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Introduction
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Actinophyllic Acid Alstonia actinophylla
Structure Characters: Biological activity:
* Indole alkaloid; A potent inhibitor of the zinc-
« Six rings; dependent carboxypeptidase U (CPU),
* Five contiguous stereocenters; with an IC;, of 0.84 uM. CPU is an

endogenous inhibitor of fibrinolysis,
the breakage of fibrinclots.

A. R. Carroll et al. J. Org. Chem. 2005, 70, 1096-1099.
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Proposed Biosynthesis

tryptamine
P (-) Secologanin

Glucoside

MEOEC ~

o OH

geissoschizine precondylocarpine 3 i

A. R. Carroll et al. J. Org. Chem. 2005, 70, 1096-1099. °



Proposed Biosynthesis

actinophyllic acid 1 ix viii

A. R. Carroll et al. J. Org. Chem. 2005, 70, 1096-1099. /
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Total synthesis of Actinophyllic acid

Total synthesis

Larry E. Overman Stephen F. Martin Ohyun Kwon David Y.-K. Chen
JACS. 2008, 130,4894.  JACS. 2013, 135, 12984. JACS. 2016, 138, 3298. ACIE. 2017, 56, 12277.

JACS. 2010, 132, 4532. 1. 2014, 70, 4094.

Progess of total synthesis

)

John L. Wood Tsuyoshi Taniguchi Luis A. Maldonado lain Coldham Yong Qin
OL. 2009, 11, 4532. OL. 2014, 14, 1656. TL. 2013, 54, 2180. TL. 2014, 55, 1255. T.2017, 73, 2109.
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Overman’s total synthesis

Retrosynthetic Analysis of Actinophyllic Acid

o)
N aza-Cope-Mannich\
— \
pr— \ ,)
N |
H Cé)zR

Actinophyllic acid

NP
CO,R

CO,R

w IZ

Martin, C. L.; Overman, L. E.; Rohde, J. M. J. Am. Chem. Soc. 2008, 130, 7568. J. Am.
Chem. Soc. 2010, 132, 4894.



Overman’s total synthesis

First-Generation total synthesis

©\/\COCI
Pd(OH),/C,
NO, o (OH),

H,, i-PrOH, rt CO,t-Bu
t-BuO,C._CO,t-Bu > CO,t-Bu - > N i
1, Mg(OMe),, MeOH 69% N  CO,t-Bu
H

2, THF, 60 °C NO, CO,t-Bu
1 78 % 2 3
CX
N Br
Boc 4
DMF, rt, 85%
LDA (3.2 eq)
HO /™ CeClz, CH=CHMgBr 2 [Fe(DMF);Cl,][FeCl,4](3.5 eq) o
.Boc Boc NBoc
—N THF, -78 °C, —-N~ THF, -78 °C to rt
0\ : - \ ) - N CO,t-Bu
99% 4 60-63%
‘CO,t-Bu N “ . N 2
H  co,tHu I N co,tBu
7 6 5

Martin, C. L.; Overman, L. E.; Rohde, J. M. J. Am. Chem. Soc. 2008, 130, 7568. J. Am.
Chem. Soc. 2010, 132, 4894,



Overman’s total synthesis

First-Generation total synthesis

Ho/™ Ho (™, )
_N-"°¢ TFA,DCM, 0°C -NZ 3, 3] Mannich ‘N
v \ —_— \
\ \ 4
(CH,0)n, CSA, “'CO,t-B
CO,t-Bu CO,t-Bu u
H co,tB PhH, 70 °C H co,t-Bu Co,t-Bu
7 8

Martin, C. L.; Overman, L. E.; Rohde, J. M. J. Am. Chem. Soc. 2008, 130, 7568. J. Am.
Chem. Soc. 2010, 132, 4894,



Overman’s total synthesis

First-Generation total synthesis

1, LDA, CH,0, THF
-78 °C, TFA HN
CF,CO" >
2,4 M HCI, 70 °C HO.C.,
50% (2 steps)
2:1 epimers OH

TFA, neat

HCI, MeOH, 50 °C
aq, Na,CO;, then TFA

92% (o]

MeOZC

10 1" Actinophyllic acid

8 steps. 8% yield
favored approach

Martin, C. L.; Overman, L. E.; Rohde, J. M. J. Am. Chem. Soc. 2008, 130, 7568. J. Am. 5
Chem. Soc. 2010, 132, 4894.



Overman’s total synthesis

Second-Generation total synthesis

o - pre—
_n-Bo° Cech;g’l-;g I;I(I;n i o=C I\ N-BC  NaBH,, CeCly7H,0
\ \ S r \ Al ’
. AcOH, -70 to -20 °C . MeOH-THF, 0 °C
co,t-Bu 83% H Co,t-Bu 86%
6 12

(CH,O)n
MeCN-H,O
70 °C, 93%
Actinophyllic acid 14
hydrochloride
7 steps. 22% yield

Martin, C. L.; Overman, L. E.; Rohde, J. M. J. Am. Chem. Soc. 2008, 130, 7568. J. Am.
Chem. Soc. 2010, 132, 4894.



Overman’s total synthesis

Enantioselective total synthesis of (-)-Actinophyllic Acid

1, CDI, HN(OMe)Me.HClI,
Jj\ DCM, rt; 94%

HO
\ﬂ/\/\ﬂ o 2, CeCl;, Me,C=CHMgBr

THF, -78 °C; 99%

HH
N

OO AzAr

~

~

\Ar
r

H
/,,
Ru\
N
HH
H

¢ )
&

BH,

Ar = 3, 5-Me2C6H3

]"l

~N

Ph
Ph

Martin, C. L.; Overman, L. E.; Rohde, J. M. J. Am. Chem.

Chem. Soc. 2010, 132, 4894.

(o)
Boc

16

0.2 mol% catalyst HO,,
>
H,, i-PrOH, rt Z Hr;l
Boc

17 91% ee

1, 05, DCM, -78 °C
PPh;, -78 °C to rt

2, Ac,0, DMAP, NEt,, rt

e

AcO l;l
Boc
(3R)-18

73% (3 steps)

Soc. 2008, 130, 7568. J. Am. 5



Overman’s total synthesis

Enantioselective total synthesis of (-)-Actinophyllic Acid

DIBAL-H, PhMe

AcO,, 0,t-Bu Sc(0Tf);, DCM, 0 °C
- O - -
CO,t-Bu 88%, 17:1 dr -78°C; 82 %
Boc
(3R)-18 3
Swern oxidation
94%
o LDA (3.2 eq)
_Boc [Fe(DMF);Cl,][FeCl,](3.5 eq) o —)~NBoc
- N THF, -78 °C to rt CO,t-Bu
- \ -
N “'CO,t-Bu 57-59% .
H  cot8u N  COutBu
22 21

(-)-Actinophyllic acid
hydrochloride
[alp -199 (c 1.0, MeOH)

11 steps. 18% vyield

Martin, C. L.; Overman, L. E.; Rohde, J. M. J. Am. Chem. Soc. 2008, 130, 7568. J. Am.
Chem. Soc. 2010, 132, 4894.



Martin’s total synthesis

Retrosynthetic Analysis of Actinophyllic Acid

RO,C. N
"m
I carbocation/r-nucleophile

Ring formation
— >
O \ o —
cascade reaction

2 S .
N-acyliminium ion

Actinophyllic acid
H Lewis acid

OS|R3

e = eQ

Refunctionalize

Martin, S. F et al. 3. Am. Chem. Soc. 2013, 135, 12984; Tetrahedron 2014, 70, 4094. 17



Martin’s total synthesis

Preparation of starting materials

t-BulLi
(@)
n-BuLi, CO, Bno\)J\/OBn oA
\ > \ > \ ¢

N
N N Ac,0 N

H Co,Li oBnOB"
1 2 3

overall 85% yield

o TIPSO

o
n-BuLi, ROCOCI NaHMDS, TIPSCI =
| = e |
N 84% N 92% N
H
4

OJ\OR OJ\OR

5 6
R=Bn 84% R=Bn 95%
R=Me 79% R=Me 96%
R =allyl 81% R = allyl 92%

Martin, S. F et al. 3. Am. Chem. Soc. 2013, 135, 12984; Tetrahedron 2014, 70, 4094.
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Martin’s total synthesis

Failed cascade reaction

Cbz

TIPSO "N
=S TMSOTf, DCM
N\ OAc + @ > = \ OTIPS
H N -78 °C to rt N
OB OBn H
OBn
(0] OBn OBn
3 6 7
l Not observed
o ,Cbz
9a (0
_Cbz + O
N
oBn OBn OBn OBn

15% TMSOTf 18%

8 9

Martin, S. F et al. 3. Am. Chem. Soc. 2013, 135, 12984; Tetrahedron 2014, 70, 4094. 19



Martin’s total synthesis

Proposed fragmentation pathways

Cbz_
wunlh o ICbz
~ Path A O N
\ OTIPS —_— Cbz ————>
N -TIPS N N -H,0 N
H H H H
e OBn 0BnOBn OBn OBn
7 : 8 9

T-TPS

Cbz\N
L/ Illl
O path B R Cotips
\ OTIPS —_— O ‘
¢ TIPS @ N-CPZ
OBn OBn
OBn OBn
7 10

Martin, S. F et al. 3. Am. Chem. Soc. 2013, 135, 12984; Tetrahedron 2014, 70, 4094. 20



Martin’s total synthesis

RO,C.
TIPSQ i), 2,6-di-tert-butylpyridine Ny
= TMSOTf, DCM, -78 °C
N\ Ohe | > O \ OTIPS
H SBn N i) NaOMe, MeOH, -78 °C N
OBn H
J\ OBn
(o) OBn OBn
3 6 7
R=Bn 61%
R =Me 53%
R = allyl 80%

Martin, S. F et al. 3. Am. Chem. Soc. 2013, 135, 12984; Tetrahedron 2014, 70, 4094. 21



Martin’s total synthesis

Alloc., Alloc.,
TIPSO i), 2,6-di-t-butylpyridine Ny Nty
TMSOTf, DCM, -78 °C LiBH,, MeOH, 0 °C
OAC = ’ ’ 45 ’

H N ii)TBAF, -78 °C to rt N 82% N

oBrOB" \ H H
07 ~Oallyl 92% OBn OBn

3 6 7 OBn 1 OBn

Pd(PPh),, PhSiHj, rt
73%

Cl

/~ H.

Nr||| N"'|
i), IBX, K,CO5;, DMSO CICH.CHO
2
ii), --BuONa, t-BuOH N NaBH(OAc); N
H 1,2-DCE H
OBn oB OBn
n
/ 13 OBn 12
S

[ OH

Qi ?_ ot

H
OBn 0Bn OBn OBn OBn

L 15 16 . 17

Martin, S. F et al. 3. Am. Chem. Soc. 2013, 135, 12984; Tetrahedron 2014, 70, 4094. 22



Martin’s total synthesis

First-Generation total synthesis

Alloc AIIoc\
NIIII u
O 1, TMSCI, imid, DMF Pd(PPh);, PhSiH,, rt Swern Oxidation
on - Q) O
N\ 2, Boc,0, DMAP, 100 °C CICH,CHO, NaBH(OAc)3 @
H oB 3, TBAF, DCM, 88% Boc 1,2-DCE, 0 °C; 56% Boc
n
OBn
11 19 20
t-BuONa,
t-BuOH, THF
0°Ctort
94%
(o]
i), IBX, DMSO, 50 °C HCI, MeOH, 65 °C
N-OH -
ii),N-hydroxysuccinimide, 50 °C 10 % Pd/C, Hy, rt
o i), NaOH 86%
319
N-hydroxysuccinimide %
Acinophyllic acid 22 21

14 steps. 5% yield

Martin, S. F et al. 3. Am. Chem. Soc. 2013, 135, 12984; Tetrahedron 2014, 70, 4094. 23



Martin’s total synthesis

Second-Generation total synthesis

AIIoc\ AIIoc\
N o HN: oy 1, CICH,CHO, NaBH(OAc);
BocZO DMAP Pdy(dba)s, (0.01 eq) 1,2-DCE, 0 °C
O o~ L = Ly = g
PhMe dppb (0.01 eq) N 2, t-BuONa, t-BuOH,
83% N NDMBA, THF Boc THF, 0 °C to rt
oc 92%
OBn 83%
OBn
7 23 24 21

HCI, MeOH, 65 °C
10 % Pd/C, H,, rt
86%

i), IBX, DMSO, 50 °C

s
-

ii),N-hydroxysuccinimide, 50 °C
iii), NaOH
31%

Actinophyllic acid 22

10 steps. 10% yield

Martin, S. F et al. 3. Am. Chem. Soc. 2013, 135, 12984; Tetrahedron 2014, 70, 4094. 24



kwon’s total synthesis

Retrosynthetic Analysis of Actinophyllic Acid

N

PN/'/m —

19 PN / —

RO,C CO,R ©
3 4

9Y=Horl

0. Kwon et al. J. Am. Chem. Soc. 2016, 138, 3298: 25



kwon’s total synthesis

Mechnism of [3+2] annulation reaction

,Ts 1{5
—— N PhsP N.__R
COMe - )l ensen q

Xu, Z.; Lu, X. Tetrahedron Lett. 1997, 38, 3461.

N_ _R
g COMe
PhyP CoMe @PPhy
8 5
2
.
I oh__n
S;IR g
COMe
Phpld  COMe ¢—— 2
©PPh,
7 8

0. Kwon et al. J. Am. Chem. Soc. 2016, 138, 3298: 26



kwon’s total synthesis

Phosphine-Catalyzed Pyrrolidine Synthesis

74
—NNs 20 mol% phosphine BnO,C NNs
20 mol% additive
\ + _2c0o,Bn - N
N CHCI3, temp.
N
Boc Boc
1 2 Tsﬁﬁ A: Ar = phenyl 3
P B: Ar = p-methoxyphenyl

|
Ar

entry cat. temp. (°C)  additive  time (h) vyield (%)* ee (%)”

1 PPh, rt 6 99

2 A rt 5 97 75
3 B rt S 99 83
4 B 0 S 99 91
S B 0 phenol 2 99 91
6 B 0 biphenol 2 99 91
7 B 0 s-BINOL 2 99 94
8 B 0 2 99 94

r-BINOL

0. Kwon et al. J. Am. Chem. Soc. 2016, 138, 3298: 27



kwon’s total synthesis

Attempted Oxidative Coupling

/
BnO,C BnO,C 74 Bn0,c—

NNs N

1. PhSNa, CH5CN, rt o TFA, DCM N o

N o N\ o
2. , DCM 80% N\

ocC

CO,Et Boc H

5

3 92%

oxidative coupling

Bno,c—
n2 N

\

N
R Co,Et

0. Kwon et al. J. Am. Chem. Soc. 2016, 138, 3298: 28



kwon’s total synthesis

BnO,c— Bno,c— BnO,c—
2 NNs Hg(CF5CO,), 2 NNs 1. PhSNa, CH,;CN, rt 2 N o
- '
N\ KI, I, N\ 2. O ,DCcM N\,
0,
y 95% y /\E y CO,Et
Boc Boc CO,Et Boc
3 7 80% 8
20% Cul, K,CO4
DMSO, rt
82%
1. Pd/C, MeOH
180 Psi H,
- =
2.K,CO5, DMF,rt
cI N
78% 99% ee

after recrystallization

0. Kwon et al. J. Am. Chem. Soc. 2016, 138, 3298: 29



kwon’s total synthesis

40 equiv Nal
K,CO3;, DMF

r
75°C
35-48%

r 2. aq. HCI, pw, 100 °C

Sml,, t-BuOH (10 eq.)
>

HN -
a 90%, 2 steps

HO,C O OH

(-)-Actinophyllic acid
hydrochloride

13 steps. 12.4% vyield

O. Kwon et al. 3. Am. Chem. Soc. 2016, 138, 3298;

THF
95%

j\ DMAP, CH,CN
c1” Nl -15°C
thiophosgene 72%

1. n-Bu;SnH, AIBN, 90 °C
-

then 4M HCI

30



Chen’s total synthesis

Desymmetrization-based strategy

Me O Me OHOH

o O " i w o~ Me
desymmetrization HO HN‘“’NMEZ
—_— &
Me Me > OH KN NH, §
MezN\n/NH Johnson: 13 steps
fo) J. S. Johnson et al, Science 2013, 340, 180; .
J. Am. Chem. Soc. 2013, 135, 17990. Me pactamycin
o
Me. Me HO OH," OH e
"desymmetrization” I'IoMe o

Me

Yo
HOpe O oOH > H Me
H o)
H Me Inoue: 22 steps MeHO
O; \\7\ﬁ HG ryanodol

M. Inoue et al, J. Am. Chem. Soc. 2014, 136, 5916.

HN
"desymmetrization”
= N/ — HO.C,,
_/ -
o/

olefin differentiation actinophyllic acid
plane of symmetry

OH

David Y.-K. Chen et al. Angew. Chem. Int. Ed. 2017, 56, 12277, 31



Chen’s total synthesis

Preparation of precursor for Desymmetrization

ethylene glycol N 0s0,4, NMO
N o o >
) p-TSA, rt acetone-H,0, rt 0 OHOH

(0] (0]
o 78% 2 steps k/
1 2 3
Pb(OAc),; then
NaBH(OAc),,
PMBNH,

68%

Teoc
ﬁ TeocClI EMB
- < -
0 DCM, rt o]
o) 89% k/o

5 4

David Y.-K. Chen et al. Angew. Chem. Int. Ed. 2017, 56, 12277, 32



Chen’s total synthesis

Exploration of desymmetrlzatlon

Teoc
@) arylatlon Teoc mdollzatlon Teoc
o various
(o}

conditions not observed

- dihydroxylation o/ N
T - epoxidation eoc
Neoc - aziridination  various conditions
o - hydroboration-oxidation o
k/o - hydration

5 not observed g

@) __PdiCH,
TBSO 80% TBSO TBSO

0s0,, [K3Fe(CN)g]

MeSO,NH,
58%
OTBS OTBS
Q) Q} resc ?\)
39% 84%
TBSO TBSO TBSO

12

David Y.-K. Chen et al. Angew. Chem. Int. Ed. 2017, 56, 12277, 33



Chen’s total synthesis

[3+2] cycloaddition desymmetrization

0
N
Teoc \ d"‘lieoc MeOLl \ / Teoc
KHCO3 Br o DDQ MeO
(o)
15

68% 38% 2 steps

Optimization of the aminoarylation
(0]

N’ p Teoc
\ & ," TFA, concentration; then
Conditions

OK/0

i Pd(0AG);
i (X mol %)
NO, NO, |

Pd(PPh,),

(Y mol %)

9 (3 equiv.)

AL ' 1,2dichloroethane THF
K,CO; Cs,CO; NaO'Bu 2,6-utidine

(5 equiv.) toluene MeCN
“Entry X Y 17 (% yield)
1 10 20 Trace
2 20 40 1%
3 30 60 35%
4 40 80 41%
5 50 100 42%
6 60 120 42%
7 70 140 52%
8 80 160 65%
9 100 200 45%

David Y.-K. Chen et al. Angew. Chem. Int. Ed. 2017, 56, 12277, 34



Chen’s total synthesis

Simplified catalytic cycle

P R Pd( OAc
}/ L Pd(O) \
PdL, LnPd,
Ar Br

TFA,
concentration; ~ —

th
en Br O,N Oz"@
0

PdL

NO

,0 PdL A
g — N ; -
MeO o Pd(OAc),, L _NZH —~ \ / “N-H
2 MeO = ~
(o Cs,CO,, THF e0 o L=PRfuryl)s oG
reflux k/o o

16 Syn aminopalladation Anti amlnopalladatlon 17

David Y.-K. Chen et al. Angew. Chem. Int. Ed. 2017, 56, 12277, 35



Chen’s total synthesis

\° NO, HCI, MeOH o NO, PdCl Hy HN
— V4
N
o/ N reflux \ N MeOH/H,0/AcOH  MeO,C >N
76% -
MeO fo) ¢ MeO
(o d °
17 18 19
LDA, CH,0, then
TFA; then
4M HClI, 70 °C

15%

Actinophyllic acid

11 steps. 0.8% yield

David Y.-K. Chen et al. Angew. Chem. Int. Ed. 2017, 56, 12277,



Summary

Overman’s Martin’s

Racemic: 7 steps. 22% vyield 10 steps. 10% yield
Asymmetric: 11 steps. 18% yield Key steps:

Key steps: carbocation/m-nucleophiles
Oxidative coupling cascade reaction

Aza-cope/mannich reaction

Actinophyllic acid

Kwon'’s Chen’s

13 steps. 12.4% yield 11 steps. 0.8% yield
Key steps: Key steps:
Phosphine-catalyzed [3+2] annulation. [3+2] desymmetrizatin
Pinacol coupling and regioselective removal Aminoarylation

of tertiary alcohol.
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Thanks for your attention !



