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1. Introduction
Representative asymmetric activatiomodes:
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1. Introduction
Whatis AsymmetricCounteranionrDirectedCatalysis (ACDC) :

*

reagent( S)

@ cat.* X"

N

b

S

Asymmetriccounteraniondirected catalysisrefersto the induction of enantioselectivity
in areactionproceedingthrough a cationicintermediate by meansof ion pairingwith a
chiral,enantiomericallypure anion providedby the catalyst

Stablizingnteractionsin ion-pairs

1. Coulombicattraction;

2. Hydrogenbondinginteraction;

3. Evencovalentbonding(not in enantiodetermingstep)

Angew. Chem. Int. EA013 52, 518¢ 533.



1. Introduction
Early uses of chiral anions and their conjugate acids

as tools for the resolution and spectroscopic analysis of chiral molecules

Rermoirgy €

Intellectual foundations of chiral necoordinating anions

Ts

N
3 mol% [Cu(NCMe,)][5]
Ph”X + PhINTs ” ~
i Benzene, 0 °C 11 Ph

ligand X % ee (CgHg)? % ee (MeCN)?
(R)-1 OTf 1(S) 28 ()
(R)-1 ClO,4 5 (5 28 (9
(R-1 Cl 17 (S) 28 (S)
(R)-1 PFs 33 (9 28 (9
(9-2 OTF 66 (R) 2 (R)
(9-2 Cl0y 57 (R) 2 (R
(9)-2 Cl 26 (R) 2 (R)
(9)-2 PFg 33 (R) 2 (R

place the copper cation within a chiral pocket
created by two separatbinaphtholfragments on
the boron center

the achiralcounterionaffectedeevalue.

Org. Lett200Q 26, 41654168.
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2. Applications in organocatalysis

2.1. Chiral counterions in Brensted acid catalysis



2.1. Chiral counterions in Bransted acid catalysis

Early work using CPA by Terada (2004): R?
2 mol% cat. 1d NHBoc OO o
NBoc 1.1 equiv. acac Ac O\P//
> R! o~ “OH
R1 H DCM, RT, 1h
. 99
2, R' = subsititued phenyl group 3, up to 99% yield, 99% ee, 6 examples R2

cat. 1d, R? = 4-(-Naph)-C¢H,

Brensted acid catalysis or ion pairing?

Akiyama (2007): DFT study

cat. 1e, R?=4-NO,CgH, HO
HO
OSiMe3 @
10 mol% cat. 1e
* (7 oEt PhCHo 78C i
3 - ; CO,Et
Me Ph” N2
Ph H
Me

100% yield, 96% ee, 87:13 syn/anti

e A
2 R2
O o P//O' --H—=0
0" SO-H.,
99 J
R? Ph)
S protonatlon hydrogen-bonding )

The lengths of €H, N-H arechanged dramaticallhrough
protonation.

J.Am. Chem. So2004 126 ,53565357. e
J.Am. Chem. So2007, 129,67566764. CP1i



2.1. Chiral counterions in Brgnsted acid catalysis

NMR study :
Oap o
o Lo

hydrogen bonds could be characterized by a combinatioidand'>N NMR spectroscopy.
Possible activated mode$300 K = 26.8C, 240 K =33.15°C; 200 K = 73.15°C)

2DH N HMQGpectrum:
M
240K OH (1-20H---NM (192000
AN [”° ppm
75
300K A -
20 19 18 17 16 15 14 13 12 11

19 18 17 166 15 14 13 12 11 §/ppm

45
E 55

65 O/

o —H\ o 0~\ \15(,?
‘SN/© ©/ H?sﬁ/© /©)\H both species OH(1&,) and NH(12 1)
Me

coexist simultaneously

A. H (1"20...N) B. ">NH (1*20...4n) C. "5NH (2HY)
Angew. Chem. Int. EA011, 50, 6364;6369.



2.1. Chiral counterions in Brgnsted acid catalysis

0 O
Q_ \__O \pz°
/P\ o’ \ ©
O 0-H, 0~\ 15N
5‘ H\ @ I
15N 15N
[ | H
Me Me

A. H (1"20...N) B. "SNH (1*20...4n) C. 15NH (2H%)

Influence of temperature:

a) 0.8-
0.7 4 e
0.6 1 \.\‘\‘\'
\
0.5 - —
I 04 | ’-N-—‘-——»’—N»_’,_,
: —
ratio | !
0.2 1
0.7 1 BNH (1+2....40)
| .OH (1.2OH-..N)
0 ! | | | |
200 220 240 260 = —

TIK —>

at low temperatures the ion pairsNH@-2,,,, ) are stabilized
at increasingemperatures the hydrogerbondedcomplexesOH(Q-2,,,, ) becomefavored

Angew. Chem. Int. EA011, 50, 6364;6369.



2.1. Chiral counterions in Brgnsted acid catalysis

Previous chiral acid catalysts:

Present design:
/ < Small substrate —»

=0 Low High ©=
~oy °F Loosely bound er. HO~
= substrate/ g

intermediate
Open active site

Sterically constrained
active site
Design of nevehiral Branstedacid :
a b
R R R PN
[Electrophile] [ Nucleophile)
0 o o 0" 0° o 0! 9o° T
v N N p—Ar LK
P. - Puos .S - - t
O/ \{_j_ O/ AT \OF3 O/ ~N7 \Ar AG!EIG H‘ i
Cor oo Bl
P.
R R R
3 4 5

o” o
S
= 0 2-suléktituents on BINOL radiate away from active site;
= More than one base/acid pairs in 4 and 5;

= Low selectivity
Nature2012 483, 31§319.



2.1. Chiral counterions in Brgnsted acid catalysis

Previous chiral acid catalysts: Present design:
/ ~— Small substrate —»
=0 Low High O=
~on  °F Loosely bound er. Ho~
= substrate/ g

intermediate

o tive sit Sterically constrained
pen active site active site

Design of nevmhiraIBrﬂnstecbcid ;

c

o’
I

Electrophil i
l,O (F’ P\ Oy  O0-syn ( ectrop! |e{] (INucleophﬂe]
~-0 2 0~ - ' O - i H
Acidic /Hl X
< —_—
N . (shlelded) | st O O Basic 5|te]
o, O \C|>° .

I 1
P ~/panp. \3 P“w:;-N/\O|
< }\ 0, 0-anti o

6

w» . dzf | esubstithent® restricO,Gsynconformation;
= High rigidity;
= Steric blocking of alternativBrgnstedbasic Nsite;

= high selectivity

Nature2012 483, 31§319.



2.1. Chiral counterions in Brgnsted acid catalysis

Asymmetricspiroacetal

©x*  HO
Y OH  cBA (HX*) 6b o f° . o@(
| n > via: N n
n n
n

n

n=0,1,2 up to 89% yield, 99% ee
(o] M ? (o)
€ o Me R = 2,4,6-MesCgH, (6a)
(0] o) 2,4 6-Et3CgHo (6b)
9-anthracenyl! (6c)
Me
dr=5:1 dr=23:1 dr=7:1

Nonthermodynamic configuration

Enantioselectiv&ulfoxidation

6b (2 mol%), H,0, o

R1‘S\R2 . é+ HX* !-I—X‘*
MgSO,, cyclohexane RO NR2 Nu: + H,0, 0. H Nu—O0 + H;0
12 - cat H7 ~o”
R2 alkyl, aromatic ring up to 99% yield, 99% ee (
R“ = alkyl, alkene Nu:

H,O, could be activated in a wetlefined and
narrow position within a chiral cavity

Nature2012 483, 31§319.
J.Am. Chem. S&012 wmMonX wMAnTtcpbmMnTtTcCcy



2.1. Chiral counterions in Brgnsted acid catalysis

AsymmetricPrinscyclization:

/\/l\ 5a (5 mol%) ) - -
+ Ty T o
CEJ\H HO cyclohexane O wx ux
« 2 MS (5 A), RT, 5 d X 3 O Y. 9 5
\\+
Saliee
) A B

X=H((1a) 3a: 11% yield, e.r. = 95:5
X=0H (1b) 3b; 62% yield, e.r. = 97:3
\ 0 HO, , Hydroxygrouportho to the aldehyde is
crucial forreactivity andenantioselectivity
(S,5)-5b
(S,S)-5a
o} catalyst (5 mol%])
)\/LLH HO/\/& cyclohexane /\\ﬁg " talvst time (days) (3a) (%) b
1 23 MS 5 A 22 °C O entry catalys me (days conv. (3a er
1 4a 5 7 ND
2 4b 5 13 ND
3 Sa 5 52 91:9
4 5b 2.5 83 87:13
5 6a 2.5 >99 95.5:4.5
6 6b 2.5 >99 94:6

4(X=H)
5 (X = NO,)

= Electronwithdrawing nitro group

acidic site basic site

= Strong electron acceptoN(Tfgroup)

High acidity
Angew. Chem. Int. EA015 54, 7703;7706;
J Am. Chem. S0201& MOy X MAYHHLMAOYHDP



2.1. Chiral counterions in Brgnsted acid catalysis

Asymmetric reaction of olefins relies on transitional metal catalysis:

Ln* CQDM'-. U H
-

g0

Activation of olefins via ACDC:

= highacidity toenable olefinprotonation

aconfined, enzymdike microenvironment to
favor the desired transformation with high

selectivity _ .

‘ Ar Ar: R= o\wp
QO ¢ 00 S O
(S,5)-3 (5 mol? Me, o 0 0 55+
,5)-3 (5 I'TlOl/o) 3 ! [N \‘CF
/\HJ‘\/\/OH - /\m 1 O /F‘:’N I.P\ O 3
6 CyH (0.2 M) 6 : O ONH N O CF,
: R

1 60 °C, 48 h 2 R
a a Ar Ar 3a 3b

3 86% 95% (91%)

(Ar = 4-BuCgHy) 90.5:9.5 e.r. 97.5:2.5 e.r.

Scienc018 359 15011505



2.1. Chiral counterions in Brgnsted acid catalysis

Activation of olefins via ACDC:

Ar =
R2 R2 S,5)=3b {5 mol% Me. © A U =
U\t’\){\/DH{}'{ o) R""-/\? /O ?‘m
R1
n

— | b ’ZN-- —
CyH (0.2 M) (g2 < = FOR = _ 00
60 °C, 2d n R2 N Yo N N7 R= ¥ «-CF3
1 2 = R R )= =]
n=1,2 Ar Ar P
-3b
(S,5)-3 CF,
e o f& Me, @ BnD\# Me. o HO\‘”\NE.-(O Me, @ OCI\ =\ e o Me. o
Ph— ~ e d ; ™~ s
\-—-( ‘f \.’( 7 \ 7 \ 7 f'{ 7 O”S _\\- ) J\ ’,.4-'( (—ﬁ ?
N . N NS
Ts : NH2 .-'S-‘\ :
Me d'o Me
2b 2¢ 2d 2e 2f 29
89%, 97.5:25 e 94%, 95:5 eur, 94%, 97:3 e.r, 88%° 946 eur B66%, 973 e.r. (S)-Mefruside 75%, 97.5:25 e.n
B (1d) (1d) P (80 °C, 7 d)
Ilr_ \
-J [ Me Me Me — Me Me - Me Me
' o] =0 =0 - O e, = = 0 o]
{ Pt = = f\;}“\/g Y < \FW R
_F\__,-—F'II . Voo \_}J \_,:-_;:4"" I _F\.:::IJ H\__,-—F‘ll
2h 2i 2j 2k 2l 2m 2n
83%, 95.545e.r. A1%, 92:8 e.r. 72%, 98:2 e.r. 85%, 97.5:2.5 e.r. 84%, 98.5:1 5 e.rr. 87%, 96.5:3.5 e.r. 83%, 97:3 e.r.
(7 d) (0.5M,7d) (10°C, 7 d) (10 °C, 7 d) (5 d)
Me
i - 0
r \,x ® Y ’\,—-(_f \.,-(_/ ‘? i \"l/ ) { )
Br— \ &, MEO"\, _ \’ _
20 2p 2q
94%, 98:2 e.r. T6%, 98.5:1.5 e.r, 89%, 98:2 e,r, 89%, 94 5 55er 70%, 94 6 e T0%, 92 5 T5er. 53%, 92,5:7.5e.rn
(4 d) (r.t., 1d) (0.5 M, 7 d) (7 d) (0.5 M, 7 d)

h y t e-disulXitut€d alkenes worked in this reaction conditions.

Scienc018 359 15011505



2.1. Chiral counterions in Brgnsted acid catalysis

Activation of olefins via ACDC:

Ar Ar R= pr

OO (1D 7 g o
WJLA/OH 3 (6 mol%) F’il\I F? KS\CFs \©/

6 CyH (0.2 M) /m OQ " NH rsi\ QO

CF3
1a 60 °C, 48 h
3a 3b
86% 95% (91%)
(Ar = 4fBuCaH4 90.5:9.5 e.r. 97.5:2.5e.r.
MG O\ Q\\Sp’g ?//O
Phﬁ/\_f Ar I“?I ll\ir Ar J\/\/OH
—P=pn-R~ Ph
O F=N"\0
2' - O O & 1'
3b \<
_|_;'/> ¥ /
Ph—c,1 o Phﬁﬂ.1 0
) Ho_ W
Qxé, H ~%0 Qgp Ho Q0
Ar” ‘H Pﬂf’s‘“p_r Ar” ‘“I fl\llgs“*m
_P— =P~ PP~
o-P-N"R-0 o-P=N-T~0
@8 "0 |t (8 o
TS1

Through DFT, THewest energy transition state TS1 suggests
a concerted though asynchronousechanism.

Scienc018 359 15011505



Outline:

2. Applications in organocatalysis

2.2. Chiral counterions in Lewis acid catalysis



2.2. Chiral counterions in Lewis acid catalysis

The first example of asymmetmounteraniondirected Lewis acid catalysis:

'ﬁ' (R)-77-H (10 mol%), N3
N Ar - )J\
SiMesN5 (1 equiv), N~ “Ar

DCE, RT H
76 78
(1.5 equiv) 97%, e.r. 97.5:2.5

Ar = 3,5-(CF3),CgH3»

proposed catalytic cycle:

SiMesN, Q KD
*C ,P\ .
O O-SiMe;

79 76

o TMSN;

N—< » No reaction
Ar Without (R)-77-H
o (R)-77-H

N—< > No reaction
Ar NaN; or TBAA

TBAA = tetrabutylammonium azide

,—\‘{‘ O- SiMEg
0 (R)-77-H i N —{
ON—( 3 moderate yield Ar

HN3

' NaN; and TMSCI 0
- ,P\
o O
-SiMes workup 80
— 78

,.1\N3
Chiralsilanewas generated in situ as active cataly@ j‘\
-~
N™ CAr

J.Am. Chem. So2007, 129, 1208412085

81



2.2. Chiral counterions in Lewis acid catalysis

EnantioselectivéMukaiyamaaldol reaction:

OTMs  cat1-4 OTMS
CHO P (2 mol%) ~ CO,Me
O .
0.2mELO,RT :
5a 6a 12h 7a
Entry Catalyst Yield [%]" e.r.>
1 1 <2 -
2 2 <2 -
3 3 <2 -
4 4 >99 90:10
§ § C. ., Ul
OO 0. .0 OO 0.0 SO-H SﬁzH CFyq
P P SO,CF, )
Ar Ar Ar Ar ,‘1'1 CF3
1 2 3 4

exposed

pseudo 0.0 acid i C
; s H—1 -symmet
02 Symmetry O \O‘H buned ,:"yf: i y ry
acid ;

phosphoric acid disulfonimide
stronger Lewis acid worked better.

Angew. Chem. Int. EA009 48,4363;4366



