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What is ACDGC?

ACDC : Asymmetric Counteranion-Directed Catalysis
/

Asymmetric counteranion-directed catalysis refers to the
induction of enantioselectivity in a reaction proceeding
through a cationic intermediate by means of ion pairing
with a chiral, enantiomerically pure anion provided by the
catalyst.

\_ y

Phase-Transfer Catalysis ACDC

reagent(s) reagent(s) =

=< |

NR; S NR; X cat X"

P=product
S=substrate
X=anion

5
M. Mahlau, B. List, Angew. Chem. Int. Ed. 2013, 52, 518.



Example of ACDC

asymmetric transfer hydrogenation of a.f-unsaturated aldehydes

0 H H
MeO,C co,Me
SR
+ N” Pr
Ar H

catalyst 1 (20 mol%)

Hantzsch ester

intramolecular hydroalkoxyalation ipr

ANN\-OH Pr Pr
° catalyst 2 (5 mol%)
(:/I/ dppm(AuCl), (2.5 mol%)

chiral ion-pair intermediate

, C,\-U

H
|

o,
Ar ’

Ar

63-87%, 96-99% ee

S.Mayer, B. List, Angew. Chem. Int. Ed. 2006, 45, 4193.

chiral ion-pair intermediate

' |+ O
el @s=p
@
O/I) o
90%, 97% ee H

G. L. Hamilton, E. J. Kang, M. Mba, F. D. Toste, Science. 2007, 317, 496.



Silylium Lewis Acid Catalysis

R'O_ OR’ TMSOTf (cat.) R'O %
R><R + /\/TMS >

R R
T. Tsunoda, M. Suzuki, R. Noyori, Tetrahedron Lett. 1980, 21, 71.

CO;Me cat. (10 mol%)
| + > endo/exo
Diels-Alder reaction

catalyst yield endo:exo
TMSOTf <5% 13.3:1
TMSNTf, 83% 24:1

B. Mathieu, L. Ghosez, Tetrahedron Lett. 1997, 38, 5497.
OMe
OSiMe; TMSNT, (10 mol%) Et
)\ . > OMe
Ph Et Friedel-Crafts alkylation Ph
95%
A. Ishii, O. Kotera, T. Saeki, K. Mikami, Synlett. 1997, 1145.

in-situ generation of TMSNTf,

OH
1) NHTf, (0.5 mol%)
AN TMS o > Ph)\/\
) )j\ 89%
Ph” ~H (1eq)

K. Ishihara, Y. Hiraiwa, H. Yamamoto, Synlett. 2001, 1851.



“Silylium” ACDC

previous design of chiral Lewis acid catalysts

+ Nu—SiR;
E—ML, .
X ligand (= Lewis base) induces X E— SiR;
. Ot & asymmetry but often decreases P—mL.* X-
L M----X Lewis acidity - " wsilviium” Nu
n . o enantioselective +X b ky d I
X potential "silylium™® catalysis  R,§j— P— ML, _Z, R,Si— i(;tgl%g SiRs
background catalysis E
4/P—S|R3 P— SleR:"S'— P—SiR;
(enantioenriched) (racemic)
P=product
Nu=nucleophile
E=electrophile
new concept: "silylium" ACDC E N
E— SiR;
O chiral, enantiopure counteranion Nu—SiR3 Nu— H B
8+_ o~ induces asymmetry via ion pairing _
R3St"x O extremly high Lewis acidity n—8 R i catalytic Nu—SiR,
O no "silylium" background catalysis activation 3 cycle
KR3SI_ P— S|R3
. P— S|R3
DOI: 10.1002/anie.201900932 8

(enantioenriched)
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BINOL—-Derived Chiral Catalyst

first report of BINOL-derived phosphoric acid

HO
HO
OTMS . ]
:@ H chiral Brgnsted acid HN:@
1)
N %OEt (10 mol%) - A

oo _CO,Et
)|\ Me toluene, -78 °C ph 02
Ph H H
Me
chiral Brgnsted acid
100%, 87:13 (syn/anti), 96% ee ra’ Bro :
T. Akiyama, J. Itoh, K. Yokota, K, Fuchibe, Angew. Chem. Int. Ed. 2004, 43, 1566.
OO0
Boc 0. .0
N,Boc o o chiral Brgnsted acid HN” o0” <OH
| (2 mol%) : Ac !
+
Ph)\H )I\/U\ o Ph/\r
2Lly, I Ac R
99%, 95% ee R = 4-(B-Naph)-C¢H,4
chiral Brgnsted acid

10
D. Uraguchi, M, Terada, J. Am. Chem. Soc. 2004, 126, 5356.



BINOL—-Derived Chiral Catalyst

P/
I I .07 TOH
R
2004 Akiyama

2004 Terada

O\
l I O TNHTf
R

2006 Yamamoto

X,

CO,H

wCO5H
l ‘ R

2008 Maruoka

2011 Terada

T
R\ /
N\P/O‘
>0

H O z
NS

11
2009 List 2012 List



Imidodiphosphorimidate (IDPi)

Soy

DIEUlfDI‘III"I"IIdEE (DSI)

+ highly active Brensted acids
pK, (MeCN) =

+ active in Lewis acid catalysis

~ moderately stereoselective

Imidodiphosphates (IDP)

~ moderately active Brensted acids
pKs (MeCN) =11.5

- inactive in Lewis acid catalysis

+ highly stereoselective

%reactlwty J
selectlwty

2 9
SO T
Qe ted
0,5 50,
R R & R

Imidodiphosphorimidate (IDPi)

G4
p-MO,CaH,S0H

5.5
HEr

5.1
(CeFeSTalaMH

41
HI

0.7
HOTT

0.2
HMTE:

0.1
[CaF 55 0a1aMH

TRIF {39) R .
5 TRIF {39);
R = 2,4.8-(-PrizCaHs
o S
L o X=0
B
J EH 4
g a1
IDF 13a R = Fh
1.3 W = NTE
R
R
iDF 40 OO
8.1 0
d\r‘; DSl 2b:
0si 2h ; R =3 5-(CF3aCeHy
e e
4
5.4l ! O
IDFi 3n >_);~' T 33
45 O Dz R = &-phenanthnyd
BALT 33 R
2. O R R G
ICFi 30 O Q
2.0 q ¢
s i
=4
R R
IDP 13a ICF:
W=V =0 ¥ = = NTf
R=248Et0H, 3nR=Fh
30: R = 3 5-(5F)yCeHy
iDP 40;
W=HTEY =0
Fo=24,5E,CH,
P (in MeCH)

12
DOI: 10.1002/anie.201900932



IDPi Catalyst

steric and electronic
modulation

Oy
O O rigid chiral backbone

O °::i':° G

R =H; Bronsted acid
R = SiRj; Lewis acid

confined reactive site

v'highly active Brgnsted acids
pKa (MeCN) =4.5t0<2.0

vactive in Lewis acid catalysis

v'highly enantioselective

13



Applications
Lewis ) rBso, Me ©
ég{glysis Q'""}\_ O)\)L

99%, 95:5 er

82"{;1?8 2 er Nat. Chem. 2018, 10, 888
OH JACS. 139, 2156 OTES O
: TBS.
A e e N (o] /\)\/u\
N TBS )\ 0.5 mol% Ph - ~_H
70%, 95.5:4.5 er OMe TES 87%, 96.5:3.5 er

~o Science. 2018, 362, 216

o) )\H

ACIE. 2016, 55, 13200

/\/TMS
0.5 19
then aq. HCI mol%
~CO,Me
* 0.5 mol% (0]
- 1 mol% Ph.., H
Ph OoTMS
92%, 26:1 dr, 97:3 er MeO,C
JACS. 2018, 140, 12671 OMe 91%, 95:5 er
then Et,SiH JACS. 2018, 57, 12162

0.25 mol% ’ \/\)]\H
g d + \ Brgnsted

MeO,C . “__CO,Me \‘/\OMe Ho/\;\)\/ ACid
o & Catalysis

0 . ',,
98%, 96.5:3.5 er 3 mol % m
7

ACIE. 2018, 57, 2464
91%, 97.5:2.5 er
Science. 2018, 359, 1501
O(
14

87%, 97:3 er
8%, 97.5:2.5 er H
JACS. 2016, 138, 14538 JACS. 2017, 139, 13656

\



Ccontents

2. Applications
- Mukailyama aldol reaction



Mukaiyama Aldol Reaction

Mukaiyama (1973)

OTMS o OTMS
0O

A . J‘\ TiCl, o Ph

H Ph

T. Mukaiyama, K. Narasaka, K. Banno, Chem. Lett. 1973, 1011.

---------------

OTMS o) LA cat O OH 5 ,O E

cat. 'Ph "'lph:

X + > g : B -
Meo)ﬁ/ HJ\R Meo)%R ; L, :

------------------

' Me \

) . 'Ph, ! :

OSICI3 0 0 OSIC|3 1 ‘. N O 1

cat. . N/ :

/& + JI\ 3 )l\/l*\ : ): S :
MeO H” R MeO R : N N -
|Ph \ :

i Me :

S. E. Denmark, S. B. D. Winter, X. Su, K. T. Wong, J. Am. Chem. Soc. 1996, 118, 7404.

OTMS o) CuI:;Tasniaphos cat. o OH
Et iF, PhBF;K
. )]\ | (EtO); K .
MeO”™ R R MeO ¢ RR'
R R

16
K. Oisaki, D. Zhao, M. Kanai, M. Shibasaki, J. Am. Chem. Soc. 2006, 128, 7164.



Single Aldolization

~[Si]

(o)
o151 ISil<, )\H ISil<,
)]\ )\ catalyst )\/U\ \. > ‘e\>/u\

desired aldol
new reactive site> (
H @ - B — BTN

oligomer

desired product oligomer
. % Yield
catalyst [Si] (desired aldol) e.r.
—\/
NHTf, 3Q’Si <10% -
~
Yamamoto et al. (2006) Me;Si SiMes
>reagent control NHTf, \SII up to 90%
»>racemic }g ~SiMe; OO OO
List et al. (2018) _
>catalyst control IDPi Si up to 95% up to 99:1 OO o OO
>enantioselective 3&, ~
IDPi
M. B. Boxer, H. Yamamoto, J. Am. Chem, Soc. 2006, 128, 48. 17

L. Schreyer, P. S. J. Kaib, V. N. Wakchaure, C. Obradors, R. Properzi, S. Lee, B. List, Science. 2018, 362, 216.



Previously Reported Catalyst

OTMs  cat 1-4 OTMS
CHO (2 mol%) : CO:Me
SeRbe-rlveg.
02mELO RT ’
12 h 7a
Ar G Ar
Oe 0.0 803H 5'32 CF,
P P N SO2C
Ar Fs
1 4
Entry Catalyst Yield [96]" e.r.bd
1 1 <2 -
2 2 <2 -
3 3 <2 -
4 4 =99 90:10

P. Garcia, F. Lay, P. Garcia, C. Rabalakos, B. List, Angew. Chem. Int. Ed. 2009, 48, 4363. 18



Previously Reported Catalyst

OSiR; OSiR;3
cat. :

z Ar
RCHO + R%\OR > R/YCOzR | \ o

-78 ° - 1.0

R Et,0, -78 °C R R Z S? CF,
/NH
entry product catal(;:rs"t)ll;a)dmg yield (%) e.r. z ‘“‘S\\to Ar =
0
(0]
OTMS N Ar CF,

1 “/“ O CO,Me 2 98 97:3 cat.

OTMS
2 Meomcozm 2 98 96:4
OMe
OTBS
3 ~__CO,/P 2 93 92:8 .
y a o 20 9010 O aromatic aldehyde
5 0.05 70 90:10 O catalyst loading
A )
. ?TB?:O ) , N . » k?te;]net.snﬁldaﬁetjal
7 I S 0.1 90 93:7 alipnatic aldenyae
I ~ 0.01 88 88:12
oTBS
9 >(\’C°2Pr 5 46 91:9
OTBS

*_CO,Pr
10 ©/\/\’ 5 59 75:25

P. Garcia, F. Lay, P. Garcia, C. Rabalakos, B. List, Angew. Chem. Int. Ed. 2009, 48, 4363.
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Catalyst Optimization (Aromatic Aldehyde)

TES
0 o~ TES _ 0 O
)]\ IDPi (0.5 mol%)
+ )\ > M
Ph H H CHCI;, -60 °C, 20 min Ph H
2a 3f
(1.0 eq) . o9 82-89%
100 o1 :
905
80 R1 R1
. Dol ®
] o)
60 \ ¢N\
, \ I
99 gilis 6O
i \
* 1 i
cnantio.ﬂn:ric R IDPi
rafio
20 1
_____ T, ‘meta and para-substituted phenyl
rr=3f .
* 6 ) 1 group(RY) of the IDPi revealed a
0. - profound enhancement of
enantioselectivity.
40

0 T LB

IDPi: S4a Sdc 20
L. Schreyer, P. S. J. Kaib, V. N. Wakchaure, C. Obradors, R. Proper2|, S. Lee, B. List, Science. 2018, 362, 216.



Catalyst Optimization (Aliphatic Aldehyde)

LY YO
TES
o) oS o o O O
IDPi (0.5 mol%) o o)
/\)l\ * )\ > /'\/u\ R~
Ph H H CHCI;, -60°C,3~3.5h R H NN\
o o)
79-83% NH N
ST TE
R" mpi R
fl
=
|| = =
T

b | ==
,-f- 3.5 _ Q‘S-E

dc
40 20 o 20 A0 60 a0 100

eni-3a 3a Enantiomeric ratio

L. Schreyer, P. S. J. Kaib, V. N. Wakchaure, C. Obradors, R. Properzi, S. Lee, B. List, Science. 2018, 362, 216. 21



Substrate Scope

o o Bl prips-tsmay  Blvg o g@
Jo- }\ > /I\)-L 0
R” ~H H CHCIg, -60 °C R ’ ‘F. N
20 minto 10 h G
1 2a [3i] =TES 3
or 2b: [S] = TBS

(1.1 equiv) IDFi

f "}:U-._D

TES. TBS. TBS..

TES
o O o o ©
/\_)\)I\ B”G\/_\)'I\
Ph H H H
3a* 3b* 3c* adt 3et
a87% BE% T3% B2% 8%
er.=96.535 er, =955 e.r. =937 er. = 982 e.r =395105
TBS TES TES
TES._ o o to 0o o o
8] (8] MeO
/I\).L H H ’ H H
Ph H
afs ig! 3h% 3il 3
45% 0% 95% THEY% TO%
er. =991 er. = 96.5:3.5 e.r. =98:2 e.r. = 955 e.r. = 93.5:6.5

dd- gl =
IDPi 4c: R' = ‘l‘l DP““R)“&\( IDPi de: R' = }

Reactions were performed with 0.5 mmol of aldehydes. *Using IDPi 4c. tUsing IDPi 4d and 1.4 equivalents of enolsilane 2b. $Using IDPi 4d and
1.2 equivalents of enolsilane 2b. § Using IDPi 4e. ||Reactions were performed in CHCI3/n-hexane (5:4) at —78°C using IDPi 4e.

22
L. Schreyer, P. S. J. Kaib, V. N. Wakchaure, C. Obradors, R. Properzi, S. Lee, B. List, Science. 2018, 362, 216.



Catalyst and Silyl Group

o~ TES
ﬁ’”‘l\H
28
(1.0 eguiv)
a catalyst (0.5 mol) BR.. &
,.—JJ‘\ - /I\\‘)'I\
PR~ “H  CHCly 80 °C, 20 min oh .
1f full consumption of 2a If
with HMTfz <10%
wilh 1DF1 da: 58%,
B sama flask recovery of
+ Th aldaol 3:
2a: [Si] = TES
s B2%
a. lS[J
[Si] = TES By & o

i —
)\_,/U\ J\H .
D;[Sﬂ Fh H (+ 1.5 equiv)
" -
e /:.A‘\H 6G%, 2c: [8i] = TMS
’_J.I\ ’ (1.5 aquiv)

Ph IDPi S4e (1.0 mal'h) 2a; |51 = TES
1f CHCIy —60 *C - = | 38%
1h TMS - [l
~a A o

- —_—
2a: /I\\/U\ f"{ll\H .
[Si] = TMS Ph H (+ 1.5 aguiv)
. -

B2, 2c: [Si] = TMS

L. Schreyer, P. S. J. Kaib, V. N. Wakchaure, C. Obradors, R. Properzi, S. Lee, B. List, Science. 2018, 362, 216.
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Proposed Catalytic Cycle

[sil

)\)L chiral ion pair
H o) _
h A

o-Isil | / /[S']
)\H )J\H X

IDPi
OO R R OO [S|] +/[S|]
95 o155 © NI NE )\/‘ “
....................... - N— R)\/U\H

L. Schreyer, P. S. J. Kaib, V. N. Wakchaure, C. Obradors, R. Properzi, S. Lee, B. List, Science. 2018, 362, 216.

24



Enantioselectivity

a) catalyst's way of action RJL

access precluded substrate

OO O.SiEt3 recognition
N %H
O'F{ 2a
L. NHN _ cF activation
0 ﬁ)Pi (0.5-1.5 mol%)
cpmnavily il CHClj, -60 °C
IDPi catalyst )y TESO O
@ = dimethylhydropyrenyl; H,C” “H = T HC
3,5-dialkylphenyl
[ Access to IDPi core blocked 1% [Si] ~o
R/'\/U\H
product

% si—faced
: exposed
o+ -SIEt3

r N\

: re-face Y %7 "H activation of 3 precluded

re-face shielded shielded H1 ¥ 2a  py steric factors

[ ’[l addition from si-face
| Ph —1

L. D. Amico, F. Zanardi, Angew. Chem. Int. Ed. 2019, 58, 3264 25
L. Schreyer, P. S. J. Kaib, V. N. Wakchaure, C. Obradors, R. Properzi, S. Lee, B. List, Science. 2018, 362, 216.




Single Reaction

( ) . IDPI

nucleophile electrophile

s

IDPi

single addition
product
space

i .
double addition
product

DOI: 10.1002/anie.201900932 26

insufficrent
IDPi

N




Mukaiyama Aldol Reaction

Mukaiyama Reetz Yamamoto
introduces the use of SEEs as enol reports the first enantioselective uses for the first time acetaldehyde “super” SEE
equivalents for aldol reactions stoichiometric version of MAR
Me Me Me
M \Sli Me\sl. Sli/Me . .
Me— 0 1. ;icg,b Me”" A M Towards enzyme-like catalysis
P : = Me*/Si' ~o « external chiral backbone
2 Me Me &,H O * confined active site
H 8 * substrate recognition
H ~

Noyori Denmark List
develops the first acyclic accomplishes the first enantioselective catalytic realizes a general enantioselective
transition state model for MAR version of MAR using a chiral Lewis-base catalytic processusing acetaldehyde SEE

L. D. Amico, F. Zanardi, Angew. Chem. Int. Ed. 2019, 58, 3264. 27
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Diels—Alder Reaction (ACDC)

" [Si]
(0) et -
J)\ P msix 0
OMe +
1 R A | OMe
R R® | R ]
Silylium-ACDC
* ® - ®
LM, o, RsSIN 2 ©,,
| I)L NG | on
R R

Conyenti.onal apprpaches to enantioselective Asymmetric counteranion-directed catalysis with
Lewis acid catalysis:

catalytic silylium ion equivalents (silylium ion—-ACDC):

B chirality directly attached to Lewis acid m chirality at the counteranion

B complexation between chiral catalyst and ) ) . .
b y B Coulomb interaction between chiral anion and
substrate ;
activated substrate
B achiral counteranion present,

if Lewis acid is cationic m silylium ion equivalent = highly active Lewis acid catalyst

T. Gatzenmeier, M. Gemmeren, Y. Xie, D. Hofler, M. Leutzsch, B. List, Science, 2016, 351, 949.

T. Gatzenmeier, M. Turberg, D. Yepes, Y. Xie, F. Neese, G. Bistoni, B. List, J. Am. Chem. Soc. 2018, 140, 12671. 29



----------------

Initial Try

cat. (5 mol%) ﬁ\ : oTmMsS
silylating reagent (100 mol% ' .
| OMe + y g reagent ( o)> . OMe : ~ oMe
toluene (0.2 M), rt, 24 h : E
Ph Ph 'si

ssilylating reagent:

................

entry catalyst conv.(%) e.r. (endo) d.r. (endo/exo) cat 6 k cat 7 /

1 cat1 traces / /

2 cat 2 82% 51:49 9:1
3 cat 3 > 99% 70:30 14:1
4 cat4 > 99% 85:15 11:1
5 cat5 > 99% 54:46 8:1
6 cat 6 > 99% 74:26 7:1
7 cat7 > 99% 85:15 8:1

T. Gatzenmeier, M. Turberg, D. Yepes, Y. Xie, F. Neese, G. Bistoni, B. List, J. Am. Chem. Soc. 2018, 140, 12671. 30



Reaction Development

0 o]
catalyst “\
ilylati t o
OMe . silylating reagen o - OMe
toluene (1 M), -40 °C, 24h
Ph Ph

condition A ——> |IDPi 4a (1 mol%), silylating reagent 5a (20 mol%)
92%, d.r. 26:1 (endo/exo), e.r. 97:3 (endo)

condition B —— IDPi 4c (1 mol%), silylating reagent 5b (20 mol%)
90%, d.r. 16:1 (endo/exo), e.r. 97.5:2.5 (endo)

------------------------------------------------------------------------------------------------

>x | ! I

-IO O\ O

"w__.T0" >
r 'z
-z 1

3 7o %

2 (@) 1 i

------------------------------------------------------------------------------------------------

T. Gatzenmeier, M. Turberg, D. Yepes, Y. Xie, F. Neese, G. Bistoni, B. List, J. Am. Chem. Soc. 2018, 140, 12671.



CFy silylating reagents:

OSi'Pr
= R = CF; (4a) ) 3
RZ  (5.5)-4a-d (0.5-3 mol%) A= E;; . (4b) 2SR Me\fJ\GM
RS ane of silylating reagents Sa-d CF ©
COzMe Z (20-50 mol%), see SI ? : 5 Me
Jl/ * T C r:'th 6 z OSiEty 5h
R R toluene or neat O o NH N ‘o O . Me\fé\ Me
—B0°Cto0-°C OMe 4
RO SO S A SiPry

RS
1 2 3 0P} {4] n= 2: R= CBF13 l:4d} -1 5d
dienophiles
\\.cone ‘\\COZMe \\\COzMe ‘\.cone Q) ~CO,Me ‘\\COzMe ‘.\COZMe “\COZMe m) wCO;Me
“‘ ‘\‘ “Q ‘Mi‘ ‘\ . ‘8,5‘ “‘ F “‘
Br
3a® 92%, d.r. 26:1 3b? 99%, d.r. 20:1  3c® 89%, dr 17:1  3d®, 87%, d.r. >50:1 3e® 97%, d.r. 16:1  3f 92%, d.r. 15:11  3g® 70%, d.r. 47:1  3h® 98%, d.r. 18:1 3i%, 98%, d.r. 12:1
e.r.97:3 er 97.3 er 97.5:25 er 97:3 er 97525 er 97525 er 97.525 e.r,97:3 er 97525

\,\COQMG
“\Cone m) ‘,\C OsMe \\COQMB m) “\COQME ‘\\COQMG Q) \,\C02Me ‘\\Coz “\COQMB
CN OMe Me™ Me

3k? 97%, d.r. 12:1 31*, 94%, d.r. 15:1 3m®, 9 9% d.r. >50:1 3n® 89%, d.r. >50:1 30", 90%, d.r. >50:1 3p?, 89%, d.r. 10:1 3q”, 80%, d.r. 19:1 3r', 85%, d.r. 23:1

3j°, 94%, d.r. 13:1
e.r.%4:6 er 96535 er. 98.515 er. 973

er 955 e.r. 955 e.r. 96:4 er.97.5:25 er. 94:6

wCO0zMe W0 Me woOMe weOzMe ‘\CDZME
| Me

3s? TE%, d.r. 2'1 1 S, 98%, dor. 31 3u?, TE%, dor. 16:1 3v?, 88%, d.r. 48:1 Iw®, 78%, d.r. =50:1
er. 96.5:3.5 er. 95.5:4.5 er. 95.5:4.5 e.r. B7:13 gr. 973

swith catalyst 4a; *with catalyst 4b;°with catalyst 4c; “with catalyst 4d (3 mol %).

T. Gatzenmeier, M. Turberg, D. Yepes, Y. Xie, F. Neese, G. Bistoni, B. List, J. Am. Chem. Soc. 2018, 140, 12671. 32



Substrate Scope

CFy silylating reagents:
0SiPr
- R = CF, (4a) _ 3
RZ  (S.S)-4a-d (0.5-3 mol%) R o O Ar ﬁ Ar k©\ CaFs (4b) ASEL Me ore
R ane of silylating reagents Sa-d 4 -LL. CF,
COzMe z (20-50 mol%), see SI R o e Q.9 5 Me
J|/ . - - O RN OSiEly Sb
R R4 toluene or neat RY By O d NH N ‘o Me Me
5 —80°Cto0°C 5 RO.S  S0.R SiPr
? R e 2 Ar = C.F, (4e) ASPr
! 2 3 1DPi (4) = CgF 13 (4d) S5¢ 5d
dienes Me
2a D c o reactivity
Me” = S M
0 0 Me 0
O z
L Me : “‘J
I Ph i Phj Ph
1 3p?, 89%, d.r. 10:1 axd, 82% 3y, 52% 329 99% 3aa%, 99%, d.r. 13:1
Ph e.r. 96.5:3.5 er. 92:8 dor. 61, e 69:31 | rr. >50:1, e.r. 964 e.r. 96.5:1.5
| 2 I
0 JJ\D :
Me Me “ am *“u‘or.ﬂe “ OMe “"u“mu{e
Me
| Me Ph Ph M Ph Ph
Ph™ 1a 3a®, 92% 3bb?, 55% 3ced, 3dd?, 71% 3eed,
emplrical dor. 26:1, e, 87:3 er. 95:5 <20% cony. (4d) r.r. =501, e.r, 982 =20% cony, (4d)
dienophile reactivity

awith catalyst 4a; bwith catalyst 4b;cwith catalyst 4c; dwith catalyst 4d (3 mol%)
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Catalyst Recycling

G

/\ﬁgme f
+
Ph e

{5,5)-4d {3 mol%)

-ﬁ\.
5d (50 mol%) ma
s
M e Ph

Ar
IDPI (4)

Ar o An Ar = R =CF; (4a)
SedibeRteuET

0 0 CFy

[ :Jn

Qb D &
vt d D O
8 : Ar=
RO,$ SO;‘? ! n=1;R=C,Fgidc)

TF,

n=2;R=CgFyy(4d)

p 24 neat, -20 °C 31
0.2 mmol 0.8 mmol
cycle FE,?;“:'" riﬁ;ﬁﬁd yield ar.
1 3b6d 99% (13.8mg)  89%  B6.5:3.5
2 35d 89% (12.4 mg) 09% 973
3 45d B7% (121 mg)  99% 973
4 6d Ba% (11.6mg)  89% 86535
5 55d 7% (107 mg)  09% 473
10
80 | M =
& |
0 |
20 4
ol - __ _
2 3 4 5
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mee.

o catalyst recovery

silylating reagents:

0siPr
SIEty M
i oM
5a Me
OSiEly Sh
Me \#\ _ Me
e :
Si'Pr.
Me 2‘\/ 1
5c 5d




Scale—up Experiments

COMe

1a
[1.30 g]
8.0 mmol

Vial under Argon

Vial without Argon (20 mol% of 5a):
Schlenk flask under Argon (5 mol% of 5a):

CO,Me

4a (14.3 mg, 0.1 mol¥)

sSeuisaey @

R = CF; (4a)
C.F; (4b)

5a (5-20 mol%)
! @ - CO d NH N O @O
neat, —40 °C, 48 h 2O qo‘ n 1; R = C;F s (¢)
2a IDPI () n=2;R = CgFyy (4d)
[EE ml_] silylating reagenis: .
80 mmol 5B Me 0M3e
(20 mol% of 5a). [1.78 9] 97%, d.r. 21:1, er. 96:4 5a Me

[1.823g] 99%, d.r. 22:1, er. 96:4
[1.73 g] 94%, d.r. 21:1, er. 964

4a (14.3 mg, 0.1 mol%)

5a (20 mol%) wCOMe

- D

neat, =20 *C, 6 d

Mely a
1k 2a 4% 3k OMe
[1.54 q] [6.6 mL] [1.94 1]
B.0 mmol B0 mmal dor. 18:1, er. 94,555
4b (15.1 mg, 0.1 mol%)
CC’EME Cea (20 mol%) wCGzME
o, - )
toluene (2M), -40°C, 7 d G
92%
Br Br
1e 2a Je
[1.93 g] [3.3 mL] [2.70 g]
8.0 mmaol 40 mmal dr. 21:1, e.r. 835
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Proposed Catalytic Cycle

o chiral ion pair
Si
| OMe [ I]\S X*
R r‘\OMe
“ O
AP
HXZ activation [Si]—=X*
IDPi
i BE;
OO 0R1 r: ﬁ\
R
OO onINI: :Tf 0R1 Oe @\ OMe
H—=X Ph - -

..........................................

T. Gatzenmeier, M. Gemmeren, Y. Xie, D. Hofler, M. Leutzsch, B. List, Science. 2016, 351, 949.
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Computational Studies

o)
IDPi (1 mol%) ”\

OMe . silylating reagent (20 mol%)> o OMe
toluene (1 M), -40 °C, 24 h
Ph Ph

92%, d.r. 26:1, e.r. 97:3

catalyst activation . { ¥
S o H T N 3. \ >~
Fz.C";w ”'“{ﬁg '"CFz-_k\._L,._ Fac'“; Nﬂ? D'"CFa Is(sa-trans, major TR - '
~ - Si= SiEr - .-
CorPn 270D S OL N s X ® S

_ RCs.trans ) @
A x(?@o, Si 3

CIP N

, 29.1
= ® @O’S; MeO #
: "‘ [ alf ™
- e I Ph| /
g | 148 7/
| o Qo
q + Wi 13.7

@ + I OMG ’_"
: P4 7.4 — major enantiomer (s-trans) \ o
4 e " J 22 0
Ph [Si=X ], minor enantiomer (s-trans) “—\\\ @:JLOMe 5
0.0 -0.8 3, pn +[5-X']
-7.8
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Most Favorable Transition State

...................................................................

2255

a) TSs-trans, major

R = CF; (4a)
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Interaction with the Chiral Ion Pair

p = 0.002 e/au*
0.11 39

H H
C{JzMe @tcozrwe
R R

w (S.S)-4a-d S (S,S)-4a-d A
/ COzME H / - R
CD;ME
H
K

exo—arlentatmn Me ﬁ: Si endo-orientation @
H

2

(R,R)-4a-d Re (R,R)-4a-d
/4 H /4 |.|
H H

R CO,Me
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Summary

- Asymmetric Counteranion-Directed Catalysis
(ACDC) concept is well developed.

E
k\ chiral ion pair

cat. ¥ X*~ cat. E* X*~
E = electrophile
Nu = nucleophile
Nu P = product

P*
enantioenriched

various klnds of reactions.

» extremely low catalyst loading
—high turnover, hydrolytically stable
» highly selective catalysis
—highly confined enantiopure catalysis

Imidodiphosphorimidate's
IDPi
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Synthesis of Catalysts

/\OME THF,-5°C

Oe 1) n-BuLi (2.3 equiv) OO ZnCI-LiCl Ar-Br (3 equiv.) OO Ar
-BuLl (£. uiv.), ! -
0 Pd('BusP), (5 mol%), - R, |Oe

N
0" "OMe - O~ "OMe -

.
O OMe @] OMe o e) OMe R
S AEETETET o ¢ Gl EE 6¢ Gt BN O
THF, =78 °C to r.t.
Ar

ZnClIsLiCl

(S-A (S)-B

P(NTHCl5 (1.0 equiv) I G 0 o) g .
1 N ¥
. F' F'.H
EtzN (6.0 equiv) D NH '
solvent, RT

then NH5 (0.5 equiv), D

single flask
QL  RF=CF;(C1)
Y PCls (106 equiv) NS C,Fs (C2)
H,N“ " ~RF 100 °C p\ "C4Fg (C3)
neat, cl” CI Cl NCoF 15 (C4)

"CgF 17 (C5)
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Mechanistic Study (MAR)

R
(L
H//O
NS
S\NH Meo)\( Meo)\‘/
.s% (5 eq) (5 eq)
*wo I TH NMR y e TH NMR
o CD,Cl,
R (o)

DS Meo)l\l/ OTMS
(1 eq) Meo)\‘/
OTMS
(9 eq)
MeO N
(4 eq)
new species
(change of the signals in the aromatic region)
presence of a hindered base
DSI (2 mol%)
Me
O OTMS | N OTMS
AN H N P o A CO,Me
| . Meo)\( By NP g, (5 MOI%) OO 1
Z — <
Et,0, RT

1.3
(1.3 eq) > 99%, 90:10 e.r.

The base inhibits any potential Brgnsted acid catalysis.43

P. Garcia, F. Lay, P. Garcia, C. Rabalakos, B. List, Angew. Chem. Int. Ed. 2009, 48, 4363.



Scaled—up Aldol Reaction

1k
[3.7 d]

L. Schreyer, P. S. J. Kaib, V. N. Wakchaure, C. Obradors, R. Properzi, S. Lee, B. List, Science. 2018, 362, 216.

_TES

O

H

2a
(1.1 equiv)
[5.84]

4e

(0.5 mol%, 227 mg)

CHClg, —60 °C, 30 min

3

F e

TES. _ (1.3 equiv)
O (0] MeNH, (10 equiv) OH NaH (1.5 equiv)
then NaBH, (2.0 equiv) DMSO
S - S
H - NHMe
\ ] \ I (Reference 25)
3k 5
>99% [9.0 g] 69%
e.r. =99.5:0.5 e.r.=98:2

IDPi recovered in 85%

(S)-duloxetine
(antidepressant)



Graphical Method of Burés

0.1 5 -y ] . .
e T i " :.--
L™ oo an® N ..
0.075 o o
o. ¢ .
[ a &
= . e*
£ 005{ o0 *
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]
0.025 {, n=0
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0.1+ L1 L
ﬂ\"""
o bl
[ ]
0.0751 o?
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normalized time+[S4c]"/mol-min-L-"

(®05mol% ®1.0mol% ®1.5mol% Sac)

single IDPi molecule is responsible for the activation

of aldehyde
0.1+ -
.’ it"'t'i'.':"‘.
I‘.'-I- ..'
0.0751 ,4'".."
- s ®
5 T
£ 005 *e,
= T
o, o
0.025| o n=2
L]
L

0

0.0E+00  1.0E-05 2.0E-05 3.0E-05 4.0E-05

normalized time+[S4c]"/molZmin-L-2
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Self Repair Cycle

NU_S|R3 Nu—H 5|Rq
® f. Nu—SiR;
.seff-repafr H35| catalytic
cycle cycle
HESl_P— SIR3

R;SiOH

I:Rgs bﬁ Hgs iOH P— SIR3
{enantioenriched)
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Computational Studies

Si OMe
'\ ONIe
%
I -
Ph S
syn s-trans anti s-trans anti s-cis syn s-cis
N I 1%
catalyst activation N {
5i H T y o -
st N .4 i - - {
Fz.C";w ”'“{ﬁg '"CFz-_k\._L,._ Fac'“; ,;:Sﬂ“CFE, Is(s;rans, major . '
~ - Si= SiEr - .
(: "‘.‘-:'p“ ) ? lo” "'v-N*:"rP“g x*® _Si
_ RCy.trans - “1
A o 0
@ __Si
cIP g L
29.1
= ® @O,S: MeO ,=/
5 X+ @I /219
- ph II
8 Meo | B J
=, 148 7
0} 0 1a Ph ’:'=’./ u\
< x &~ 187
@ + OMe _"
7 7.4 . , Ph JL
+[Si=X1 . — major enantiomer (s-trans) " 2.2 y
pho - (=< minor enantiomer (s-trans) “‘ \\\ @: OMe P
. -0.8 A5, + .
N ph * [S-X']
-7.8
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pKa of Catalyst

(S,S)-IDPi C-3
(S)-DSI C-1
Acid Reference acid pKa (reference)® | ApK." | pKa(Acid) | Assigned pKa
2,4,6-(SO,0CH,CF3)3-Phenol 7.97 —0.5 8.5
DSI C-1 8.4+0.1
(CF3)sCsCH(CN); 8.86 0.5 8.4
IDP1 C-3 2,3,5-tricyanopentadiene 3.68 -0.8 4.5 4.5+0.2

"Data from Ref. 11. "ApKz = pKa(Reference acid) — pKa(Studied acid). The pKa values of other achiral acids displayed on the Fig. 4b in the main text
are from Ref.9 and Ref.11.

48
H. Y. Bae, D. Hofler, P. S. J. Kaib, P. Kasaplar, C. K. De, A. Dohring, S. Lee, K. Kaupmees, I. Leito, B. List, Nat. Chem. 2018, 10, 888



Electrophilic Reactivities of Michael Acceptors

E
_6 ——
T Q 0]
)S\th —7.50 \A
L SO,Ph Ph.__= (0]
17f Y IP SN
—_ Ph\%CN -0.15
17q 9.4z
-10 + 17p =10.11
cn17° Sozs
= . L —
1 O 1o anl\&l\CN ~10.80
o L AT
1 Z D s0F 1209 + O 17e 17m _
\/?\02"“ 171
Phe ~=12.76
T 17, S0P TEEs
_13.85 Pha A~ 2h = 0 CN 330
- NO, —14 +— -14.07 ¢
14 ;;F 14.07 ma\,/)\CN
e 17]
1h ZZ>c(0)Ph 1525 - 17d
NC. - 1571
- wCN
19 2 c(0)Me <1676 =282 Ph%SOQF 29 17c
T ~17.33 -
Et0,C . PP~ co)Ph
- - I
1e Z~s0,Ph -1836 18 PTNG0,E . -19.36
1a ﬁCOZMe -18.84 17b P p\/\C(O)Me
1f & “CN-1905=— T & ~19.49 17h
1b/\COQEt _19'0?_19__39 Ph%C(O)Ph of CG\E?OZB
. 2 17
1c 7 C0,Bu 2022 a COEt .
Ph -
1 7 CO,Et
17g
-22 -
g COzEt —22.77
o — 2301 Ph‘f\C(O)Me 2%
1d /\f 23.54_73 59 Me~~co gt 2a 5
NMe; 2452 P~ : T 5 ‘O\IL
‘_24'6’__/?59‘_\%\/\83@ ::: Ph A ani_~ ;D ani~_
Ph” Ts 2 | -1011 Q P -10.28 O o
T 49
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Catalyst Methylation

. 5
SI.'luﬁ. - SI\ - I

O O ‘ i
® Olme = : : Diels-Alder product

= M i i i
0t cn—| Op*g 0 :
Wl Qg —_— [P \é_r.l ; 0 methyl cinnamate
,_1,:-5 ﬁ‘n::r.,' FJG""“'-..N NT CFs
o L

Cg# P __.._F'.,, ED"F‘\\.N'P::‘Ga

chiral ion pair (CIP)

Me-(S,5)-4n
rrethyl-( 5 5)-4n (5,5)-4n
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