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Key Players in the Field

Prof. Dean Toste, UC Berkeley
Chiral anionic phase transfer catalysis
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- First example of successful chiral phase transfer 
catalysis

- ee’s improved with less polar solvents and with 
lower temperatures

- proposed key interactions 
accounting for selectivity

1

Dolling. JACS. 1984. 446

Cationic phase transfer

Prof. Eric Jacobsen, Harvard University
Coined “asymmetric ion-pairing catalysis”

Prof. Magnus Rueping, KAUST Catalysis Center
Asymmetric Brønsted acid catalysis

Prof. Benjamin List, Max Planck 
Institut für Kohlenforschung
Coined “asymmetric counteranion 
directed catalysis (ACDC)”

Reviews:
Maruoka and Ooi. Angew. Chem. Int. Ed. 2007. 4222
Lacour and Moraleda. Chem. Commun. 2009. 7073
Mahlau and List. Angew. Chem. Int. Ed. 2013. 518
Brak and Jacobsen. Angew. Chem. Int. Ed. 2013. 534
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- Iminium/enamine catalysis (covalent)
- Lewis acid catalysis
- Hydrogen bonding/Brønsted acid catalysis
- Transition metal catalysis
- Ion pairing/ion directed catalysis

“… high stereoinduction is often 
achieved through highly directional 
catalyst-substrate interactions.”

- Eric Jacobsen

“ An ion pair is defined to exist when a cation and anion are close enough in space that the energy 
associated with their electrostatic attraction is larger than the thermal energy available to separate 
them.”

- Anslyn and Dougherty, Modern Physical Organic Chemistry
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R = allyl

Corey developed anthracenyl derivative for a variety of primary alkyl halides

NPh

Ph
OtBu

O
NPh

Ph
OtBu

O

R

3 (10 mol%)
CsOH•H2O

DCM
-78 °C

67-91 %
92-99 % ee

+   RX

- Proposed tetrahedral model for selectivity

- Computation shows enolate two oxygens and 
α carbon interaction with three hydrogens next 
to ammonium nitrogen

N

Ar

Ar

Corey. JACS. 1997. 12414
Houk. JACS. 2002. 7163
Shibasaki. Tetrahedron. 2004. 7743
Maruoka. Chem Comm. 2007. 1487
Park. Angew. Chem. Int. Ed. 2002. 3036

The alkylation of glycine Schiff bases using a catalytic chiral phase transfer counterion has 
been extensively investigated

N-spiro ammonium ions show 
consistently high ee’s >98 %

Ar = 3,4,5-triF-C6H2

N

O
N

Multimeric conchina alkaloids can 
dramatically improve selectivity

O
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N
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Ar

Ar
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Me
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Ar = p-OMe-C6H4

Tartrate derived, two center 
catalysts
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2 (10 mol%)
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50 % aq. NaOH
DCM
25 °C

N
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64 % ee

Entry
1
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3
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2
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yes
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0
0
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O
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- Assumed salt metathesis at interface to 
generate chiral, soluble ionic pair

- Different racemization outcomes 
suggests that 2 quickly reacts with BnBr

- Catalyst is benzylated 2 (Bn•2), no free 
hydroxyl, no H-bond!

O’Donnell. JACS. 1989. 2353
O’Donnell. Tetrahedron. 1994. 4507
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O
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Entry
1
2
3
4
5
6
7
8

X–

S-(4)
R-(4)
S-(4)
R-(4)
Ph-(5)
Ph-(5)
Ph-(5)
tBu-(5)

Solvent
PhH
PhH
PhH
PhH
DCM
DCM
PhH
PhH

Temperature
rt
rt

0 °C
0 °C

25 °C
0 °C
0 °C
0 °C

ee cis/trans (%)
6 / 15
8 / 12
6 / 21

28 / 10
15 / 8

18 / 17
26 / 17
19 / 34

Yield (%)
34
34
12
20
57
35
21
3

5
4

Arndtsen. Org. Lett. 2000. 4165
Arndtsen. Organometallics. 2004. 2838
Arndtsen. Tetrahedron Asymm. 2005. 1789

Ligand
L
L
L
L

none
none
none
none

Ligand
(1 mol%)

N

OO

N

Me Me

PhPh
L

- First report of chiral anion giving selectivity in catalysis

- Matched and mismatched effects small but significant

- Selectivity depends on dielectric constant and on temperature

Beginnings of chiral anions in catalysis

N
Me

+
Ph

N
MeMe

Cl
C•4 (10 mol%)

THF or DCM or CHCl3 N
Me

*Ph
NMe2

THF : PhMe (1:1)

- Cations (C) Et2NH2
+, Et3NH+, Na+, Ag+ were explored

- Yields ranged from 0-98 % with no trend between solvents or cation
- ee’s < 12 %, no consistent sign inversion for enantiomer of 4

Ph N

Ph Cl

+ Ph NH2
Ph N

Ph
H
N Ph

Ph

Ph

N

C•4 (50 mol%)
Et3N

- Yields < 30 %
- Highest ee for Et3NH+ 2, 13-15 % with consistent sign inversion for enantiomer of 4

Nelson. Tetrahedron Asymm. 2003. 1995

List. Angew. Chem Int. Ed. 2006. 4193

Ar

O

Me

(R)-TRIP•morph. (10 mol%)
Hantzsch ester

dioxane
50 °C, 24h Ar

O

Me

Ar = Ph, p-CN-Ph,
p-NO2-Ph, p-Br-Ph,
p-CF3-Ph, naph.

63-90 %
>98 % ee

O

O
P

O

O N
H2

O

N
H

CO2MeMeO2C

iPrMe

(R)-TRIP•morph.

Hantzsch ester

- Breakthrough report of first highly selective chiral anion catalyst
- Enantioselective reduction of citronellal (90 % ee) better than chiral amine (40 % ee)

iPr

iPr

iPr iPr

iPr

iPr

Organocatalysis
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TRIPH (15 mol%)
ROH (4 equiv)

Ag2CO3 (0.6 equiv)
PhMe, 4Å MS

50 °C, 24h

Ph N

Ph Cl

Ph N

Ph OR

50-85 %
90-97 % ee

R = neopentyl, 2-indane, 2,6-diMe-4-OMe-C6H2, 
N-Bs-indole, CH(allyl)2, tBu (30 equiv)

Ph SMe

Ph O

HN CCl3 TRIPH (15 mol%)
ROH (2 equiv)

PhMe
rt, 12h Ph SMe

Ph OR

90-98 %
89-92 % ee

R = neopentyl, 2-indane, 2-Bs-ethyl

Toste. JACS. 2008. 14984
Paton. JACS. 2017. 8886

Presumably secondary H-
bonding interaction between 
TRIP base and incoming alcohol

X
H

H
Ph

Ph

O
O

P
RO

RO

- Later studies show ion 
pair formation of this kind

O

O
P

O

O

iPr

iPr

iPr iPr

iPr

iPr

H2N

CF3

F3C

CF3

F3C

O Ar (R)-TRIP•diArFA (10 mol%)
tBuOOH

dioxane
35 °C, 72h

O R

or R

O Ar
O

O R
O R
or

N
H2

Ar = Ph, 1/2-naph, o/m/p-tol, o/m/p-F-C6H4
R = Me, Et, -C5H10-

62-82 %
> 98:2 dr
84-96 % ee

75-85 %
90-94 % ee

ArAr

Me Me

N ArAr

Me

N ArAr

Me Me

N ArAr

Me

O O
tBu

TRIPH

TRIP–

TRIP–

TRIP–

O

O Me

Me

H2OH2O

O Me
O Me

tBuOH
tBuOOH

- Termed ACDC, but anion not 
involved in enantiodetermining 
step

- More H-bonding catalysis?

List. Angew. Chem Int. Ed. 2008. 1119

(R)-TRIP•diArFA

O

O
P

O

OH

iPr

iPr

iPr iPr

iPr

iPr

C8H17

C8H17

3

NH

O Ar 3 (10 mol%)
Selectfluor

Na2CO3

C6H5F : hexanes (1:1)
rt, 24h

N

O

F

Ar

2 Na+ 3–

N
N

F

Cl

2 BF4
–

2 NaBF4

N
N

F

Cl

3–

3–

insoluble

soluble

Ar = 2-naph, p-Br-C6H4, p-I-C6H4

70-87 %
single diastereomer
92-96 % ee

Toste. Science. 2011. 1681

Anionic phase transfer



Burns Group Meeting Carl ManssonChiral counterions in catalysis

Ma. Angew. Chem. Int. Ed. 2013. 12924

N
R

NHR'

N
R

NR'

Br

H

B3
(R)-H8-TRIPH (10 mol%)

NaHCO3

PhMe, 0 °C, 3-20h

R, R’ = Alloc, CO2Me, Boc, Ac, Ts, Troc, Cbz
37-100 %

90-98 % ee

NN

F

F

Br

Br

Cl B3

N
Boc

NCO2Me

Br

H

96 %; 95 % ee

2 steps
N
H

NMe

H

H
N

MeN

H

(–)-chimonanthene
3 steps, 28 %

- First highly enantioselective 
bromocyclization of tryptamines

-Anionic phase transfer

N
H

NH2
1. RCHO, 3Å MS

2. 7 (5-10 mol%)
AcCl, 2,6-lutidine
Et2O, -78 to -30 °C, 22h

N
H

NAc

R

65-77 %
90-95 % ee

R = 3-pentyl, iBu, npentyl, 
amyl, 2-OTBDPS-ethyl

iBu2N
N N

StBu

O N

Me

Ph
HH

Cl–

7

R
N

AcR'

N
H

NH2

N
H

NAc

N
Cbz

N

OBz
MeO2C

HN
NH

HH
MeO2C

HO

OTBDPS

(+)-yohimbine

- Powerful entry into tetrahydro-β-
carboline natural products

- Similar transformations have been 
accomplished using other chiral 
counterion strategies

Jacobsen. JACS. 2004.10558
Jacobsen. Org. Lett. 2008. 745

Chiral anion binders

N
H

NH2

R’

O

R’’
CO2H

N
H

N

R’
R’’

O

R = 7-Me, 5-Br, 5-OMe
R’ = -C5H10-, -C4H8-, Me
R’’ = Et, nBu, CO2Me

+
6 (10 mol%)

PhMe, Δ

63-99 %
68-98 % ee

>97:3 dr

R R

N
H

N

Et

O

Me N
H

N

Et

O

MeN
H

N

Et

O

Me

HX* +

X*–X*–

fastslow

minor enantiomer major enantiomer

- Diastereoselectivity accounted 
for by dynamic kinetic resolution 
of N-acyliminium salts

Dixon. JACS. 2009. 10796
Dixon. Org. Lett. 2010. 4720

Rueping. Synlett. 2010. 119
Huang. Angew. Chem. Int. Ed. 2011. 5682

NBn

O

HO
Me N

H

+
6 (5 mol%)

DCM
-65 °C, 48h

N
H

*
NBn

O

Me O

O
P

O

NHTf

SiPh3

SiPh3

6

NBn

O

N
H

+
(R)-TRIPH (10 mol%)

PhMe
rt, 36h

N

NBn

O

85 %
87 % ee

61 %
84 % ee

NBn

O
O

O
* P

O

O

R

- Proposed intermediate ion pair for both indole transformations

- C3- vs N-alkylation consistent across similar catalyst screens, 
identity of R seems determining

Friedel-Crafts type
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R

NH2

R'

8 (2-10 mol%)
N

R2N
(2-10 mol%)

PhMe, 4Å MS
-78 °C

O

O

Ph

O

Ph

R

HN

R'

Ph

O

Ph

HN Ph

O

HN

Me

Ph

O

Me

Me

conv. 49%
s-factor 67

conv. 48%
s-factor 39

Ph

HN

Et

Ph

O

Ph

conv. 53%
s-factor 12

NH2

HN Ph

O

Cl

Cl

Desymmetrization of 
meso diamines

82 %
95 % ee

- Remarkably all substrates and methodologies work 
under nearly identical conditions

N

H

Ar
S

N

H HN

Ar

O

(0.5-0.6 equiv)O O

Ph

N

R2N

O

Ph

Ar = 3,5-diCF3-C6H3

8

Seidel. Org. Lett. 2012. 3084
Seidel. JACS. 2010. 13624
Seidel. Org. Lett. 2011. 2464
Seidel. JACS. 2011. 14538

N
Me

Ar
Ar

OH
HO

N
Me

Ar
O

Ar O

O
P

O

OH

1-naph

1-naph

10 (2.5 mol%)

PhH, 4Å MS
rt, 6h

Ar = Ph, p-tol, 4-OMe-C6H4, 4-Cl-C6H4, 
4-F-C6H4, 2-naph, 3,5-diMe-C6H3

90-99 %
91-96 % ee

N
Me

O

Ar
Ar

O
O

P

O *
O

H

- First enantioselective pinacol rearrangment
- Likely H-bonding involved in key step

10

Rueping. JACS. 2011. 3732
Antilla. Angew. Chem. Int. Ed. 2010. 9734
List. Science. 2018. 1501

O
P

O
N

NH
O2S

P
O

ON
SO2

Ar

ArAr

Ar
IDPi

Ar = 4-tBu-C6H4
R = 3,5-diCF3-C6H3

R R

R
OH

n
n = 1,2

IDPi (5 mol%)

Cyclohexane
60 °C, 2d

20 examples

OR
Me

n
41-94 %

84-97 % ee

- Extremely acidic chiral acid

- pKa MeCN : TRIPH (13.6), HCl (10.6), IDPi 
(~ 2), HOTf (0.7)

- Deep chiral pocket reminiscent of 
enzyme

O
OH

n

R

O

n

R
O

(R)-TRIPH (10 mol%)
or

(R)-TRIPAg (10 mol%)

CCl4
0 °C to rt

10 examples 51-98 %
77-98 % ee

O
O
H

O
O

P

O *
O

- Proposed H-bond restricts 
conformational flexibility

- Ag salt catalyst performs comparably to the 
Brønsted acidic catalyst; presumed silver-proton 
exchange with cyclobutyl alcohol

Tu. Angew. Chem. Int. Ed. 2009. 8572

Oxocarbenium and carbocations

OH

Ar

R OH

R = Me, Et
O

R

Ar

9 (5-10 mol%)

PhMe, -78 °C
10 examples

- Strong chiral Brønsted acid generates allylic carbocation
- Effiecient access to stereodefined 2H-chromenes

61-95%
84-96 % ee

O

O
P

O

NHTf

Ph

Ph

9
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N
NH

F3C

Ar

R

O

+
11 (8 mol%)

PhMe, rt

N
N

F3C
R

Ar
X*–

6π-dis N
N

Ar

R
F3C

Ar = 4-Br-naph

R = Ph, 2-Br-C6H4, 2-Cl-C6H4, 2-OMe-C6H4, 
2-NO2-C6H4, 4-CO2Me-C6H4,
4-CN-C6H4, 4-F-C6H4, 4-Br-C6H4, C6F5

79-87 %
90-98 % ee

O

O
P

O

OH

9-phenan

9-phenan

11

- Controlling enantioselectivity in electrocyclizations is a 
challenging problem
- Simple and robust method

Rueping. Angew. Chem. Int. Ed. 2013. 8008

Electrocyclization

S

S
NH

O

O
O

CF3

O
CF3

CF3

CF3

R

O
OTMS

Me

Me
OMe+

DSI (2 mol%)

Et2O
-78 °C, 12-24 h

R

OTMS

CO2Me

Me Me

R = naph, 3,5-diOMe-Ph, E-styrene

82-98 %
90-94 % ee

OTMS
Me

Me
OMe

O
Me

Me
OMe

S

S
N*

O

O
O

O

TMS

R

O
TMS

R

OTMS

Me Me

O

OMe

TMS

R

O

OTMS
Me

Me
OMe

R

OTMS

CO2Me

Me Me

- No correlation between Brønsted acidity of catalyst and reactivity
- NMR studies show rapid formation of silylated catalyst
- Reaction can proceed in the presence of hindered amine bases
- Catalyst loading can be dropped to 0.01 mol% in some cases with little loss of 
enantioselectivity and yield

List. Angew. Chem Int. Ed. 2009. 4363

S

S
* N

O

O
O

O

S

S
* N

O

O
O

O

DSI

DSI

Silylium ions

Smith. Nat. Chem. 2015. 171

CO2
iPr

CO2
iPr

Ar

CO2
iPr

R

iPrO2C CO2
iPr

iPrO2C E

Ar

R12 (2 mol%)
KOH (50% aq)

PhMe, -15 °C, 24h
then E-Br

DMSO, rt, 24h
10 examples

59-93 %
single diastereomer
74-98 % ee

- Anti Baldwin 5-endo-trig cyclization 
previously unexplored for indane formation

- Heavy enantio-erosion seen with C7 
substitution; catalyst substrate geometry 
optimization shows C7 hydrogen points into 
naphthyl wall

6

7

N

Ar

Ar

Br–

Ar = 3,4,5-triF-C6H2

12

5-endo-trig
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Ar

OFm

O

+

(S)-BALT (1 mol%)
OTBS

Me

Me
OMe (10 mol%)

Et2O, -20 °C, 1-6 days
15 examples

Ar

O

OFm
SO2

SO2

9-phenan

9-phenan

Tf
Tf

(S)-BALT
88-97 %

85-94 % ee

- Highly acidic chiral C-H acid required for activity and Lewis acidity
- pKa MeCN : TRIPH (13.6), HCl (10.6), DSI (8.4), BALT (2.8), IDPi (~ 2), HOTf (0.7)

List. Science. 2016. 949

OiBu

16 (1.3 mol%)
TiCl4(THF)2 (0.3 mol%)

Hex : PhMe (4:1), -78 °C OiBu

Me

OiBu
n

O

O
P

O

OH

CF3

CF3

CF3

CF3

16
O

O
* P

O

OH
+ TiCl4

O

O
* P

O

O TiCl3
OiBu +

O

O
* P

O

OH
O

O
* P

O

O TiCl3

OiBuMe

2

HCl

91 % m

- Selective general catalyst for many alkyl vinyl ethers, not achieved by other systems

Leibfarth. Science. 2019. 1439
Toste. JACS. 2020. 6390

Alk

OR

O

N

Ar

+

(R,R)-DAP (10 mol%)
Na2CO3 (1.5 equiv)

Cyclohexane
25 °C, 24-48h

then
HBF4•Et2O

16 examples

Ar

Alk

N

CO2R

BF4
–

N

Ar
Alk

O OR

N

Alk
Ar O

OR

Na

X*–
O

P
O

Ar

Ar

O

OH

(R,R)-DAP
Ar = 4-Ad-C6H4

Na-
(R,R)-DAP

66-98%
10-99:1 dr
49-95 % ee

R = 3-tBu-C6H4
                  or
        CH2CF3

- Example of catalyst substrate interactions dominated by 
electrostatics
- Computation shows cation-π and π-π stacking interactions 
to be important for chiral organization

O

O
P

O

O

2-naph

2-naph

H (?)

Which is the actual catalyst?
Most likely Ca(14)2

Terada reports a Brønsted catalysis method

Ishihara investigates:
- H•14 purified on silica gel: 86 %; 92 % ee (R)
- H•14 washed with HCl: 88 %; 27 % ee (S)
- Ca(14)2: 99%; 92% (R)

H•14

Ph

NBoc

Me

O O

Me

+
H•14 (2 mol%)

Ph

NHBoc

Ac

Ac

Terada’s original report
99 %; 95 % ee (R)

DCM
rt, 1h

Lewis acids

Terada. JACS. 2004. 5356
Ishihara. Angew. Chem. Int. Ed. 2010. 3823
Rueping. Chem. Asian J. 2012. 1195

O

O
P

O

O

OMe

OMe

15

Me

Ar

F3C

O

CO2Et

+
Ca(15)2 (0.5 mol%)

PhMe
-40 °C, 48h

CO2Et

HO CF3

Ar

R = Ph, p-tol, m-tol, p-tBu-C6H4, p-F-C6H4, 2-naph

- Lewis acid activated carbonyl ene reaction

50-68 %
84-95 % ee
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Toste. JACS. 2011. 8486
Guinchard. JACS. 2020. 3797

O Ph

N
R

+

17 (0.2 mol%)
Ag2CO3 (0.1 mol%)

PhMe
rt, 16h

7 examples
N
R

O Ph

H 44-92 %
82-97 % ee

R' R'

O

O
P

O

OH

Ph2P

O

O
P

O

O

Ph2P
AuCl Au

precatalyst
17

active catalyst

- Tethered counterion strategy
- Higher selectivity than untethered 
control experiments
- Can be done WITHOUT Ag (slightly 
lower yields)
- Highly rare to see chloride 
dissociation in Au catalysis

OH O
Hdppm(AuCl)2 (2.5 mol%)

Ag-(R)-TRIP (5 mol%)

solvent, rt

MeNO2   60%; 18% ee
Acetone  71%; 37% ee
DCM   76%; 65% ee
THF   83%; 76% ee
PhH  90%; 97% ee

NHSO2Mes NSO2Mes
Hdppm(AuCl)2 (2.5 mol%)

Ag-(R)-TRIP (5 mol%)

PhH, rt

Me

Me O
HL(AuCl)2 (2.5 mol%)

AgX (5 mol%)

PhH, rt

97 %
96 % ee

O
CO2H

L = (R)-BINAP   X = p-NO2-C6H4-CO2
–

L = dppm          X = (R)-TRIP
L = (R)-BINAP   X = (R)-TRIP   (mismatched)
L = (S)-BINAP   X = (R)-TRIP   (matched)

80%; 38 % ee (R)
89%; 12 % ee (S)
91%; 3 % ee (R)
88%; 82 % ee (S)

Toste. Science. 2007. 496

- First successful example of chiral counterion use in transition metal catalysis

- Clear example of synergistic ligand-counterion enantioinduction

- Gold is usually 2 coordinate (180 °) so counterion lends chiral bulk

Coinage metals O R

N
H

+

Cu-((S)-TRIP)2 (5 mol%)

C6H5F, 4Å MS
-15 °C, 50h
9 examples

N
H

O R

H 75-92 %
73-94 % ee

N
H

XCu

N
H

XCu

O R

O
R

Cu NH

X

- Also works with Ag(I) and Cu(I)
- Phosphate anion may act as chiral counterion or chiral X-type ligand
- Reactions did not proceed with BOX ligands
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R

NTs
R'

NTs

NR''

R

R'
18 (10 mol%)

PhMe, 40 °C

N
R''

+

R = Ph, R’ = H, R’’ = H; 56 % ee

R = Ph, R’ = F, R’’ = H; 89 % ee

R = nBu, R’ = H, R’’ = H; 10 % ee

R = cyclopropyl, R’ = H, R’’ = H; 54 % ee

R = Ph, R’ = H, R’’ = Me; 59 % ee

41-95 %

O

O
P

O

O

Ar

Ar

Ag

Ar = 2,6-diiPr-4-tBu-C6H2

18

NTs

Ph

Ag
X–

Nu

- Structural modifications of the reactive partners show that other secondary 
interactions may be more important than phosphate H-bonding to nucleophile

You. Tetrahedron. 2012. 5263
Gong. Tetrahedron Lett. 2011. 5963

OHR
R

N
O

O

Ar

Ph

+
O

N

O

Ph

Me
O

ArR
R

LAuMe (5 mol%)
(S)-TRIPH (10 mol%)

PhMe, 3Å MS
0 °C

96-99 %
5-7:1 dr

90-95 % ee
P(tBu)2

iPriPr

iPr

L

R = Me, -C5H10-, -C4H8-, -C3H6-
Ar = 3,4,5-triOMe-C6H2 OH

O

Au(I)

O
Me

O AuL
O

O
P

O
*

O

O

O
P

O
*

O

TRIPH TRIP[Au]

- Powerful relay gold catalysis to selectively generate vicinal quaternary stereocenters 
- Experiments show that both intermediate ionic species (II and II’) may be active

I
II’II

N N

OO M
O

tBu

tBu
tBu

tBu
N N

OO M
O

tBu

tBu
tBu

tBu

conformational enantiomers
of oxidized 3,5-ditBu-Salen

X– X–

O

O
P

O

O

tBu

tBu

19
- Chiral anion thought to bias Salen conformation and 
provide additional surrounding chirality
- Phosphate thought to act as counterion since high 
reactivity is associated with “naked” catalyst

O Me
Me

R

O Me
Me

R

[Mn-3,5-ditBu-Salen] [19] (5 mol%)
PhIO

PhH, rt, 2-12h

R = CN, OMe, Me, Br, Ph, NO2
81-98 %

90-96 % ee

O

S

R

S

R

[Fe-3,5-ditBu-Salen] [19] (1 mol%)
PhIO

PhH, 15 °C, 8-12h
R = H, Me, Br, Cl, NO2, CN
alk = nBu, nHex, Et

79-94 %
66-96 % ee

alk

O

alk

List. Angew. Chem Int. Ed. 2010. 628
List. Adv. Synth. Catal. 2012. 2363

Transition metal oxidations

Pfeiffer effect
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Ph

Ph

Ph

Ph

tBu

tBu tBu

tBu

tBu

tBu

tBu

tBu

N

NN

N

N
N

R
R

Ar CO2
tBu Ar CO2

tBu

OH

HOBG1 (2 mol%)
KMnO4

20 % aq. KI
TBME
-60 °C

11 examples
60-72 %

84-96 % ee

BG1 R = F
BG2 R = H

Ar
S CO2

tBu
Ar

S CO2
tBu

O

R
R

BG2 (1 mol%)
Na2MoO4•2H2O (2.5 mol%)

35 % aq. H2O2
KHSO4 (0.5 equiv)

iPr2O, 0 °C, 1h
18 examples

79-99 %
37-96 % ee

Mo O
Mo

O
O

O

O
O

OOO

O
O

O
S

O O 2 –

- Doubly cationic counterion

- Active molybdenate 
catalyst for sulfide 
oxidation

Tan. Nat. Commun. 2015. 13455
Tan. JACS. 2015. 10677

- Synergistic ligand counterion enantioinduction
- Chiral ligands induced enantioselectivity on their own 
(62-88 % ee)
- Chiral counterions induced enantioselectivity on their 
own (58-81 % ee)
- Mismatched pairing resulted in similar ligand controlled 
ee but eroded yield

R
R

Me

Me

N

OR'

O

+ N O

OR'

Me

Me

R
R

[Rh(COD)Cl]2 (2.5 mol%)
Ag-(S)-TRIP (5 mol%)

(R)-DM-BINAP (5 mol%)

DCM, rt, 18 h
66-96 %
86-96 % ee

R = H, CH2OMe, CO2Me, -CH2OC(Me)2OCH2-
R’ = Me, Et

PAr2

PAr2

(R)-DM-BINAP
Ar = 3,5-diMe-C6H3

Ollivier. Org. Lett. 2015. 3754

Alkyne alkene annulations

Knowles. JACS. 2018. 3394

N
H

NHCbz

R

Ir(ppy)3 (0.5 mol%)
(R)-H8-TRIP NBu4 (3 mol%)

TEMPO (2 equiv)
TIPS-EBX (1.5 equiv)

THF, blue LED
rt, 12h

9 examples

N
H

NCbz

TEMPO

H
R

59-81 %
88-93 % ee

[IrIII]

O

O
* P

O

O
[IrII]O

O
* P

O

O
N
H

NHCbz
[IrII]O

O
* P

O

OH

TEMPO

ProductSubstrate

hv

TEMPO, TIPS-EBX

PCET

N
Me

NMe

H

H
N

MeN

H

(–)-calycanthidine
4 steps, 43 %

N
H

NMe

H

H
N

MeN

H

(–)-chimonanthene
4 steps, 24 %

Photoredox

MesN

Me

Ph

[IrCl(CO)(PPh3)2] (10 mol%)
Ag-(S)-TRIP (12 mol%)

PhMe, 90 °C

MesN
Ph

Me
77 %

93 % ee

- Computation shows TRIP anion departs to free up coordination site for catalysis
- Closest example to what could be considered “pure” electrostatic enantioinduction

Amouri. Chem. Eur. J. 2011. 13789
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Ar

Me
O

N
H

Ph

Ph+
Ar

O
Me

TRIPH (1.5 mol%)
Pd(PPh3)4 (3 mol%)

MTBE, 5Å MS
40 °C, 8-24h

TRIPH

Me

NHR

Ar

O

O
* P

O

O

Ar

Me

N
H R

OO *
P

OO

Pd

NHR

Me Ar

Pd0

Ar

Me
O

N
H

Ph

Ph

+

H2O

Ar
O

Me

H2NR
+

- Tsuji-Trost allylation accepted 
to go through cationic Pd

- More recent computational 
studies show that phosphate 
remains counterion with ionic H-
bond to enamine

71-89 %
86-97 % ee

Ar

Me
O

OH+
Ar

O
Me

(S)-TRIPH (1.5 mol%)
Pd(PPh3)4 (3 mol%)
Amine (40 mol%)

PhMe, 5Å MS
40 °C, 12h 94-98 %

90-99 % ee

Ph

NH2

Ph

Amine

- Reaction proceeds without amine additive but with ee loss (10 % ee)
- Catalytic cycle remains similar but with TRIPH protonation of allyl alcohol to generate Pd-allyl

List. JACS. 2007. 11336
List. Angew. Chem Int. Ed. 2011. 9471
Sunoj. JOC. 2014. 7600

OH

R

+

RuH2(CO)(PPh3)3 (5 mol%)
dppf (5 mol%)
20 (10 mol%)

THF, 95 °C

OH

R
Me

O

O
P

O

OH

Mes

Et

Ru
P
Ph2

Ph2
P

O

X

C

Fe

O

R
Ru

P
Ph2

Ph2
P

X

C

O

O RFe

20

- Rare enantioselective crotylation using simple butadiene (by-product free)
- Transfer hydrogenation using alcohol as hydrogen source (in situ aldehyde formation
- Counterion promotes (E)-σ-crotyl conformer in transition state

R = H, CO2Me, CF3, Br, F, OMe

72-97 %
5-8:1 dr
86-92 % ee

Krische. Science. 2012. 324

Crotylation and allylation

R

N2

CO2Me
+ R'OH

MeO

NBn2
+

PCCP (3 mol%)
[(allyl)PdCl]2 (5 mol%)

CHCl3, 4Å MS
0 °C

28 examples

NBn2MeO2C

R'O R

R = Alk, Ar
R’ = Alk

78-96 %
72-96 % ee

[Pd(allyl)Cl]2

Ar

Cl(allyl)Pd
CO2Me

Cl(allyl)Pd

Ar

O
H

R

MeO
O

R*O
OH

R*O2C

CO2R*

CO2R*
R*O2C

CO2R*R*O2C

R*O2C

CO2R*

CO2R*

MeO

NBn2

MeOHN2

Ar
N2

MeO2C

iPr

Me

RO

Ar

OMe

HO
NBn2

MeO2C

RO Ar

N
Bn

Bn

- Enantioselective aminomethylation uses 
rarely employed chiral counterion scaffold
- pKa MeCN : HCl (10.6), PCCP (8.8), HOTf (0.7)
- Chiral phosphoric acids gave < 51 % ee Hu. JACS. 2019. 1473

R* =

PCCP

Aminomethylation

ROH
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CO2
tBu

R

O2N
Ar OCO2Me+ Ar

CO2
tBu

R NO2

Pd2(dba)3 (2.5 mol%)
21 (5 mol%)

PhMe : H2O (20:1)
0 °C

OH

O Me3N

Ar2P Ph
Ar = p-Cl-C6H4

R = Me, Et, iBu, nHex, Bn
Ar = Ph, p-Cl-C6H4, p-Br-C6H4, p-OMe-C6H4, 
2-naph, 2- thienyl

90-99 %
90-97 % ee

21

- Chiral anion pairs with achiral cationic ligand
- Allows for rapid modular screening with chiral 
anions
- Allows chiral anion to control anionic 
nucleophile
- Remaining BINOL proton likely important for 
directing nucleophile

Ooi. Nat. Chem. 2012. 473

Phipps. Science. 2020. 1246

- Ionic linkages have the potential to be screened more rapidly
- Charged ligands may form stronger interactions with the substrate for better control
- Can allow for more distant functionalization

HN

O

CF3

RR

HN

O

CF3

RR

OH

[Ir(COD)OMe]2 (1.5 mol%)
L•22 (3 mol%)

B2pin2

CPME, -10 °C
then H2O2

THF/MeOH, rt

m-R = CF3, F, Cl, Br, I, CO2Et, OCF3, CN
o-R = Cl, Br, CF3

39-84 %
7- >20:1 dr
79-96 % ee

N
Me

N

SO3
–

L N

OH
N

Me
OMe

Ar

Ar22
Ar = 3,5-ditBu-C6H3

P N
H

O

OMe

R

R

HO - Diaryl phosphinamides 
could also be desymmatrized

Remote borylation

“… ACDC is not “just” a hard rock band from Australia or a label for different types of 
electronic current.”
– Benjamin List

Summary

- Chiral counterion catalysis can be difficult due to inherent non-directionality
- Primary electrostatic interaction amplified at lower temperatures and in solvents with lower 
dielectric constants
- Many chiral counterions rely on secondary substrate interactions including H-bonding for 
better enantioinduction
- Synergistic chiral ligand - chiral counterion effects should be considered
- BINOL phosphates and the Cinchona alkaloids are the most used catalyst scaffolds by far. 
A young, growing field will see new innovative catalysts like PCCP and IDPi.
- Powerful strategy for transition states with charged character, BUT neutral ligands with 
ionic bonds also ammenable to neutral transition states (ion pairing within the ligand)


