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1. Introduction

1-1. Tandem Reaction

Natural product synthesis

Development of pharmaceutical, functional material
However, its public image has deteriorated

consume mass resource
Generation of waste consume mass energy

Danger of toxic, unstable, or explosive intermediates

Tandem Reaction

Multiple reactions proceed continuously
by adding substrates and reagents and changing reaction conditions

save time, energy, labour, and other resources

reduce the usage of chemicals
alleviate the generation of waste

maximize synthetic efficiency

circumvent the yield losses associated with the purification of intermediates

help lower the risk in the storage, transportation,
and the handling of toxic, unstable, or explosive intermediates

Solutions for energy shortages and environmental pollution

1) Zhou, J. et. al. . Chem. Asian J. 2010, 5, 422-434.



1. Introduction

1-2. Multicatalyst

Simple starting Complex
materials products
'{3 «/’w
\53 ‘ ""fd
Catalyst A
. ) ] Catalyst B
Simple starting material P More complex value-added products

v Expansion of coupling response range

v/Improvement the reactivity and selectivity

v/Diastereoselectivity and enantioselectivity can be controlled and tuned
v/ Suppression some side reactions

) Big challenge of Multicatalytic asymmetric tandem reactions

residual material
* solvent
* the compatibility of the chiral catalyst with * substrates
- other catalyst
* intermediates generated in situ

* Reaction selectivity :
each step should have high regioselectivity, diastereoselectivity, and enantioselectivity.

Developed the following four strategies

1) Use of compatible catalysts system.

Soft metal Lewis acid x Hard organic Lewis base catalyst.
2) Use of site-isolated techniques.

3) Use of phase-separation techniques.

4) Sequential addition of catalyst and substrates.

2) Dydio, P. et. al. ACS Catal. 2021, 11, 3891-3915



2. Organocatalyst x Organocatalyst

2-1. Iminiumu-Enamine Activation

(Merging Iminium (Im) and Enamine (En) Activation (2005, MacMiIIan)]

Nucleophile (Nu)
+ o) Me | +Ho 0 Me
N’ 0 o R 2 L
Electrophile
p )‘CMG3 2:/\051‘ First N CMey
+ N H . lry Ar
Ar H 5 HX =
AN o
R™ "0 catalyst /k 0. Me ol
X- N
| R ?‘.)\cm3 ‘j/
@ N )\AO Ar | 3
4 +H,0
En A owte R
0 Me e} Me
N \IN
R ?x A a A N
/k(% Ar ; ﬁ
o) Me 5
\ . :J)\CMG:)
cascade product ¢ | ‘/\
ﬁ +H,0
" R
B Second cycle requires
Cascade product catalyst control >> substrate control
@) Me
%) ﬁM (% S=Me
e Me
ph H
U (7.5 mol%) (30 mol%) H, Me Q
X Ph H
Ph H CHClg, THF/i-PrOH F
o 16:1 anti:syn
O“s” o) 0 Me 99% ee, 81% yield
Ph”~*N">"Ph fN
F ) 6 w )TMe
Me | H Me
; (7.5 mol%) (30 mol%) H, Me
BuO OBu ‘
| : Ph” > H
Me N Me CHCls3, THF/i-PrOH =
9:1 syn:anti

99% ee, 62% yield

Two discrete amine catalysts can enforce cycle-specific selectivities.

3) MacMillan, David W. C, J. Am. Chem. Soc. 2005, 127, 15051-15053 3



2. Organocatalyst x Organocatalyst

2-2. Triple Organocatalytic Tandem Reaction
[Enamine and iminium catalysis with Brgnsted acid (2007, List) ]

0]

HX*, RNH, (1 equiv) N

O >
Hantzsch Ester (2 equiv)
R -

RNH,
Hantzsch Ester
H®R
o N .o
X* Hantzsch Ester | X*
_—
R! R?
0 OMe R
ii+ © )fI A e
Toluene O\ /P\ OH
Nk, 50°C O‘ 0
(1.0 eq 5 days de- cis-4e-PMP
) (. 5 eq) 2.2 eq) trans-4e-PMP R
Entry R Conversion dr (trans:cis) erof cis

1 D 80% 72:28 55:45
-

2 100% 64:46 50:50
Y

Ph

3 %" ph 50% 65:35 50:50

4 % 80% 60:40 51:49

5 p/ 80% 80:20 51:49
-Pr
6 WL:Q/(TRIP) 100% 67:33 79:21

(0] \H
EtOzc CO,Et
| TRIP (10 mol% O\ @\
2a

H Toluene
3 50°C
(1.0eq) trans-4e-PMP cis-4e-PMP
(1.5 eq) (2.2 eq)
Without MS 5A: 3days full conversion trans/cis: 67:33 er of cis: 79:21
With MS 5A: 1 day full conversion  trans/cis: 24:76 er of cis: 87:13

4) List, B., J. Am. Chem. Soc. 2007, 129, 7498-7499
5) List, B., Angew. Chem. 2009, 121, 1491 —1494



2. Organocatalyst x Organocatalyst

2-3. Phase-transfer condition
(Iminium catalyst and PTC catalyst and Bronsted base catalysis (2009, Karl) }

S}
0.2
CHO o- N
J|/ ﬁCOztBu
Ph 65% yield
51 &H OH 7822 gr. 99% ee
Iminium Catalysis Ar: 3,5-(CF3),CgH3
M CO,tB
” OTMS tBu Ar
Bre - OH
52 (10 mol%) ® CsOH.H,0 .
H20: \ N
Brensted base
Oj CHO tBu Ar OMe CoszU catalysis
Ph” 53
PTC catalysis
\,O
H R2
Product o)) H Y NO, Organic phase
N. .- COztBU
+ r/ C+)H
Q*OH- CO,'Bu Q*OH"
Interface
CsOH Q*Br CsBr QtOH- Aqueous phase
(Polarity-Directed One-Pot Asymmetric Cascade Reactions (2010, Frechet) ]
iPr
O O 0]
Iminium \/Enanmine -~ 77% yield
" + CHsNO, + H)H ) iy ’ NO, 7% %
(3.0 eq) n-octyl n-octyl >90% ee
phosphate buffer solution 62
59 (1.0 eq) 60 (1.0 eq) (100 mm, pH 7.5)
one pot Ar
0 Ar lauric acid

N
o D—coora A nocy N O™ @0mois)

N g
CH3NO (40 mol%) g
H)j\+ sNO, N b e 52(1mol%)

Aqueous phase Organic phase
Iminium catalysis

Enamine catalysis

(0] Ul O  n-octyl O  n-octyl
- NO, H NO, Y NO,
iPr 63 minor iPr 64 trace n-octyl 65 trace

6) Karl A-J. et al. Angew. Chem. 2009, 121, 6976 —6980
7) Frechet. et al. Angew. Chem. Int. Ed. 2010, 49, 2393 —2396



3. Organocatalyst x Metal

3-1. Organo- and Pd catalyst

[ Asymmetric Triple Relay catalyst (2014, Zhou) ]

CH(CO,Et), R o /\ /\
NO X Brgnsted Bronsted
AN 2
| + [ catalysis acid base

N X catalysis catalysis

RS
1

X= CH or N)
(X=CHorN)
up to 98% yield,
up to 99% ee
: EtO,C),HC
CH(COQEt)Z 2 (1 2 equw) ( 2 )2 —
Pd/C (10 w%) NH p-TsOH
H2 (1 atm) A 2 (4 mol%) 1 N C4 (10 mol%)
| R
Et20, RT, 3 h X 5AMS j\/KF R 40°C, 2 d
R3 3 60°C, 8-10 h 4
R2
l purification under column chromatography
racemization
C4 (10 mol%) |
p-TsOH (x mol%)
4a 53 OMe
Et,0, 40°C, 2d H-AN
x=2, 98% yield, 98% ee AN NH
x=4, 97% yield, 98% ee |
R'=H, R2=Me, R3=H x=6, 88% yield, 97% ee N~ S)\NH
x=10, 35% yield, 70% ee Ar
o Ar = 3,5-(CF3),CgH3
C4
CO,E ©:§:°
Me
COEt by (10%)/C (10 wioe) 2a (1.0 equiv) EtO,C
NO, Ha (1 atm) p-TsOH (4 mol%) C4 (10 mol%)
Solvent, rt. MS 5A, Solvent, rt. Solvent, 40 °C

1a (0.5 mmol)

Hydrogenation Ketimine formation Asymmetric cyclization
Entry (step 1) (step2) (step 3) Yi(jld of E:: of
5 Solvent Time Solvent Time Solvent Time 5a” (%) 5a" (%)
(conc. M) (h) (conc. M) (h) (conc. M) (d)
1 EtOH (0.1) 3.0 CH,Cl, (0.25) 24 Et,O (0.1) 3 76 97
20 EtOH (0.1) 3.0 CH,Cl, (0.25) 24 Background reaction occurred
3 Et,0 (0.1) 3.0 Et,0 (0.1) 72 Ketimine formation failed
4 CH,Cl,(0.1) 3.0 CH,Cl,(0.1) 72 Ketimine formation failed
S Toluene (0.1) 3.0 Toluene (0.1) 72 Ketimine formation failed
6° Et;,0 (0.1) 3.0 Et,0 (0.1) 72 Ketimine formation failed
7 Et,0 (0.1) 3.0 Et,0 (0.1) 72 Ketimine formation failed
8 Et,0 (0.3) 1.0 Et;0 (0.3) 8 Et;0 (0.3) 2 65 80
9 Et,0 (0.3) 1.0 Et;0 (0.3) 8 Et,0 (0.1) 2 85 92

* When the p-TsOH was 5 mol%, the racemic product 5a was monitored; ° The step 2 was carried out at 40 °C; ¢ The
step 2 was carried out at 60 °C; The scale of entry 8-9 was 0.3 mmol, the step 2 of entry 8-9 was carried out at 60 °C;
“Isolated yield;  Ee value was determined by HPLC.

8) Zhou, J. et al. Angew. Chem. Int. Ed. 2014, 53, 13740 —13745



3. Organocatalyst x Metal

3-1. Organo- and Pd catalyst
(Asymmetric Counter-Anion-Directed Aminomethylation (2019, Hu)}

catalyst (3.0 mol%)
3
N, Bn\N,R3 [Pd(n®-C3Hs)]2 (5.0 mol%) R2O. R' R®
] + RZOH + k S
R “CO,R OMe CHCl,, 4AMS, 0°C RO,C Bn
1 2 3 4
M(OTf),, equiv t(h) yield (%)
Sc(0Ths 0.05 0.5 08
Cu(0Tf), 0.1 1 99
OR Lu(OTf)3 0.1 3 98
LuClze6H,0 0.1 18 98
YbClze6H,0 0.1 18 97
OR O
catalyst
B RO, Ar _:l'.
HO  OR
fpd—CIR | — ”'/\\“!E
/ N 6 OMe
Ar 0® BN Bn H OMe
© H . o r
MeO g "% o N
TS2 RO” oy O‘R* Bn” "Bn
R | 0 OR 3a
Hoo = [T OR* 0 _
®0  pdo T
Ar “cl S3
#© 4 ) Ar OR Bn 1
“pg-Cl : Ars, ‘
i H| LMeO” ~O . MeOH
B O/@ TS1 MeO MeOZC Bn
MeO,C R &
I
>\ “‘ROOC_  COOR*
o ®
ROH cl P(P\ Bn.8.Bn| poce
| *ROOC COOR* || -MeOH
CO,Me COOR* vy
| N,
b) {
Electrostatic & { f
interaction region W2

Cs symmet \

b
TS3-Re

]
Hydrogen £ CHCl3: AAG* = 2.9 (exp. 2.1) kcal/mol TS3-Si
“ bond site - CH,Cly: AAG* = 2.5 (exp. 1.6) kcal/mol AAG' = 0 kcal/mol
PCCP anion : 0 4 "
P 2 "
* ‘=D .9 =
B - @ 3 = 5 _a‘ 9
Ar__OR £o ¢ 59 RO Ar | T Gl =)
I 5 ‘% g I N lea
Meo” YOH S iz SO e ~ohia l o2
Reface  Gioghadd ': Si-face 5_53%
- ) > ))A -
4 = e—e—
- s . . 4 - . 4
iminium enol S - N
— Hood

9) Hu, W. et al. J. Am. Chem. Soc. 2019, 141, 1473-1478



3. Organocatalyst x Metal

3-3. Organo- and Cu catalyst

[Michael/aldol/dehydration (2015, Rodriguez) ]

o 0
o | catalysts
N +
Hooc._J__cooH | MeOH, 25-28°C, 4 h | “Ph
“Ph

Ph

R

HOOC | N @/\ J. Org. Chem. 2016, 81, 47514761
H cat 3 4+ 2CO, Sore e S, 8
o= 1+ | —\'}—'

+ co- cat Dual + H,O
R R
HOOC 2 @ \_/ activation
Cheap reactive bis lective t by C
pro-nucleophile selecive orcr’r;ta e @ = copper catalysis| .
W = iminium catalysis ”'Bu\/\)J\H
11
|
9 ey 1 9
[a,B,y-Trioxygenation (2015, Chen)] ”'B“\E/QLH
T™MPO ™PO
(S8 7NTUNR, (R)-18
amine salt (30 mol%) OH O THPO
o) CuCl, (30 mol%) 5 | = |
n-bu
n—Bu ) NH OH O ?H o]
\/\)J\H TEMPO (5 equiv) OTMP m.quk)LH ,,.Bu\/\)LH
air, OOC, 18-24 h OTMP T™PO ™PO
ent-22 + diastereomer 22 + diastereomer
\(slow)
H—O. !
< H
23: :tab(;hzngzhydrogen TMPC£> OTMP
[Jorgensen—Hayashi catalyst, copper iodide, and Hunig base (2016, Batra)] &
CO,Me BU
\ ,N + ﬂ
N
N cHo

Metal, Base
PhMe, tepm, time R
o —
AN
N
Me pe
Si-Me R s
S :
@ RZR2NH
NI, i
N Ne> Q\ N
N ® R?
R : R
2 Intramoecular Aza- \_ {/ R2
Sterically favored Sterically hindered Michael addition o
Si-face attack Re-face attack K

10) Rodriguez, et al. Chem.Commun.,2015,51,9523-9526
11) Chen, J-S, et al. Org. Lett. 2015, 17, 6050-6053
12) Batra, S, et al.J. Org. Chem. 2016, 81, 4751-4761



3. Organocatalyst x Metal

3-4. Organo- and Au catalyst

[Intramolecular Hydroamination/Asymmetrc Transfer Hydrogenation (2009, Gong)]

aci
H, Ph catalysis Ph 96% vield

124 126 H 97% ee

O,
H H
Ph3PAu§3H3 OP:,O Eto,c_Z__CO,Et
(5 mol%) Do [+ ]
L
N
Ar

m Ar = 9-phenanthreyl
Gold catalyzed N Ph Brensted acid catalyzed reduction
Hydroamination H

125

%

Scheme 23. Combination of gold catalysis with Brgnsted acid catalysis.

(Oxidative Cyclization/Mannich Addition (2018, Xu))

o 0
Ph.®.0 JohnPhosAu(CH3CN)SbFg (5 mol%) _
=z . N HN-Ph
OH m catalyst, 0°C, solvent
Ph O Ph
0
cPA-----H_® NH Art
OH YL O
by )
CT Qg
N Ar? ﬂ O[Au
[Au
H ®
ArL@,OQ OH 30 [Au O OH
i — oa
lJ\ .
Ar 0 O CPA, Ar=1- pyrenyl

13) Gong, L-Z. et al. J. Am. Chem. Soc. 2009, 131, 9182-9183
14) Xu, X. et al. Angew. Chem. Int. Ed. 2018, 57, 17200 —17204



3. Organocatalyst x Metal

3-5. Organo- and Rh catalyst
(Hydroformylation (2007, Breit))

. Entry Conditions®” Ligand CA:HA" Yield" [%] ar
1. [Rh(CO)2(acac)lligand 1 1:20:20:450 L1 3:1 77 95:5
ethylene:H,:CO (1:1:1) 5 T 2 :
h 4:20:450 L2 5:1 74 95:5
(@] 30 bar, L-proline, OH OH 3 1:2025:450 PPh,  15:1 77 94:6
DMF (5.5 M), 5°C, 48 h 4 1:20:20:400 PPhy  11:1 81 93:7
+

|| H - [l [Rh]:ligand:proline :substrate.

2. NaBH,, MeOH Me I Determined by GC after conversion to the corresponding
acetonide.

1l Isolated yield of purified cross aldol product."!

( Hydroformylation and Mannich Reaction (2009, EiIbracht)J

CO/H,, [Rh(acac)(CO),]
e L-proline
+ +
[ > )K conditions
NH,

R 0 CO/H, +
Ar [Rh] and proline
>:\ + | +
R R
R, CHO
R R

( Four-component reactions (2008, Hu))

N, )
PN CH,Ar
Ar2CH,OH
Ph™ “COOMe 2 Rhy(AcO)4 (2 mol%) Ph_| COOMe
+
) catalyst (2 mol%) H’T‘ Art
Ar*CHO Ar3NH, Ard
Ar
A CO2Me . N
N O<gt / MeOOC R‘OH
* f 2 Rth
RYNH +JNI -R MeOOC |
g R? R3 MeOQC Rh,(OAC)4
Metal-catalyzed cycle
Organo-catalyzed cycle
+
RICHON, B H .k R2 -Rth N
+ — A COZMe
RQNH COZMe Bth
2 IV ]) lla

15) Breit, B. et al. Adv. Synth. Catal. 2007, 349, 1891 — 1895
16) Eilbracht, P et al. Adv. Synth. Catal. 2009, 351, 339 — 344
17) Hu, W, e al. Chem. Commun., 2008, 6564—6566

10



3. Organocatalyst x Metal

3-6. Organo- and Fe catalyst

Triple Iron/Copper/Iminium Activation TMS
a) Functionalization of Allylic Alcohols (2016, Rodriguez) e)
| T™MS
O O [Fe] (6.5 mol%) 4 -Fe-
u . /:/*OH MegNO+2H,0 (8 mol%) o R j\ ol ~co
R R2 R1ﬂ\/\/\o R2 [Fe]
FI{3 R4 catalyst (13 mol%) s Ar
Cu(acac), (5 mol%) R Ar
xylene, 25°C N OTMS
cat1
OHposmve order RZ R \Ar = (3, S'CF 3)'06 H&
N/ J) ) iminium formation e OTMS 1 poste oroer
1) iron catalyst 7 J)
TMS formation
; e ; tive order & OTMS
%O' | TMS Q?ﬁi()ordgi | ™S > {Ar positive order ®®OH :L;/'I‘T:]ael
O%ge\co +(r\:/I?3N OC e iences 3] OC Fe\H OTMS ?\—7\ Tlumover
limiting
) >\_/\ 07/\/ﬁR1 D’S"’a": the
& O\\ equilibrium
6) chemoselective /X H. ’;H
aldehyde reduction OTMS Ne)
R? H o ?\—R
’ 3 H,O Rz
R [0) 5 ) catalyst liberation postive order
6 RS0
H?) lactol formation H. o
\ B i
/® - RZJ\O RZ JLO
RO SR — =
, 8)fragmentation S R 9) protonation R
R' "O
12 RS0 R0
o Me
b) Borrowing Hydrogen o-Lactonization Strategy (2018, Quintard) HO 0
0] 0 [Fe] (6.5 mol%) OR* -
.\ /:/OH MesNO+2H,0 (8 mol%) condition
OR* —_—
Me catalyst (13 mol%)
Cu(acac), (5 mol%)
xylene, 25°C o O
OR*
OH
Me
Entry R*(3) Lactonization conditions Yield (%) of 4
1 Et (3b) toluene, 110°C, 38 h degradation
2 Et (3b) PTSA, acetone, r.t., 8 h degradation
3 Et (3b) TBAF, THF, r.t.,, T h degradation
4 t-Bu (3c) toluene, 110 °C, 38 h degradation
5 Me (3a) NaH, THF, r.t., 8 h degradation
6 Me (3a) NaH, THF, r.t., 8 h degradation
7 Me (3a) TBAF, THF,0°C, T h 50%?
8 Me (3a) Cs,CO;, THF, r.t., 1h 8gb
9 Me (3a) DBU, toluene, r.t.,2 h 90b

18) Rodriguez. et al. ACS Catal. 2016, 6, 5236-5244
9) Quintard, A. et al. Synthesis 2018, 50, 785-792





