Al (1.4 eq.), A
CuTC (2 mol%), _ acrolein (20 eq.)

sBuLi, TMSCI, ligand (4 mol%). Gd(OTf)s (10 mol%);
CUBFQ‘?MGQ then THF, TMSCI then Jones' reagent
86% 89%, 93% ee 85%

TBAI, BF3+Et,0;
2-fluropyridine;

\_/

TPAP, NMO;

TMS-imidazole; ] M TBSOn
DMDO Na, iPrOH, triphosgene
43% TBSO" 51% (2 steps)

Cp,TiCl, EtSiH;

BOMCI 2 steps 4»D'PE';/'BX Taxol
_— 0

56% (2 steps)

Mendoza, A., et al. Nature Chem. 2012, 4, 21-25. https://doi.org/10.1038/nchem.1196
Kanda, Y., et al. J. Am. Chem. Soc. 2020, 142,10526-10533. https://doi.org/10.1021/jacs.0c03592
Hu, Y.-J., et al. J. Am. Chem. Soc. 2021, 143, 42, 17862-17870. https://doi.org/10.1021/jacs.1c09637
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Holton (1994) 2'—&!?

esterification ;

Ph O « first Taxol total synthesis
)\)J\: . .-~ Oxetane « 46 steps LLS
BzHN 1 O formation . ) . .
OH » enantiomeric synthesis by chiral pool strategy

R * 11.9 mg synthesized
OH  OBz:0Ac 95y

Grob fragmentation: C3-C11 :
Dieckmann condensation

TESO
Ti(OiPr), .
4 steps TBHP 2 10 steps
OTES | >93% o) OTES Hor TBSO! -
OH ®0 “H ©
H H
COzMe
5 steps LiTMP, Davis ox.
LDA, AcOH TBSO!- 88%
CO,Me 93%
AcO O oH
0s0,; Ph O
10 steps
_DBU ——— BzHN/k.)J\O'-- ‘
55% (2 steps) 6H -
> HN\O
OH OBz éAc

Taxol

Holton, R. A., et al. J. Am. Chem. Soc. 1994, 116, 1597-1598. https://doi.org/10.1021/ja00083a066
Holton, R. A., et al. J. Am. Chem. Soc. 1994, 116, 1599-1600. https://doi.org/10.1021/ja00083a067
Holton, R. A., et al. J. Am. Chem. Soc. 1988, 110, 6558—-6560. https://doi.org/10.1021/ja00227a043
Holton, R. A. J. Am. Chem. Soc. 1984, 106, 5731-5732. https://doi.org/10.1021/ja00331a055

Hu, Y.-J., et al. J. Am. Chem. Soc. 2021, 143, 42, 17862-17870. https://doi.org/10.1021/jacs.1c09637
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Wender (1997)

The
S[ARLAH
Group

esterification; AcQ, O oH
Ph O
! . oxetane » formal synthesis: 38 steps LLS to intermediate 3 steps removed from target
BzHN™ 7 "On- ! " formation + 10 years from first publication toward taxanes
OH 2 H N\O « enantiomeric synthesis by chiral pool strategy
OH 6Bz OAc
Grob fragmentation: C3-C11
P mCPBA; Q/<;
0" o DABCO, :
hv, MeOH 7 steps _ ' then TIPSOTf
85% - 85% (2 steps) TIPSO"' OTBS
aldol closes OH
- OTBS
verbenone 6 meﬁZered H 0o

AcO O OTroc

DMAP; TrocOl 12 steps
B e — e -
62% OBOM
DIPEA,;
4 steps
6 steps Acy0 P
. 70% (2 steps)

Wender, P. A., et al. J. Am. Chem. Soc. 1997, 119, 2755-2756. https://doi.org/10.1021/ja9635387
Wender, P. A., et al. J. Am. Chem. Soc. 1997, 119,2757-2758. https://doi.org/10.1021/ja963539z
Hu, Y.-J., et al. J. Am. Chem. Soc. 2021, 143, 42, 17862-17870. https://doi.org/10.1021/jacs.1c09637

tBUOK, O,
P(OEt)s; NH,CI;
NaBH,

91%
AcO O QoH
Ph O
BzHN’l\f/ﬂ\OH- |
OH T/ N\O
OH 0Bz OAc
Taxol
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Group

Li (2021) S{ARLLAH

Br

1,2-addition -. _
esterification;
Ph O -,
‘ _.- oxetane * 21 steps LLS O OH MeO”~ O  OBn

BzHN 7 o a -~ formation * 40 mg synthetic Taxol prepared 2 steps 6 steps o)

= N i ~

OH T2 H « convergent — | - >

OH! OBz OAc « asymmetric Y o

pinacol coupling

HC(OEt), HaNNH,;
+ TsOH I, DBN HS BF3+Et,0
HO~on 75% 86% * ~sH 100%

tBuli;
- 2,2-DMP
/< TsOH; L L AcO O OTES AcO O OTES
MeO” NSO OB sP Smly, Sm;
o tBuLi, DMF; oyridine HBCat, SiOy;
. x NBS/H,0 triphosgene _7steps TMSO" 6 ’ PhMe, 110 °C_ TMSO!
46% 62% - NNHTs  54%
Br (4 steps) PCC gives C13,
C5 oxidation
o
AcQ O OTES AcO O OTES DIPEA, AcQ O OTES
PhLi, then Bz, O then Ac,0, hv, O, TPP, then PMe3;
HF-pyridine III_J]/ R then TBAF MsClI, pyridine, then OsO,
Taxol - [ 68% B 32% 62% (2 steps
68% PR OTES ° b (2 steps)

Hu, Y.-J., et al. 3. Am. Chem. Soc. 2021, 143,17862-17870. https://doi.org/10.1021/jacs.1c09637

Detering, J.; Martin, H.-D. Angew. Chem. Int. Ed. Engl. 1988, 27, 695-698. https://doi.org/10.1002/anie.198806951
Di Grandi, M. J., et al. J. Org. Chem. 1993, 58, 18, 4989-4992. https://doi.org/10.1021/jo00070a040
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Summary & Outlook

Conclusions
» Taxol's total synthesis remains an academic-level pursuit
» Taxol supply is a solved problem

» Taxol limitations: toxicity, poor solubility, drug resistance

* Nonetheless, its total synthesis illustrates the power of de novo total
synthesis as a science and as an art

» 550 known taxane diterpenes, only a few of which have yielded to
total synthesis, would benefit greatly from the chemistry developed in
pursuit of Taxol and related taxanes

Heck reaction (Danishefsky, 1995) McMurry coupling (Nicolaou, 1994)
NHK reaction (Kishi, 2000) Mukalyama aldol (Kuwajima, 2000)

Sml,-Mediated Cyclization (Chida, 2015)
enolate coupling (Inoue, 2023) -
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