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1. Introduction: Taxane Natural Products

Classical: Nonclassical:

pAc

"

taxagifine (2) canataxpropellane (4)

Isolation: genus Texus
Biological acitivites:
taxol (1): anti-cancer (the most prominent anticancer drug)
canataxpropellane (4): unknown (due to inefficient sourcing from its natural producer)



1. Introduction: Taxane Natural Products

taxol (1)

Structural features:

=6/8/6/4 (A/B/C/D) tetracylic core

"bridgehead double bond

*oxetane ring (D-ring)

=11 stereocenters, 9 on the core

Total syntheses: (12 examples3-14)

*a) Holton, R. A. et al. J. Am. Chem. Soc.
1994, 116, 1597. b) Holton, R. A. et al. J.
Am. Chem. Soc. 1994, 116, 1599.

*Nicolaou, K. C. et al. Nature 1994, 367, 630.

*Danishefsky, S. J. etal. . Am. Chem. Soc.
1996, 118, 2843.

"Hu, Y.-J. etal. J. Am. Chem. Soc. 2021,
143, 17862.

"liyama, S. et al. Org. Lett. 2022, 24, 202.

Also refer to: 201031 _LS_ Yusuke_Imamura

[3.3.2]propellane [4.4.2]propellane

Structural features:

*6/5/5/6/4/5 (A/IB4/B,/C/ID/E) hexacylic core

*2 highly strainded propellane structures

*12 contiguous stereocenters

*cyclobutane ring (D-ring) with all
quaternary stereocenters

Total syntheses: (only 1 example! among
the nonclassical taxane natural products)

*Schneider, F. et al. Science 2020, 367, 676.



1. Introduction: Proposed Biosynthesis>

@ potential oxidations

4 trans-
= annulation m.
—_—
| /= — b
T
OPP ”
20
geranylgeranyl classical nonclassical
diphosphate (GGPP, 5) taxane core (6) taxane core (7)
Proposed biosynthesis of canataxpropellane (4):
aldol
reaction

OH

[2+2] cyclo-

addition
—_— A
Ac—=0 OAc
12] 4
14 20
OH
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2. Total Synthesis of canataxpropellane
by Prof. Gaich’s Group'



2. Introduction of Prof. Tanja Gaich

Education & Academic Career:
2005-2009: Ph.D. @ University of Vienna (Prof. J. Mulzer)
2009-2010: Postdoctoral Fellow @ Scripps Research
Institute (Prof. P. S. Baran)
| 2010-2015: Independent Researcher @ Leibniz University
_ Hannover (Prof. M. Kalesse)
B 2015-present: Full Professor @ University of Konstanz

O

—
CO,Me

(0

(+)-pepluanol A9 (+)-waihoensene'”) (+)-norcembrene®
J. Am. Chem. Soc. 2021, Angew. Chem. Int. Ed. 2020, Angew. Chem. Int. Ed. 2020,
143, 11934. 60, 2939. 59, 5521.

Org. Lett. 2022, 24, 4717 .



2. Retrosynthetic Analysis

alkene-arene-
ortho-photo-

cycloaddition
' OMe

TBSO_ °

pinacol
coupling OH

) )
7 7
0 OH
canataxpropellane (4) 1
Diels-Alder
reaction
TBSO_ ' OMe TBSO OMe
AN C AN
<
’) ’ @ ' © —
o o TBSO

12 13 14



2. Diels-Alder / Photocycloaddition

OMe
NaN(TMS),
THF, -78 °C
o y
then TBSCI
tort
o
15

OMe

hv (254 nm)
MeCN, rt

TBSO

then
o+
5_

13 O
-
71%
endol/exo = 100:1
TBSO OMe

73% (3 cycles)

>

10



2. Framework Functionalization

slow

OMe
TBSO TBSO OMe
n-BuyNF (1.05 eq) Ca(BH,),-2THF
THF, 0 °C CH,Cl,, 0 °C
/,
14 20\}
©
o) F (o)
(@)
TBS fast
17 16 18

MOMCI
i-ProNEt 21R=H
CH2C|2, rt 22 R=MOM
70% (3 steps)

11



2. Framework Functionalization

TBSO OMe
%X’LM
o

24a (unfavored)

TBSO Me
— 5
-
MOM ~ FRZ MOM single
@ | diastereomer

TBSO OMe
~ KOt-Bu
1. LiAlH,, THF, rt THF/t-BuOH, rt
> >
2. (COCI),, DMSO 4 OMOM
NEt,, CH,CI,
~78 °C to 0 °C o |
o
23
TBSO OMe TBSO OMe
~ ~

3% (3 steps)

O, bubbling
TBSO OMe hv (> 530 nm)
Rose Bengal
O CDCl3/MeOH-dy, rt
OGMOM -« -
single
diastereomer
(o)
OH
26




2. Framework Functionalization

t-Bu

©, 0
t-Bu 2AcO
HO t-Bu
5 _ _ TBHT
t-Bu
butylated TBSO MeO AcO—OAc
hydroxytoluene (BHT) OH
- KOAc, THF, rt 4 A
o )\: 0)
S) o 0
\3 o—< OH \
26 Jo - —
Kornblum- B 28 oe
DeLaMare
rearrange- }\
ment 0
low yield — v -
TBSO 0 TBSO 0 TBSO_  MeO
IBX _ OH
| DMSO, rt | <the" Sio; 3
< OMOM
MOM c\)\ OH 5/ OMOM 7 1% (2 steps) OH
7
|
N \ OH ()
0 OH | o © OH B OH _
27 = 30 29
13



2. Framework Functionalization

o TBSO
TBSO Me,NBH(OAc),
(3 eq)
AcOH, THF, rt OM partially
MOM > —
(OAC
20

O~ /OAC >
o OH H’B‘OAc B
\/ OAc OAC
27 ~ 31 - ~ -
51% (2 steps) 10%
(2 steps)

TBSO
1. PhCH(OMe), PhCH(OMe), TBSO
p-TsOH, CH,CN p-TsOH
rt, 96% OMOM CH3CN rt
> DA
MOM 5 LiBH(s-Bu)s 96% oMowm
THF, -78 °C o)
99%, OA| OH

Ph
32 35 34

14




2. Framework Functionalization

cl
A — —
e I R eO@o/} OMe
TBSO — TBSO TBSO \
N~ NTf, N N
KN(TMS), Mg He ome
omom THF, =78 °C OMOM MeOH, rt
- —_— OMOM
) 83% !
o) o
(@) (o) (o)
3 n A
Ph CO (1 atm) Ph
Pd(PPh;), :36 R = OTf - Ph ]
35 NEt,, MeOH 37 R = CO,Me 38
DMF, rt, 89%
¢88%
o) OH
HO TBSO,_ Me0,Co
o (COCI),, DMSO ° )R
NEt3! CH2C|2 L|A|H4 (
~78 °C to 0 °C THF, 0 °C
OoOMOM - OMOM -« OMOM
then n-BuyNF
o) 9 o THF, rt,83% O oo
OQ| (o) AI
Ph Ph KN(TMS),, Mel _ . Pn
18-crown-6, THF [ SO R=H
10 41 ’ 40 R = Me

_78 °C, 890/0 15



2. Pinacol Coupling

OH
TiCly, Zn HO
pyridine
THF, rt 55% (2 steps)
y r OMOM
single
diastereomer o)
o)
")
Ph
43

MOM

42a (favored) 42b (unfavored) 42c (unfavored) 42d (unfavored)

16



C10-OH: C16, C17, C18-Me
C9-OH: C19-Me, C-ring
C2-OH: C19-Me

C10-OH < C9-OH < C2-OH

OH
HO A
OH
o)
o) 5 A'
Ph
48

slowly decomposed
in MeOH-d,

o OAc
/B—Br A =
o cO

CH,CI,, 0 °C
OMOM y far
56% for 45 OH
44% for 46 5
20 OH
0 OH
Ph Ac,0, DMAP
43R =H pyridine 46 near
44R = Ac CH,CI, PhCH(OMe),
rt, 79% p-TsOH +
CH;CN
OH I’t, 67% OAc
AcO A AcO A
K2COs Q
MeOH, 0 °C <->
OH - OH
67% for 47
14% for 48
(o) (o)
(o) OQI (o) OQl
Ph Ph
47 45

17



2. Completion of the Total Synthesis

OR1 OAc
Ac,0, DMAP
pyridine
CH2C|2, rt
45% for 49+45
(49/45 = 2.5:1,

hard to seperate)
24% for 50

||o

Ph Ph Ph
a7 49 R'=H,R?2=Ac 50
45R'=Ac,R?2=H
OR'
AcO : OR! OH
c . :
H,, Pd/C AcO recrystall- AcO
MeOH, rt ization
OR?2 ’ —_—
97% OR2 theyield OAc
0 (4/46 = 2.5:1, was not
(o)
o) hard to seperate) o OH reported o OH
OH OH
Ph
49 R'=H,R?=Ac 4 R'=H,R?=Ac canataxpropellane (4)
45R"=Ac,R?=H 46 R'=Ac,R?=H

18



2. Asymmetric Total SyntheS|s

OMe : o
NaN(TMS), ! A(
THF, -78°C (@
O : O'll |
then 51 : Siccl
to rt ' Ph O ipr

TBSO Me
then 13
31%

53
R = Si(i-Pr)(-)-TADDOL

53/54 = 1.5:1
TBSO

then 13

53 19
52c (favored) 52b (unfavored) - R = Si(i-Pr)(-)-TADDOL



2. Asymmetric Total Synthesis

TBSO OMe 1. hv (254 nm) TBSO OMe TBSO OMe
H MeCN, rt 5 steps ~
62% (3 cycles)
-
“’O 2. n-Bu,NF, THF 5 > 7 OMOM
H rt, 80%
OR ° 0 © OH
(-)-18
R = Si(i-Pr)(-)-TADDOL > 08% ee [alp = -167
18 steps
OH
1. hv (254 nm) -
MeCN, rt, 29% AcO
(54%, bsmr)
2. n-BuyNF, THF OAc
rt, 80%
OH
0 OH
54 (+)-18 (=)-canataxpropellane (4)
R = Si(i-Pr)(-)-TADDOL [a]p = +160° [a]p = -18.2°

20
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3. Introduction of Prof. Richmond Sarpong

Education & Academic Career:

1995: B.A. @ Macalester College (Prof. Rebecca C. Hoye)

2001: Ph.D. @ Princeton University (Prof. Martin F.
Semmelhack)

2001-2004: Postdoctoral Fellow @ California Institute of
Technology (Prof. Brian M. Stoltz)

2004-2010: Assistant Professor @ University of California,
Berkeley

2010-2014: Associate Professor @ S/A

2014-present: Full Professor @ S/A

Research: Total Synthesis of Complex Molecules, Development of Synthetic Methods

semipinacol

rearrange- B-carbon
ment o Ref. 19 ellmlnatlon
(Y . <
OH OH
OH major “ minor
longiborneol??) '

Nat. Chem. 2022, 14, 450. phomactin A%1)
J. Am. Chem. Soc. 2022, Nat. Chem. 2018, 10, 938.

144, 17277. J. Am. Chem. Soc. 2020,

o 142, 15536.

(S)-carvone
22



3. Background

Proposed biosynthesis of classical taxane natural products?®:

@ potential oxidations

7 taxadiene
S synthase
| /C oo
cyclase OX|dase
OPP phase phase

geranylgeranyl i i classical taxane
diphosphate (GGPP, 5) taxa-4,11-diene (55) natural products

Two-phase synthesis of taxol (1) by Prof. Baran's Group'?):

MgBr AcO O OH
CHBr ;l MeMgBr
3
0 — —>
— — ~
— "cyclase "oxidase =N (0
h L1 h L1 “‘ - H :
/__\\ phase phase RO = H 5ac
/ (o) OEt OH OBz
56 taxol (1)

This paper by Prof. Sarpong's Group ("cyclase phase"):

57 (major) 58 (minor) classmal core (59) nonclassmal core (60)23



3. Retrosynthetic Analysis

bioinspired
[2+2] photo-
o) cycloaddition

o)
nonclassical
cyclotaxane core (60)

Cc-Cc
cleavage/
wOTBS  cross- +OTBS
o coupling
o OTf OH OH
aldol C-ring fragment (63) o7
reac- j
10 +
::} 3 tion

C12-0
cleavage/

OH @?f@m—l
. c130 o Lo ’ ko = "I

. formation
OH OH
taxezopidine A core (61) taxagifine core (62) A-ring fragment (64) 58

24



3. Preparation of Cyclobutanols

(0

A

m-CPBA
CH2C|2, 0°Ctort

//—\ TiIII

H (0

.

(S)-carvone (65)

(0

;'

67

oTiv

ﬁ TiV—Y

TS2 (unfavored)_

Cp,TiCl,, Zn
1,4-dioxane/Et,0, rt
o
41%
OH OH
57 (major)
27% "'l
OH OH
58 (minor)

25



3. Synthesis of C-Ring Fragment

Pd(OAc), (0.1 eq)
t-butyl acrylate -

pyridine, O, (1 atm) B-carbon
o 3A MS, toluene, 80 °C R elimination
. . 3 —
I
OH OR TBSCI i OPd OTBS_
57 (major) R=H imidazole 69

68 R=TBS CH,CI,
0°Ctort, 79%

0304, Na|04
2,6-lutidine
dioxane/H,0, rt

-«
79%
OTf OR n-Bu NF OTf OTBS
73 R=TBS AcOH, THF 72
74R=H 0°Cto 50 °C
84%

O

A\

\
\ )
+

1. LiBH(s-Bu),
THF, -78 °C
93%, dr = 1.3:1

(0

70

B-hydrogen
elimination

87%

-
2. KN(TMS),

PhNTf,, THF
-78 °C, 86%

26



3. Synthesis

of C-Ring Fragment

Me4N BH(OAC)3
MeCN/AcOH
-30 °C
-

1%

OAc

|
(0
1
<0

v |0Tf
TS3 (favered)

OAc
H ? é OA
N BT c
S&_\O
v IOTf

TS4 (unfavered)

PhI(OAc),
TEMPO
CH2C|2, rt

then TBSOTf
2,6-lutidine
0°C, 78%

O\
.0 ,B\—OAC
_\r . { OAc
1o g too far

TS6 (unfavered)

27



3. Synthesis of A-Ring Fragment

m-CPBA
_ CHCI;,0°Ctort
“, =
OH OH OH
58 (minor)
Dess-Martin OTMS
periodinane TMSO0” N~
CH,CI, TMSOTf
0 °Ctort, 90% CH,ClI,, =78 °C to rt
AcO OAc 11% for 64
\[oAc 67% for 79
\
O n-Bu,NF
THF, rt, 79%
(0

64 R=H
79 R=TMS

64
(64%, 2 steps)

28



3. C-C Bond Cleavage/Cross-Coupling
OTBS

Pd(OAc),
H SPhos, Cs,CO;
benzene, 80 °C

\ o) o)
30% 1
o I O
Z : 63 64 o Ko
© kc) reducti\%I % oxidative 81 (undesired)
.. . 0 .-
80 (desired) 0 elimination Pd wlon OTBS
4 4 I:I o A .
TBSO, = pd" —O
i \{ 80 ;
Pd' O 64
o \ {
86 (o) 82

mQ
—I

nn 0O
(/0]

) reductive ligand
migratory elimination J
insertion tminatt exchange . .,
_____________ WOTBS WOTBS Pd v, OTBS
: 01
PCy, : x o o (0] O/
(L g 7 C
' I
: .Pd"—H Pd" O ° % 83
: o)
MeO '

N0 o
B-carbon
elimination
B-hydrogen
............. o &o 7
85

elimination 0
84 29



3. C-C Bond Cleavage/Cross-Coupling

OTBS

A )
S

OTBS
- OTBS
OTf O Pd(OAc), (mol%) { ~o AN
63 (1.25 eq) ligand (mol%) o
+ y + (o) )
(0 N4 OH C52C03 (2 eq) (o) O 1
benzene (0.1 M), 80 °C p
g \ \ ° ko
(o) 0 o
64 80 (desired) 81 (undesired)
entry Pd mol% ligand (mol%) additive (mol%) 80 81 dr
12 10% SPhos (20%) none 0% 30% 0:100
22 10% AsPh; (20%) none 8% 21% 27:73
32 20% AsPh; (50%) none 20% 45% 31:69
42 20% AsPh; (50%) 1,4-benzoquinone (20%) 67% 5% 94:6
5b 20% AsPh; (50%) 1,4-benzoquinone (20%) (68%)¢ / /

a) ca. 0.02 mmol scale, 21 h; b) 2.9 mmol scale, 27 h; c) Isolated yield.

P
C)ézme sigma donor 0
ability Ph AN
> As
O Ph”  “Ph X0

MeO 1,4-benzoquinone 30
SPhos (electron-deficient)



3. Synthesis of Diverse Taxane Cores

OoTBS TBSO o
~o LiN(TMS),
1. MelLi, Et,0, -78 °C THF, rt
S
o O 2. Dess-Martin o

periodinane 1
NaHC03, CH2C|2

(0) k 0°Ctort

80 O 47% (2 steps) 87

85%

TS7 (favored)

TS8 (unfavored)

IS8

31



3. Synthesis of Diverse Taxane Cores

»OR
PPTS > _
acetone/H,0 Sml,, LiBr
60 °C THF, =78 °C
>

1d, 33% for 62
65% for 89
3d, 48% for 62

Sm"-mediated
OH rearrangement

14% for 90 0 g
12% for 89 taxagifine core
89 62 R =TBS
90 R=H

‘\“‘ OAc

miQAc

HO /17
o)

taxezopidine A (93) , taxezopidine A core (61)




3. Synthesis of Diverse Taxane Cores

wOTBS

PPh,, I,
imidazole
toluene, 70 °C

-
93%

NaBH;CN, DMF
-

100 °C, 72%
80 °C, 94/59 = 2:1

\~Ph 0 H-BCN 0
Ph 94 H taxol core (59)
| 100 °C
homolytic cleavage +

Dowd-Beckwith

rearrangement
-«




3. Synthesis of Diverse Taxane Cores

(o)
blue LED )
bezene, rt - h\d OTBS
98% '!‘
4
(o)
60

(o)
OTBS . OTBS
17 — <
14
o

cyclotaxane core (60)

»OTBS
0 (TMS)3SiH
blue LED
bezene, rt
ﬁ

48% for 60
12% for 97
19% for 98

34



3. Synthesis of Diverse Taxane Cores

Dowd-
Beckwith
homolytic rearrange-
cleavage ment
y y
o
[2+2]
OTBS cYycloaddition
-«

60

35



3. Synthesis of Diverse Taxane Cores 60

TMS
OTBS B o 7 B (o)
[2+2] homolytic
cycloaddition OTBS cleavage OTBS
- \17
17 12 ‘ ¢ 12
O 13 O 13
99 \5 100

Dowd-Beckwith
rearrangement

B O

101




4. Summary

contents
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4. Summary

Prof. Gaich's group:
Achieved the first total synthesis of a nonclassical taxane natural product

Diels-Alder/ OH
TBSO [2+2] photo- =
cycloaddition/
pinacol couplmg
26 steps
0.5% overall yield
OH
13 15 canataxpropellane (4)

Prof. Sarpong's Group:
Established a general synthetic approach to diverse taxane cores ("cyclase phase")

O
C-C cleavage/ O OTBS  pisinspired
OH OH Cross-coupling/ [2+2] photo-
57 (major) Aldol - cycloaddil‘ion> OTBS
+
sm" mediated> 17 steps from 57
¢ 13 steps from 58
7 rearrangemen o \ 1.6% from 58
) (4.5% brsm) O
OH OH classical core (59) nonclassical core (60)
58 (minor)
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