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(a) Selected aspidosperma alkaloids
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(b) Selected uleine alkaloids
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(c) Representative previous synthetic strategies and our work
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(d) Qi’s intramolecular reaction of indole with 3-piperidinone hemiaminal (refs. 83-84)

alstofolinine A
sargagines

indole-fuse azabicyclo[3.3.1]Jnonane

ref 83: Angew. Chem. Int. Ed., 2019, 58, 4988.
ref 84. Angew. Chem. Int. Ed., 2023, 62, e202304435.

(e) Our hypothesis (Aza-Achmatowicz rearrangement is coupled with intermolecular aza-Friedel-Crafts reaction)

aza-Friedel-Crafts

R HO C3-C2
Indoles |
Oxone
NHR
0 KBr (cat.)
\ / Aza-Achmatowicz
rearrangement

Furfuryl amide

aspidosperma core Uleine core



Oxone
o NHBoC  Br (cat.)
\ l
N-Boc-furfurylamine
@j\ BOC)N\/:/I/ Cat. (5 mol%)
+
N R = solvent
H HO ft, 0.5 h
1a,R=H 2a (unstable)
1b,R = (CHz)QOTBS
!
Entry 1a/1b Catalyst Solvent Yield (%) !
I

R ta_ TPA DeM 82 |10
|2 1a TFA PhMe 88 | ] 11
3 T1a T TFA ~~~~~~ MeOH =~ 78 |12
4 1a TFA DCE 85 ] 13
5 1a TFA THF 81 ] 14
6 1a TFA EtOAc 86 ] 15
e e
| 7 1a TFA CHCI, 88 | : 16
- I la ___________ BF:-ELO ___________ DCM___________ 60__ Qe VA
19 1a PCCP PhMe 90 i | 118

Table 1 Optimization of the reaction conditions of IAFC?

i HO. _OMe i
1 1
H | i
i MeO,C CO,Me ]
| |
: MeOzC COzMe :
1 1
1 1
I 1

1b was not fully consumed

1b TFA DCM 35

1b (—)-CSA DCM 37

1b F,CHCO,H DCM 42

1b pTSA-H,0 DCM 40

1b CICH,CO,H DCM Trace

1b Cl,CHCO,H DCM 40

1b Cl,CCO,H DCM 24
SN 1L e HFIP 10

1b PCCP DCM 58 |

a Conditions: 1a/1b (0.1 mmol), 2a (0.12 mmol), acid (0.005 mmol), solvent (0.05-0.2 M), room temperature, 0.5-12 h. Yield was determined by H NMR

analysis using dibromomethane as the internal standard. PCCP: pentacarbomethoxycyclopentadiene.



Achmatowicz Rearrangement

OH GD?H O
m-CPBA ﬁ
Ra. © o[ TR or |+ NH
\ ' orNBs R I-P GI/LJ

1 1.0 equiv 1. Dequw
T (waste) (waste)

| o
This work: KBr (5 mol%) = K.S0, (no organic waste)
Oxone, up tu E-}B‘!-"u weld

Mechamstm Hyputhems

J. Org. Chem., 2016, 81, 4847.



X o
Ry O R, —Sonditions ~
. 2 RT3~y R,

HO
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Method A: KBr (5 mel%), Oxone (1.2 eq), MaHCO4 (0.5 eq) in THF/H20 (4/1) at 0°C
Method B: NBS (1.2 eq), NaHCO; (2 eq), NaOAc (1 eq) in THF/H,O (4/1) at 0°C
Method C: m-CPBA (1.2 eq) in DCM at 0°C

2 o
e
Ho © !
2a e

A: 92%/0.5 h
B: T9%/0.5 h
C:77%/2 h

j@s
o © Fh
2f

A: B0%/M0.5h
B: 87%/0.5h
C: 79%/M h

29 o

Ho ©
Me -
PP
2k
A: 90%/0.5 h
B: 85%/M.5 h
C: 78%/4 h

0
ME ME‘
Ho ©

Me
2p

A: B6%/0.5 h

B: 82%/0.5 h
C: 84%M h

o]
N"JLD
\f

=
HO D Ho ©
2d

A: ﬁs%m.ﬁ h
B: 7T8%W/M0.5 h
CiE7T%W/3h

HO
z;[bl
A: T8%/3 h A: T5%/M0.5 h
B: 75%/2 h B:60%/3 h
C:B82%M h C:B2%/3 h

o

= 0

0 Me
e
A: B8%/0.5 h

B: B19%/0.5 h
C:T3%/M4 h

O
0 0 = 0 20
Me M Me
HO" O e
HO O Me g © ! HO oS

29 zh
A: 87%MN.5h A: B1%05h
B: B0%/0.5 h B: 78%/1 h
C: 72%/3 h C: 76%/4 h
(o] R;
Ho © PN 2
21 0
A: 88%M05h HO
B: 73%M0.5h
C: B2%/2 h
E
BnD
o Ho ©
2r
A: 83%/0.5 h A: 85%/0.5 h
B: 79%/0.5 h B: 78%/0.5 h
C: 91%/1 h C: B0%/2 h

OMe
2i

A 90%M h
B: 76%/4 h
C: B5%/3 h

2m: R4=H 2n

R, = OMe R;=Rs=H
Ry=OTIPS R, = OTIPS
A: 91%/M1 b A B9%M h
B: 90%/M0.5 h B: 80%/1 h
C:82%/3h C.7B%/3 h
HO ©
OMe

A 93%1’0.5 h

B: 82%/M0.5h

C: B5%/4 h

2j
A: 83%/0.5 h
B: 68%/0.5h
C:T9%/3 h

2o

R1= R2= Ra_
= OMe

A: T4%0.5h

B: 78%/0.5 h
C:72%I3 h

D

HD_N:I'I:"IE
TsH

2¢lcl
A: BE%M h
B: 69%/0.5 h
C:74%J/3 h

“Isolated yield. "Reaction was carried out with KBr (20 mol %), Oxone (1.2 equiv), and NaHCO, (0.5 equiv) in a mixture of THF and H,0 (4/1)
at 0 °C. “Reaction was carried out with KBr (5 mol %), Oxone (1.2 equiv), and NaHCO, (2 equiv) in a mixture of THF and H,O (4/1) at 0 °C.



FRIEDEL-CRAFTS ALKYLATION
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B RO
RO,C. H ” CO,R " RO, o
RO, CO.R '"a RO, @ CO,R ' RO,C H
- ---- — - » US
highly stabilized Bronsted acid
anion catalyst
(this work)

Science, 2016, 351, 961.



Table 2 Aza-Friedel-Crafts reaction of indoles (1) with AAR products (2)2

NHR" R'N
0 Oxone/KBr (cat.) R | PCCPorTFA
\ / Aza-Achmatowmz N PhMe, rt, 0.5-2 h

HO OMe

MeO,C CO,Me

rearrangement R’ aza-Friedel-Crafts MeO,C CO,Me
Furfurylamide 2 1 3 Pentacarbomethoxycyclopentadiene (PCCP)
(0] O O (0]
BocN BocN BocN BocN
= = = (o) =
o | RO I Me I I
N N N R N
H H H H
¢ (6-F), 85% (79%) 3g (4- e), 78% (66%) 3k (4-OAc), 89% 30 (4-OAc), 83% 3q (4-CHO), 87% (62%)
(2 g') 9§ ; (8; 0;0) 3h (5-OMe), 79% (570%) 31 (5-OAc), 84% 3p (5-OAc), 80% 3p (7-CHO), 64% (<10%)
e (4-Br), 92% (79%) 3i (6- OMe) 85% (50%) _3m (4-OH), 38%. (73%) 3m (5-CO,Me), 58%
3f (6-Br), 88% (84%) 3j (7-OMe), 83% (85%) 13n (5-OH), 0% 0%
o (0] O ) 0
BocN BocN CN BocN BocN BocN
O,N = R2R:N ¥ ¥ = =
| | | | |
N N N N MeO,C N
H H H R R
3t, 64% 34 (NHTs), 43% 3w, 95% (64%) 3x (R = Me), 85% 3ab, 87% (49%)
13v (NMey), 0% 1 _3y_(£<.-_Bu)..82%
——————————— ! 13z (R=Boc), 0% !
l3aa (R=Ts), 0% 1
b ssmms et e ———————
i
1
0 o) i OH
BocN BocN 1 BocN
1
= = : = ——
| | i |
N7 Ph N7 R i N
Me H i H
3ac, 50% 3ad (R = CH0AC),83% 3ah (R = Ts),90% 3aj, 72% I 3a’

3ae [R = (CHy),l], 68% 3ai (R = 0-Ns), 98% e e e e e e e e e e
3af (R = Me), 91%
3ag (R = vinyl), 95%



Total synthesis of uleine-type alkaloids
Oxone (1.2 eq.)

NH NHB NaHCOs 0 BocN
o 2 Boc,0 (0.99 ) o °C KBr (0.1 eq.) _ Boo , @j PCCP (003 eq)
H,O, overnight THF/H,0 = 4:1 = N Toluene
\_/ 99% \_/ 0°C HO H rt, 2 h
0,
80% 82%
S5 S5a 2a 1a 3a (>12 g)

EtMgBr (4.0 eq.) B
CuBr-DMS (2.0 eq.)
THF, -78 to -40°C, 4 h

RuCI[(S,S)-TsDPEN]
(p-cymene) (0.05 eq.)

(0]
BocN

BocN
\\“
Et

- W - —
Et;N/HCO,H @j then NCCO,Et (5.0 eq.)
PhMe, 0°Ctort, 16 h N -40 °C to r.t., overnight N 'V'e
34%, 95% ee Boc 60% i Boc ]
(+)-4 (-)-5
BocN
BocN BocN Cul (2.0 eq)) oc
\\\\ O 2. PdCI,(PPhj), (0.1 eq.)_ \\o LiAlH, (2.0 eq.) \\v
HCO2H (2.0 eq.) THF/HMPA = 10:1
DIPEA (3.0 eq.) -78 °C to r.t., overnight N 'V'e
BOC 60°C. 4 h BOC 37% Boc
()7 71% over 2 steps ()-8 (-)-9
M
—NH ° CH,0 (10.0 eq.)
2. KOH (10eq) 3. PPA (xs.) NaBHsCN (5.0 eq.)
EtOH/H,0 = 1:1 N | 88 °C, 90 min TFA (1.0 eq.) N
70°C,8h 82% over 3 steps AcOH (2.0 eq.)
H HO™ "o ’ MeOH H
60%

(+)-3-epi-N-nor-
Dasycarpidone (11)

(12)

,,,,/O 1. HCI (conc )

—NMe

O
Boc,0 (1.3 eq.)
DMAP (cat.)

MeCN, 10 min
85%

BocN

\\‘

NMe

Boc

(-)-6

EtOAc 3h

Me

MelLi (3.0 eq.)

\ THF, 5 min
then TFA

DCM, 20 min
44%

(+)-3-epi-Dasycarpidone

BocN

Boc
(+-)-4

1. Tf,0 (1.1 eq.)
DIPEA (3.0 eq.)

DCM, 0 °C to r.t., 30 min
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| \
N
S6 -
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—NMe
® \
N
H  CH,
(+)-3-epi-Uleine

(13)



NOYORIASYMMETRIC HYDROGENATION

3
RL_FOH  BINAP-RU(O.CR), R}, COM , o BINAP-Ru/(0,CR), R Ho )
(catalytic) H H R (?)n (catalytic) AN
R2 R1 - R2 R1 —_— - H H
H» / pressure 4 1 H, / pressure R2 R
o f-unsaturated alcohol solvent Enantio-enriched R . R alcohol solvent Enantio-enriched
carboxylic acid carboxylic acid allylic alcohol alcohol
HO.C R'  BINAP-Ru"(O,CR), HO.C =~ R! o) BINAP-Ru‘"X,L, OH
>:/ (catalytic) H J_L z (catalytic) J\ z
g HN H R Y] g 47y
HN\ 5 H, / pressure “ 5 n H, / pressure R* * Y,
COR alcohol solvent Enantio-enrighed functionalized alcohol solvent Enantio-enriched
enamide amino acid prochiral ketone 2° alcohol

R'® = H, alkyl, aryl; R* = alkyl, aryl; Z = nitrogen, oxygen, halogen; Y = sp? or sp® hybridized carbon; n =1-3; X = halogen;
L = neutral ligand or solvent; R = alkyl, aryl

1,49-64

Mechanism:

H H coR' (P-P)Ru(0,CR), (P-P)RuX;L, OR
A -RCOzH |+ H; -HXi+H2 0
(R}
NH 3

£
-P)Ru COzR! ® P-P)HRu("IXL
o:( (P-P)Ru! 2 H (P-P)HRu"™XL, -
R2 OzCR (NH
H vl
+H; 0:‘< z
R2

®
H 1 (P-P)RulMXL, OR
CO,R! yo fOR T 0=
NH Loy™ (P_P}R"f“‘l‘]\
(P-P)Ru( RIS = ® X °
N\ = rCO, ° ﬁ‘ R’
o] 2 2 2 X
RCO; R R ‘o=
| {1y
vL N (P-PRuQ H®
/O 1
H R

(R)-BINAP-Ru"(0,CR), = (P-P)Ru(0,CR), (R)-BINAP-Ru™X,L, = (P-P)Ru™X,L,



FRIEDEL-CRAFTS ACYLATION

O 2 R?
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H REJ\X z i
X loss of H—X R1_M = or
R'—~ P X =F,Cl, Br, |, = o=,
OH, OTf, OCOR R
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R1 0O _0 HO,C 0 1. reduction
zi:ﬂ V n 2. protic acid
P )n or
i
Z=0,5 NH,NR n=1-2 R‘—, PPA
R'= EDG
Mechanism: ****7
e
- AlXj n B a Possible side reaction:
X3Al © ! R2
7 X3A| . @ 0O R2 R2 | R2
X O e f R2 - 30
2 AlIX Il I
R™ X /Y K ‘ 3 XAIX; 9 0
@
w acyliumion -~
© ©AIX
S ADG & o
AlX, . :
s AXs- RZ__O®
- 2
/\O>/§ X loss of R O
1_N e y H—=X N work-up
R— X i —_— R1—" —_— 4
= i L 4 M
e R1—
AlX, I ] L




Total synthesis of aspidosperma alkaloids % x“ﬁl.-m s
- NE N/
: V-40 i

ity b (1.1 eq.)
° H imidazole (1.5 eq.) H
1b 2a 3b THF, overnight 3ae (>26 g) 14
82% over 2 steps

H

Me Me F 0o Me
: [}
LY o
PhsPEtBr (5.0 eq.) BocN” N U I} | C'\)I\N =
KHMDS (45eq) = 4MHCI LI WL \, ,_n-i _ . CICH,COCI (15¢eq.) :
THF, -78 °C to r.t., overnight | u dioxane, 10 min | a T X l & "1"“;. NaHCO; (aq.) | -~
90%, Z/E = 85:15 \ 85% A ' DCM, 4 h \
N 16 (X- 85%
H ¥ Z-16 (X-ray) o H
15 (Z/E = 85:15) 16 (Z/E = 85:15) 17 (Z/E = 85:15)
o Me 'Y'e Me
1. Nal (100 eq) % = 1. L|A|H4 (45 eq) /\N \\\\\‘ KMnO4 (18 eq) e
acetone, 60 °C, 2 h N THF, 70 °C, 4 h 18-crown-6 (18 eq) [N

> £ \ > ”2’ \““\ ”’a Q)
2. AgOTf (2.0 eq.) % 2. Hp (1atm) PhMe, 2 h %
THF, 16 h _ Pd(OH),/C (100% wiw) N 38% P
N N N

90% over 2 steps MeOH/EtOH = 5:2, 4 h

o,
18 (Z/E = 85:15) 80% over 2 steps 19 1,2-Didehydropseudo-
aspidospermidine (20)

o BocN 0 1AICB)ﬁ|F 1§102ezq ) BocN ° V-40 (0.4 eq.) Bocl;l/\f
©j\/\ , BOU PCCP (0.05 eq.) Z THF, 1 h BusSnH (1.7 eq.) e
N OTBS O pZ 'I;ciluznr? | 2. PPh; (1.5 eq.) Toluene, 110 °C, 6 h |
L N OTBS 78% N

O]



O EtMgBr (4.0 eq.)

BocN ° B N ° Bocl \ OBoc
/\f Boc,0 (2.0 eq.) oc oc IBX (4.2 eq.) LiBr (2.0 eq.)
= DMAP (0.1 eq. ) \\\\\‘ \\\\‘ pTSA (0.1 eq.) CuBr-DMS (2.0 eq.)
r
N 43% 64%
H Boc Boc
14 S7, 78% S8, 20% 21
LiOH (3.0 eq.)
T THF/MeOH/H,0 ‘
64%
HO
\/\N

HO(CH5),Br (10.0 eq.)
Na,CO5 (10.0 eq.)
EtOH, 80 °C, 8 h
88% N Me
H

S
s Raney Ni (xs.)
Hs (1 atm
2 ( ) -

EtOH, 75°C, 4 h
85%

BF,+Et,0 (3.0 eq.)
HS(CH,)sSH (10.0 eq.)
’
DCM,0° tort., 6h
56% N

Me

22
MsCI (2.0 eq.)
EtsN (4.0 eq.) n-BuLi (2.0 eq.)
0 °C, 30 min THF, -78 °C, 25 min
then 'BuOK (5.0 eq.) then Mander's (2.0 eq.)
0°C,2h -78 °C, 30 min
53% 48% i coMme
1,2-Dehydroaspi- Vincadifformine (27)
dospermidine (26)
- TMSCN (5.0 eq.) NaBH, (5.0eq.) Ac0
EtOH, -10 to 10 °C, 1.5 h DCM/MeOH = 1:1 | pyridine, 3 h |
Me 62% 0°C,0.5h N7 Me 87% N7 Me
83% H Ac
Aspidospermidine (29) N-Acetylaspido-
spermadine (30)

N~ 2
H CN
Winchinine B (28)



Y=H
oy conventional sulfur and 0

selenium-based reagents x
R = g - %o
y palladium catalysis
iodine(V)-based
o % reagent? \‘

J. Am. Chem. Soc., 2002, 124, 2245.



A~

80 79 78
c)
B 7] 0
H
d) IBX HDS' |
mﬂ Ph o —>

" Figure 3B] — Ph” “Ph

: wiwH o 82

@ Reagents and conditions: (a) [2-(1,3-dioxolan-2-yl)ethyl]triphenylphos-
phonium bromide* (2.0 equiv), +-BuOH (2.0 equiv), THF, 25 °C, 72 h,
43%; (b) Zn—Ag couple,** CHals (1.3 equiv), Et;0, reflux, 22 h, 78%; (c)
AcOH:H»0 1:1, 25 °C, 12 h, 81%; (d) IBX (2.0 equiv), DMSO, 70 °C, 7
h, 98%.

J. Am. Chem. Soc., 2002, 124, 2245.
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