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1-3. Organic Lewis acid catalysis

2. ACDC catalysis
(Asymmeric Counteranion Directed Catalysis)

https://www.kofo.mpg.de/en/research/homogeneous-catalysis- 3



Chiral phosphoric acid catalyst

3 _Ar Substrate recognition site
OO Ar dual function by
0) / monofunctional catalyst
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\
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AT Ar: 2,4,6-iPryCgH,

(R) (in DMSO) Ar < steric and electronic effect
In 2004, Akiyama and Terada reported Mannich-type reaction independently.

Boc NHBoc
N~ (o) (0) catalyst A (2 mi%) - Ac catalyst A :
)|\ )]\/[]\ o, Ph/\/ Ar = 4-(B-NaPh)-CgH,
Ph H rt,1h Ac

1.1 eq.
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1) Terada, M. Synthesis 2010, 12, 1929. 2) Akiyama, T.; Itoh, J.; Yokota, K.; Fuchibe, K. Angew. Chem. Int. Ed. 2004, 43, 1566.
3) Uraguchi, D. and Terada, M. J. Am. Chem. Soc. 2004, 126, 5356.

HO HO
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Mode of action

Y bulky
', groups

— OL' O “« below
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groups . S,
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Ph NHBoc
ghat
Ac
Ar=H, 12% ee Ar = Ph, 56% ee

Ar = 4-Ph-CgH,, 90% ee  Ar = 4-(B-NaPh)-CgH,, 95% ee

Substrate Catalyst

1. Hydrogen bonding network
X bulky substituent at C3, C3' position

2. Sterically bulky group

— Limitation of substrate

1) Uraguchi, D. and Terada, M. J. Am. Chem. Soc. 2004, 126, 5356. 2) Simon, L. and Goodman, J. M. J. Org. Chem. 2011, 76, 1775. 5



Remaining tasks in chiral Bronsted acid catalysis

Application toward unbiased substrates
1-1. Small substrates

O Bronsted O
w_ acid cat. _@ > confined Brgnsted acid catalyst

(Not rigid chiral
Large substrate environment) Small substrate

X=NR, 0 Hydrogen bond
(anchor to keep the
chiral environment)

No hydrogen bond

— High e.e. — Low e.e.
1-2. Substrates lacking hydrogen bond interaction o
] Y*
X H* v:© : ®
Y —H - : H Z
)L - © XI F *Y —H NN
R1 Rz )\ ' > ®Y©
R4 R> :
. NS e Yd

1-3. Application toward low basic substrates

NR;

o
)]\ )]\ >> W i strong Bronsted acid catalyst
R, R, R, R,
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How to introduce steric demand?
Plan A: Introduce bulky group at C3 and C3'

Open active site
d
3 _Ar -

O %
~7
R A > ’ Top view
3 “Ar \:. :/
(R)-TRIP i-Pr i-Pr

Plan B: Introduce other steric control groups

H
3 __Ar 0~ O
—04 1]
Free P-N bond —~ P P
0 0 rotation O N Ar Ar
O\IPI I:! ........... >
o~ \N/A\Ar o
| r
0
3 SAr o \'il/ o
! pKa H
Ar group: too far many distinct acid/base pair — Low ee

1) Klussmann, M.; Ratjen, L.; Hoffmann, S.; Wakchaure, V.; Goddard, R.; List, B. Synlett 2010, 2189. 2) Coric, |. and List, B. Nature 2012, 483,8315.



Imidodiphosphoric Brognsted acid catalyst

Ar Ar

. rigid environment
H\ OO ’ Top view
O O , .

|
o
P 2P ( >
o™ N7 No
4@ ’-
\. 4/ Bottom view
Ar Ar —
IDP catalyst
Ar:
Et Et
co-crystallized with H,0
(in MeCN)
Et v Fig 2. X-ray structure of IDP catalyst
H
H—0, 1. Block one Brognsted basic site (N)
> "H
’b 0/ 2. Free P-N bond rotation was impossible
Ot b0 .
~ _ . . .
o™ SN \O single acid/base pair
Proton located on oxygen atom rigid chiral environment

Coric, |. and List, B. Nature 2012, 483, 315.



Asymmetric spiroacetalization
Nagorny's group 3_Ar

R (S)-TRIP (5 mol%) OO
\lLR 4A MS 0 o. O
OH

O /,
o' S/
pentane o™
-35°C, 40 h OO O-H
R = Ph, 96%, 92% ee ¥ Ar
(S)-TRIP
R = Bn, 82%, 75% ee Ar :2,4,6-iPr;CgH,
gem-Ph group was necessary for highly
enentioselective spiroacetalization
List's group 3 Ar Ar
0 catalyst O
4A MS Q, O O OH
| - (5
OH solvent . 0* “N* "o
temperature, time O Oe
(S)-TRIP (1 mol%) 14% ee 3 Ar Ar
benzene, rt, 30 min (>90% conversion) (S, S)-IDP

Ar :2,4,6-Et3C6H2
(R, R)-IDP (5 mol%)

MTBE, 25°C,24h [0/ 95% ee

1) Sun, Z.; Winschel, G. A.; Borovika, A.; Nagorny, P. J. Am. Chem. Soc. 2012, 134, 8074. 2) Khomutnyk, Y. Y.; Arglelles, A. J.; Winschel, G. A;;
Sun, Z.; Zimmerman, P. M.; Nagorny, P. J. Am. Chem. Soc. 2016, 138, 444. 3) Coric, |. and List, B. Nature 2012, 483, 315. 10



Mechanistic study by Nagorny's group

1. Deuterium labeling

acid catalyst
(5 mol%)

solvent
0°C,24 h

(0

(L,

OH

Bn
Bn

syn-0, H derivative

anti-O, H derivative

(S)-TRIP,

0
O.p~

o

STAr
(S)-TRIP
Ar :2,4,6-iPr3C6H2

solvnet
(pentane, toluene, CH,Cl,)

99 1

PTSA, CH,Cl, 1 1
Highly selective syn H-O addition— No formation of oxonium cation intermediate

2. Hammett studies 0.9

~OCH,

0.6

e O g 03 CH;-
X (PhO),PO,H 3
(5 mol%) - O f, s
(o) o
pentane 06 1 |og(k¢.bs/kgz=_ 5299; -0.062
4A MS, 0 °C 5 ' o s
X o (sigma)

Build up of positive charge in the TS of the rate determining step

Hammett p = -2.9

Khomutnyk, Y. Y.; Arglelles, A. J.; Winschel, G. A.; Sun, Z.; Zimmerman, P. M.; Nagorny, P. J. Am. Chem. Soc. 2016, 138, 444.




Proposed catalytic cycle
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Concerted asynchronous mechanism
OR Less basic
o . substrate ? _
Ri 2 - Application for simple enolether \) %\/SIM%
R3 was accomplished 7
R, Application for trimethylsilane

Khomutnyk, Y. Y.; Arglelles, A. J.; Winschel, G. A.; Sun, Z.; Zimmerman, P. M.; Nagorny, P. J. Am. Chem. Soc. 2016, 138, 444.



Achiral Me;Si* species in asymmetric reaction

o Chiral Lewis acid OTMS
Jl\ )\/ e - >|\/\
SiMe3
R H R ) R
Cp\ ‘,OTf o Cp\
'\ + HO = Ti=0 + 2 TfOH
Cp/ OTf Cp/
A g .
+ + Me;SiOTf
TfOH )\/Sim% — )\ ;
O +
Me;SiOTf  +  1/2H;0 — = 1MS” “TMS TfOH
Cp\ OTf chiral ligand OTf

Tt . Only the initiator for the i @Ti‘ ] initiator for the

Cp/ 'sotf ° production of TMSOTf “ot1f = Pproduction of TMSOTf

To conduct asymmetric Hosomi-Sakurai reaction...
Slow addition of substrates together with high catalyst loadings > New catalytic system

Hollis, T. K. and Bosnich, B. J. Am. Chem. Soc. 1995, 117, 4570.



Silylium-based ACDC catalyst

Conventional enantioselective
Lewis acid catalysis

" ACDC " = Asymmetric Counteranion Directed Catalysis

© ML*
x> ®g-ML : .= ®-"
)|\ ) )|\ Y = SiMe; (Lewis acid cat.)
R H R” “H
achiral counteranion ' chiral counteranion
SiMe ! .
If X = OTf ¢ N\ : ¢ %\/SlMe3

Generation of Me;SiOTf ? No generation of achiral Me;Si* species

How to generate chiral Me;Si specie ?

3 _Ar
I N
OTMS — S\Oz
> Q
~ OMe /N S|M93
SO,
silylating reagent O
Ar
. OMe . .
NH Brensted acid catalyst Lewis acid catalyst

(generation of R;Si* species)

1) Mahlau, M. and List, B. Angew. Chem. Int. Ed. 2013, 52, 518.
2) Gatzenmeier, T.; Gemmersen, M. V.; Xie, Y.; Hofler, D.; Leutzseh, M.; List, B. Science 2016, 351, 949.



NH acid for silylium-based ACDC catalyst

S|R3
o H—X
Me3Si—X R3S|_NTf2
H —= OMe —=
Y = H or Me3Si
Ha
HX A8 (H,) Me3SiX A5 (H,) R3SiNTf, A8 (H,)
TfOH  1.27 TMSOTf 0.003 TMSNTf, 0.89
Tf,NH  0.76 TMSNTf, 1.74 TIPSNTf, 1.09
NH acid would be better than OH acid for Bulky substituent group
silylium Lewis acid ACDC catalyst increase the Lewis acidity.
3 _Ar
@ \ O
o SO
\ //o 2 \, N
IP\N/Tf P\ PAL
O | 802
H
3' “Ar 3 Ar
A
pKa = 3.3 (in DMSO) pKa=1.8 (|n DMSO) not reported
pKa = 6.4 (in MeCN) not reported pKa = 2 (in MeCN)

1) Hasegawa, A.; Ishihara, K.; Yamamoto, H. Angew. Chem. Int. Ed. 2003, 42, 573. 2) Mathieu, B.; Fays, L.; Ghosez, L. Tetrahedron Lett. 2000, 41, 9561.
3) Nakashima, D. and Yamamoto, H. J. Am. Chem. Soc. 2006, 128, 9626. 3) Garcia-Garcia, P.; Lay, F.; Rabalakos, C.; List, B. Angew. Chem. [a%. Ed.
2009, 48, 4363. 4) Kaib, P. S. and List, B. Synlett 2016, 27, 156.



Previous study by List's group

i SiMe; (R)-DSI (5 mol%) OH J—
A (10 moI%L X z
H
X toluene X ZoMe
-18 °C, 72 h Z .
Hclaa 63~96% ee
3_Ar
i SiMe;  (R)-DSI (5 mol%) ?H | X
H A (10 mol%) - P so,
= toluene NoH
rt, 48 h $o,
; HCI aq.
25% ee Cgs'Ar
1. A rather than allyltrimethylsilane would be serve as the silylating reagent. (R)-DSI

2. Lewis acidity of N-SiMe; species derived from (R)-DSI was insufficient
for addition of allyltrimethylsilane

Remaining tasks
1. Strong NH acid catalyst
— Like catalyst C shown in right box ??

2. Improvement of enantioselectivity
— Dimerization of BINOL backbone shown in previous section ??

Mahlau, M.; Garcia-Garcia, P.; List, B. Chem. Eur. J. 2012, 18, 16283.



Imidodiphosphorimidate Bronsted acid catalyst

3 _Ar 3 Ar Ar
Tf
OO I construct rigid OO
0\ ,/N chiral environment 0\ N /0
PL _Tf ol PZ P
/ N7 increase acidity ATINZA)
- o | O NHN O
~ H Tf Tf
3" YAr 3 YAr Ar

Table 1: P-N-P bond angle of IDPi catalyst

entry Ar P-N-P bond angle
CF;
1 | A 160.1 ° w
/ / ¢ s
CF,
2 | N 161.5°
~Z

Acidic proton located on a triflyl-bond
nitrogen atom
— Only single acid/base pair formation Fig 3. : X-ray structure of IDPi acid

1) Kaib, P. S. J.; Schreyer, L.; Lee, S.; Properzi, R.; List, B. Angew. Chem. Int. Ed. 2016, 55, 13200.
2) Liu, L.; Kim, H.; Xie, Y.; Fares, C.; Kaib, P. S. J.; Goddard, R.; List, B. J. Am. Chem. Soc. 2017, 139, 13656.



Asymmetric Hosomi-Sakurai reaction

J\ o~ SiMe;

CH2C|2, 5 days
93%, 96% ee

H

Ph
X
\I\lnj\/\

CHCI3, 2 days
90%, 97% ee

mQ

Kaib, P. S. J.; Schreyer, L.; Lee, S.; Properzi, R.; List, B. Angew. Chem. Int. Ed. 2016, 55, 13200.

IDPi
(0.5-1.0 mol%)

solvent
-78 °C, time
; 1.0 M HCI aq.

CH,Cl,, 22 h
73%, 92% ee

OH

Ph \l)\/§

Me

CHCI3, 2 days
ent-IDPi catalyst
90%, 30% ee

i

CH,CIl,, 18 h
70%, 91% ee

<5

IDPi catalyst

OH

M

CH,CI,, 2 days
870/0, 91% ee

o]



Proposed catalytic cycle

/\/SiME3
2N

>N—SiMe3 J\

strong Lewis acid

N o)
Me;Si \‘SiMe /*>
3 3
©™o )/ \N@ ®_siMe,
RO P
R H
Chiral ion pair
* .
/> SiMe
I
O Me;Si SiMe;

1) Ishihara, K.; Hiraiwa, Y.; Yamamoto, H. Chem. Commun. 2002, 1564.
2) Hiraiwa, Y.; Ishihara, K.; Yamamoto, H. Eur. J. Org. Chem. 2006, 1837.



Short Summary

3_Ar 3_Ar
O GG
0,0 O.N
P/ or P_ _Tf
X't X
¥ Ar 3 Ar
C

Construction of rigid onstruction of rigid
chiral environment chiral environment
single acid/base pair

3

Ar Ar 3_Ar Ar
H
OO 0 0 OO OO 0 0 O
oLl .0 v _N_
‘\P\ ’,P~ P~ P
o N (@) 7\ )\
O,NHN‘ 0]
Tf Tf
3 “Ar Ar 3"NAr

Application toward small substrates
silylating reagent

Remaining class of substrates

N\
OF  or NS N—siMe;

Silylium-based ACDC catalyst
(OrganoLewis acid catalyst)
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Hidden Bronsted acid catalysis

OH AgOTf (5 mol%)
/ >
CI(CH,),CI 0

83°C,15h

95%
Asymmetric hydroalkoxylation would be possible if we use chiral ligand, but...

Hintermann's study

AgOTf

-
CI(CH,),ClI peak of + AgCl

84°C,3h C|\/\0Tf<— — peak of TfOH

40 -2 64 2 84 66 88 80 62 94

19F NMR (235 MHz) in CgDg
Hartwig's study

OH

a. TfOH (1 mol%)
toluene, 80 °C
b. Cu(OTf), (2.5 mol%
7 X 1,4-dioxane, 80 °C
c. Ag(OTf) (10 mol%)

CI(CH,),CI, 80 °C

d. (Ph3P)AuClI (5 mol% _ _
,(L\g(E,T)f) (5 nfol%) °) Only product Not obtained Not obtained
toluene, 85 °C

1) Yang, C-G.; Reich, N. W.; Shi, Z.; He, C. Org. Lett. 2005, 7, 4553. 2) Dang, T. T.; Boeck, F.; Hintermann, L. J. Org. Chem. 2011, 76, 9353.
3) Rosenfeld, D. C.; Shekhar, S.; Takemiya, A.; Utsunomiya, M. Hartwig, J. F. Org. Lett. 2006, 8, 4179.




How to render Hidden Bronsted acid catalysis ?

Sawamura's study

tBu
Cu'Mes (10 mol%) o OMe
OH (R)-DTBM-SEGPHOS (10 mol%) _ Ph <o
Ph t-BuOH (10 mol%) Ph P Bw 5
Ph o /o) P tB
hexane, 30 °C, 24 h « 4 O
\ O oM
tBu 2

absolute configuration was Me
not determined
39%, 71% ee (R)-DTBM-SEGPHOS

Hintermann's study

Ti(OiPr),4 (5 mol%) tBu
X OH Ligand (5 mol%) 0 OO
H,0 (5 mol%
() ol e o,
oluene 2
X 240 °C (uW), 50 min “ O
93%, 80% ee NG

/—OH O—ML, Mmigratory

i i o o)
M = Cu', or Ti'V insertion proton source
- — — y Me
\ \ e

1. Kinetic condition 2. Not electrophilic activation

1) Murayama, H.; Nagao, K.; Ohmiya, H.; Sawamura, M. Org. Lett. 2015, 17, 2039. 2) Schliter, J.; Blazejak, F.; Boeck, F.; Hintermann, L. Angew. ,Chem.
Int. Ed. 2015, 54, 4014. 3) Stollenz, M. and Meyer, F. Organometallics 2012, 31, 7708.



Screening of catalyst

Me 3 Ar
\‘V)JI\/\/OH catalyst (5 mol"/i 2 OO «
7 solvent (0.2 M) 7 O\P//
60 °C, 20-48 h o \Y—H
Table 2 : Catalyst screenings OO
entry catalyst solvent yield ee 3Ar
Ar :2,4,6-iPr3C6H2
1 A toluene n. d. — A:X=0,Y=0
" B : . 10 B: X=0,Y =NTf
toluene 73% %o 3 Ar Ar
3 C toluene n. d. —_—
(o) I? QH (0)
4 D toluene 85% 27% o~ nPo
5 E cyclohexane 91% 95% O@ OO
Ar Ar

3 C

Ar Ar
O D: Ar= Ph, R= Tf Ar: 2,4,6-Et;CcH,
0\ N (0] CF,
v
o'/NH N\'o E: Ar = 4-tBuCgH, R =
A R 3{3 CF,
3 “Ar Ar

"%
(S, S)-IDPi
Tsuji, N.; Kennemur, J. L.; Buyek, T.; Lee, S.; Prevost, S.; Kaib, P. S. J.; Bykov, D.; Fares, C.; List, B. Science 2018, 359, 1501.



Substrate scope
RJ]\/\/

(S, S)-IDPi (5 mol%)

*
’4
*

3
>
cyclohexane (0.2 M)

o OO
U
60 °C, 2 days

//\
CO ! OO
3" “Ar Ar
(S, S)-IDPi
94%, 90% ee

Ar = 4-tBuC¢H
874CF;
72%, 96% ee

R =
(10 °C, 7days)

85%, 95% ee R CF,
10 °C, 7days //\\
( ys) %
0O Me
Ts—
\
84%, 97% ee 53%, 85% ee

Me

66%, 94% ee

cl SO,NH,
(S)-Mefruside
Tsuji, N.; Kennemur, J. L.; Buyek, T.; Lee, S.; Prevost, S.; Kaib, P. S. J.; Bykov, D.; Fares, C.; List, B. Science 2018, 359, 1501



Mechanistic study

OH
2
X =0OMe 15

y ==2.0786x - 0.005
R?=0.9927

Me, o

A\

(S, S)-IDPi (5 mol%) \— 5
5
cyclohexane-dq;, Me, o
60 °C X -
X = OMe, Me, H, -1 -0.7 . 0.2
F, Cl, Br o 05 e

p=-2.08 +0.04

o

Positive charge in the TS of this reaction

OH

J]\/\/OH ></\/OH

Ph Ph
84%, 97% ee 45%,30% ee (s, 5)-IDPi (5 mol%) % 0
=
cyclohexane (0.2 M)
Ph 60 °C,48 h
Ph X on MOH
Formation of carbocation intermediate was rejected.

No reaction No reaction

— Concerted asynchronous mechanism is plausible ?

Tsuji, N.; Kennemur, J. L.; Buyek, T.; Lee, S.; Prevost, S.; Kaib, P. S. J.; Bykov, D.; Fares, C.; List, B. Science 2018, 359, 1501.



Proposed catalytic cycle
~ 0 0 (@) o. O

H

o X JI\/\/I
R = N, H 3
C/P\’\D

i BE: R
R
@ S /
N Concerted
H @,H asynchronous mechanism
\\S// \S// o ! , o
Ar” >N NZ Dar N7 n N
1l I oSG S
P. 2P Ar N N Ar
* N R I 11
e * — : ,P\\ /P\
) O\H * N *
. 0 hydrogen bonding x 2
N n RNy

Tsuji, N.; Kennemur, J. L.; Buyek, T.; Lee, S.; Prevost, S.; Kaib, P. S. J.; Bykov, D.; Fares, C.; List, B. Science 2018, 359, 1501



Difference of the reactivity of olefin (Proposed)

Ph
SN

toluene
100 °C, 3 days

catalyst (3 mol%)

H
Ph\to)

37%, racemic (from Z)
20%, racemic (from E)

Ph
O—H P Ph
\ R concerted cyclization
o 2 9 is impossible \ O\H
N w N RK—> 0.0 ! d.0
Ar” N7 N7 Ar N Y
b B Ar” >NT N7 ar
/ SN” \ | I
\ P P
/ N”\
mismatch to the
chiral pocket Ph Application for only
% 1,1-disubstituted olefin
Ph
® O—H O—H cyclization occur
s ,' outside of the chiral H
I' i Ph
o 0O ©o 0 - o 0O @0 environment ? (o)
\Y/J N7 Y/ ;P
X, e — N >
ol ol B
/p\ /\\ /p\N/\\ racemic

Tsuji, N.; Kennemur, J. L.; Buyek, T.; Lee, S.; Prevost, S.; Kaib, P. S. J.; Bykov, D.; Fares, C.; List, B. Science 2018, 359, 1501.




Summary

OO modifying the Tf group
e T increase the aC|d|ty, rigidity 0
0 NHN 0 modifying the Ar group -~ 0 NHN O
~ A O T increase the rigidity O

r ¥ Ar
catalyst controlled

asymmetric hydroalkoxylatlon R
OH
R

Low basicity high yield
simple substrate high ee

Future perspective

1. Application for another substituted type olefin 2. Application for intermolecular reaction
— modify the catalyst folding

[Ir(cod)Cl],
(S)-DTBM-SEGPHOS
P>  MeO o *  MeO o

MeO o4  140°C,18h

it

d

n-hex

/\n-hex (20 eq.) 60%, 25% ee 16%

Sevov, C. S.; Hartwig, J. F. J. Am. Chem. Soc. 2013, 135, 9303.

n-hex



