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Chiral Counterions in Asymmetric
Transition Metal-Catalyzed Reactions

... but successful application

chiral cations and anions have /\ g ; .
p ; . — — of chiral anions to asymmetric
a long history in chemistry... @ — @ catalysis is relatively recent
classical resolution .
. 3 : ~organocatalysis
phase-transter catalysis U ‘transition metal catalysis
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Classical Resolution and Chiral Auxiliaries

OO cinchonidinium salt OO OO Br—
OH (0.55 equiv) OH
v

ST
OH CH,CN OH OH
99 0 QT
rac 89-93% recovery 85-88% recovery cinchonidium salt
99.0% ee 99.8% ee

+ e —
O Ph, Ag (X O Ph, _
P— AuCI (2 equiv) P—Aut X*
'
P—AuCl acetone, 100 °C P—Aut X* ~
SR oK

rac 100 : 0 dr

conc HCI, CH,Cl,, 10 °C ‘

>99% ee (R) | -

quantitative recovery

isomerization activation energy
AG* = 26.2 kcal*mol™' (in DCE)

Reider, Org. Synth. 2004, 10, 93-95.
Mikami, Angew. Chem. Int. Ed. 2009, 48, 6073-6077.



Chiral Cations in Phase Transfer Catalysis

cl o ¢l o
cinchoninium salt
Cl (10 mol %) Cl
o CHsCl, PhM > P
, e
MeO 50"/:;3 aq NaOH MeO
20 °C 92% ee

95% yield cinchoninium salt

CF;

Ph O (o) ammonium salt Ph O (o)

)\ (5 mol %) )\
Ph” YO Ot-B > ph” O
Y ArCH,Br, PhMe

50% aq KOH
0°C

Ot-Bu

97% ee
95% yield

Me

Dolling, J. Am. Chem. Soc. 1984, 106, 446—-447. ammonium salt
Park, J. Am. Chem. Soc. 2011, ASAP, doi: ja110349a



Chiral Anionic Complexes / Anions in Organocatalysis

CF3
1. BCl3, CH,Cl,, 023 °C \l/ S
o =
o 2. thiourea (10 mol %) o N - J\
TBME, —78 °C \n/\u N CF,
OMe Me OTMS Me o)
_ M COzMe .
e thiourea

Me OMe 929% ee

92% yield F

OH

T phosphoramide (10 mol %) AN
o
O O PhMe, -78 °C
OH o~
92% yield
92% ee

Jacobsen, J. Am. Chem. Soc. 2008, 130, 7198—7199.
Rueping, J. Am. Chem. Soc. 2011, ASAP, doi: ja110213t

phosphoramide



Aromatic lon Pair Mediated Transformations

BF,~ H
CN
Trp* BF;~
\/\N)\rme 4
|

| KCN, CH;3CN, 23 °C ,
i-Bu Me i-Bu Me TrpH

73% yield
R BF,
BF,~
IR e
> N HN NC-
KCN, CH5CN, 23 °C
(-)-sparteine
90% yield BF,~
1g scale
f* NC-
N R
R™+

h N > oy N
Ph H CH4CN, 120 °C .
|

73% yield _N

N
BF,~
X ~
Ph Ph
CN

Lambert, J. Am. Chem. Soc. 2011, 133, 1260—-1262.



Chiral Counterions in Asymmetric
Transition Metal-Catalyzed Reactions

. , , ... but successful application
gl::orgl c,;1aitsl?:rs %n; ﬁgl;%gfrhave _ m of chiral anions to asymmetric
9 y Y- catalysis is relatively recent
eclassical resolution U

-phase-transfer catalysis “organocatalysis

*transition metal catalysis

Approaches to Developing Catalytic Asymmetric Reactions

Conventional Approach:
*Chiral X-Type, L-Type Ligands bound to M *Achiral X-Type, L-Type Ligands bound to M
*Achiral Noncoordinating Counterion «Chiral Noncoordinating Counterion

_|+ X* ~

L L
| 2 Ve
/
X—M—X X—M—X
4 /|
X* X
L L
steric information within steric information outside

coordination sphere coordination sphere



Coulomb's Law and lon Pairing in Solution

q; = charge of M* ¢ = dielectric constant

49142

E — g, = charge of X~ £y = vacuum permittivity constant

4mee,r

r = distance between M* and X~

. . a cation-anion pair that are close enough in space such that
lon pair: the energy associated with their electrostatic attraction is
larger than the thermal energy available to separate them

* solvent

factors affecting ion

pairing in solution * size and shape of ions

- temperature

Anslyn and Dougherty, Modern Physical Organic Chemistry, University Science Books: Sausalito, California, 2006.



Inner Sphere Ion Pairs and QOuter Sphere Ion Pairs

p (S~ A8 ~
(s 7L X ?/SD
L., | z,.L\ VR
[ S ) M. —(S)
‘ { S
\—/ S ‘\_/'J
Inner Sphere lon Pair (ISIP) Outer Sphere lon Pair (OSIP)
(X-Type Ligands) (Noncoordinating Anions)
within M coordination sphere outside M coordination sphere
dative or non-dative bonds to M no dative or non-dative bonds to M
orbital interactions with M no orbital interactions with M
steric effects steric effects
_ sometimes difficult to distinguish! _
electronic effects no electronic effects

some anions can be both in
the same catalyst system!

Macchioni, Chem. Rev. 2005, 105, 2039-2073.



Chiral Ligands and Chiral Counterions

®_' I I

L-M-LH x - L-M-L X~ L-M-L (X9-
I I
@ L L
chiral ligand achiral complex chiral anion

® I
@10 -
©

chiral ligand + chiral anion



Chiral Ligands and Chiral Counterions

O Qo 2

\ P
\ 7 OMe \ 7/ @_
g/ﬁh\;j ome BFs {T—— Rh+] BF, /Rf{+

sfe 8 @ afe
chiral ligand achiral complex chiral anion
(DIPAMP)

P.
“ matched / mismatched
interactions!

chiral ligand + chiral anion



Chiral Counterions for Transition Metals
X*

coordinating P noncoordinating
Cl- Br I AcO~ TiO™ B F4_ PFG_ SbFG_
no chiral chiral pool tetrahedral octahedral
analogs carboxylates and center center
sulfonates
0
HO, ) ~o-
N O
HOY Y~ YOH ’<°
H /S0
, , OH -0
amino acids mandelic acid
quinic acid camphorsulfonic acid

Lacour, Chem. Commun. 2009, 7073—7089.
Lacour, Chem. Soc. Rev. 2003, 32, 373—382.



Chiral Counterions for Transition Metals
X*

Lacour, Chem. Commun. 2009, 7073—7089.
Lacour, Chem. Soc. Rev. 2003, 32, 373—-382.



Chiral Counterions for Transition Metals

X*
[ — T &
CO,Me MeO,C
v
R NH HN R
/l'o CI
P2t 7 O
07 B\, _LH " 0 / ‘o
Ph = ° cl
,‘\\R
COzMe MeOZC

99 00
o, 2.

Lacour, Chem. Commun. 2009, 7073—7089.
Lacour, Chem. Soc. Rev. 2003, 32, 373—-382.




Chiral Counterions for Transition Metals
X*

Cl cl cl Cl Cl cl Cl
O Cl% & ’ m% \
OO0 o0 =N
o) O/Q > r_ \ S
2> cl £ cl cl )
0-{-\5‘ 0 O;P\Olo OIO‘P\SO
OO0
@ Cl Cl CI-Q—CI
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Lacour, Chem. Commun. 2009, 7073—7089.
Lacour, Chem. Soc. Rev. 2003, 32, 373—382.



Chiral Counterions for Transition Metals
X*
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Lacour, Chem. Commun. 2009, 7073—7089.
Lacour, Chem. Soc. Rev. 2003, 32, 373—-382.



The Pfeiffer Effect and Asymmetric lon Pairing

; . The perturbation of a racemic mixture composed of equilibrating
Pfeiffer Effect. enantiomers by the addition of an external chiral species

If A and A' are enantiomers... A
A=0(A") B*
and both interact with an

external chiral species B*
A' A'-- B*
A - B* - - -

A'---- B* equal ratio in unequal ratio of
forms A and A’ forms A and A’

Ol Qe
P—AuCl equal distribution P—AuCl

P-AuCl + P—AuCl
O Ph, O Ph,

Pfeiffer, Chem. Ber. 1931, 64, 2667-2671.




The Pfeiffer Effect and Asymmetric lon Pairing

; . The perturbation of a racemic mixture composed of equilibrating
Pfeiffer Effect. enantiomers by the addition of an external chiral species

If A and A' are enantiomers... A
A=0(A") B*
and both interact with an

external chiral species B*
A' A'-- B*
A - B* - - -

A'---- B* equal ratio in unequal ratio of
forms A and A’ forms A and A’

S SN
P—Au*t X* P—Au* /| Xx*

P—Au+ X* ~ P—Au+ X* ~
O Ph, O Ph,

not observed single diastereomer
Pfeiffer, Chem. Ber. 1931, 64, 2667-2671.
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Rh-Catalyzed Olefin Hydrogenation

OMe S~ 7 ~N_ —
Rh + Rh + Rh + X*
- \P OMe N N
chiral ligand achiral complex chiral anion
CO.H  Rh(dppe)(nbd)™ X* ~ (5 mol %) Y coH Y co;
2 h(dppe)(n 2 mol % : 2 _ g 2
Ph/\( - Ph/\|/ o OR Ph/\/
NHAc various solvents NHAc o) NHAc
up to 80% yield 0% ee ~0sS

Et;NH* X* ™ (30 mol %) OO i
Rh(rac-binap)(cod)BF, (0.5 mol %) ph\/'\ O - 0
Ph > CO,H "B
CO-H CHCl, o © Q
57% ee OO s
X*

Dorta, Milstein, J. Organomet. Chem. 2004, 689, 751-758.
Leitner, ChemCatChem 2010, 2, 55-57.



Cu-Catalyzed Aziridination and Cyclopropanantion

IRI
N

P @ o, T

+ + PSP + +
' ' aziridination

@,CUQN,R Cu\\/R I_/Cu\\N,R I_/Cu\\/F{

Rl
R R R R
. . R . .
chiral ligand cyclopropanation chiral anion

_ Ts OO o 09
__ Cu(NCCH,);t  X* ™ (3 mol %) | \=.0
or! + PhINTs » N B
BOX ligand (3.1 mol%) VAN o Q
PhH, 0 °C Ph s
X+~

_o2/0
43-97% yield 1-24% ee

_ O.__OEt OL__OEt
__ H__COEt Cu(NCCHg)* X* ™ (1 mol %) X 0%0
el ¢ > ; 1
N, BOX ligand (1.1 mol %) A N N
PhH, 0 °C §
12-34% yield . . o o
-34% yie 6-28% ee 12-21% ee .
? ’ BOX ligand

Arndtsen, Org. Lett. 2000, 2, 4165—4168.



Cu-Catalyzed Aziridination and Cyclopropanantion

- Ts
__ Cu(NCCH3);t  X* = (3 mol %) [
Ph/ + PhINTs g N
BOX ligand (3.1 mol %) /A
PhH, 0 °C Ph
(R)-PhBOX 22% ee (S)
- o,
chiral ligand (R)-PhBOX 24% ee (S)
has dominant effect
(S)-+-BuBOX 13% ee (R)
(S)-+-BuBOX 12% ee (R)
- OEt
H_ __CO,Et Cu(NCCH,);" X* =~ (1 mol %)
it \ﬂ/ >
N, BOX ligand (1.1 mol %)
PhH, 0 °C
Ph
(R)-PhBOX +(S)- X* ~ 0°C 6% ee (R)
chiral anion shows
more of an effect o buROX 4+ (R)-X* T 0°C | 28%ee (S)
... but ion pairing (S)-PhBOX 25°C el
lost at higher temp
(S)-PhBOX 25°C | 8% ee (R)

Arndtsen, Org. Lett. 2000, 2, 4165—4168.

L
T

o) —,0
llo

X*

BOX ligands

-
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Cu-Catalyzed Aziridination and Cyclopropanantion

- Ts
Cu(NCCH,);t  X* ™ (3 mol %) r'q
o/ + PhINTs - OO i
solvent, 0 °C APh 0 _0 O
IIO
PhH 7% ee Q
more polar solvents CH,Cl, 4% ee
disrupt ion pairing CH4CN <1% ee X* ~
- Ts
Cu(NCCH3);t  X* = (3 mol %) r'q
F,h/ + PhINTs »
diamine ligand (3.1 mol %) A
PhH, 0 °C Ph

increasing steric bulk on ligand OO O
reduces extent of ion-pairing +-Bu ' +-Bu
/ / \
(no ligand) O_O \ / ®/ \©

t-Bu t-Bu

7% ee 10% ee 10% ee 2% ee < 1% ee

Arndtsen, Org. Lett. 2000, 2, 4165—4168.



Cu(I)-bpy-Spiroborate Complex

®% X-ray crystal structure DOES NOT ALWAYS

represent solution state structure!

Arndtsen, Org. Lett. 2000, 2, 4165—4168.



Au-Catalyzed Allene Heterocyclizations

"I

Y.é’\/\ y-%  L*(AuOPNB), (3-5 mol %)

Y =NR, O, or CH,
Z = NHR, OH

hydroaminations

chirality
far from Nu

chiral ligand
complex

Toste, J. Am. Chem. Soc. 2007, 129, 2452—-2353.
Toste, Angew. Chem. Int. Ed. 2010, 49, 598—601.

various conditions

ISOZMes

: N = _N
hydroalkoxylations N0
0-8% ee

lIlI

IIII

lIlI

Boc
]
‘o

lIlI

Au prefers
linear geometry!

Ph 180

\
Ph

achiral complex

- 7

lIlI

N\
N—Boc

A
: 0

,SOZMes R I PAr,
T

L* = atropisomeric
bis-phosphines

BINAP, SEGPHOS
CIMeOBIPHEP

R

PAr,

R

OPNB = p'N0206H4002_

Nu

X*

Ph '

P—Au— chirality
Ph~ . closer to Nu
Ph /{
RI [
R
chiral counterion

complex



Au-Catalyzed Allene Heterocyclizations

solvent

PhH
THF
CH,CI,
acetone
CH;NO,

increasing ¢

Toste, Nature 2007, 317, 496—499.

L*(AuCl), (3 mol %) H L*= atropisomeric
AgX (3 mol %) N0 bis-phosphines
CH,Cl, > BINAP, SEGPHOS
52-89% yield 0-8% ee X =BF,  or PNBO™
+/ yx —
Ag  X* (5 mol %) H
dppm(AuCl), (2.5 mol %) Z : .0
>
CH,Cl,
76% yield 65% ee
£ yield (%) ee (%)
90 97
83 76
polar solvents -
9 76 65 disrupt ion pairing X
21 71 37
36 60 18



Au-Catalyzed Allene Heterocyclizations

H H ISOZMes H
: 0 : _N : 0
90% yield 97% yield 98% yield
97% ee 97% ee 98% ee
X*
AgX (5 mol %) H
P OH  Jjigand (5 mol %) A
» (0)
(o) PhH
ligand X yield (%) ee (%)
(R)-BINAP p-NO,CgH3;CO,~ 80 38
dppm X* 89 12
(R)-BINAP X* ~ 91 3
(S)'BlNAP X* - 88 82 highest ee with matched

chiral ligand and chiral anion

Toste, Nature 2007, 317, 496—499.
Toste, Angew. Chem. Int. Ed. 2010, 49, 598—601.



Titration of Dinuclear Au Complexes with AgX* Salts

N Agt(X*) ™ (2.5 x Y mol %) H 5 O L.
o, / B
A _X_on (A-BIPHEPACI), (25 mo o /\Q inert
. - P—AuCl
PhH, 10 °C oh Ph O Ph,

(see figure)

\

+ *
o Agcl =’ |A9 (X
P—Aucl
AgX" (R) —auer ¥ 0 P NMR
Y=0eq * Erz o
Ar = 3,5-MesCaHs O
Ph,
+
= P—A
Y=05eq @ ) An higher activity .
° ;:i:g: higher selectivity
83% ee I I P~ P—AuCI
. ) — N — Ph2
Y=10eq @ 0.5
[ 1.0
83% ee J J '| E,J! 0.3 @ );EAUCI
\ - u p—Au®X A + X+~
Y=15eq | I H' Arg AgCI 9
®
82% ee A H
V = 2.0 eq ‘ Y e O SEAN}{*'
75% ee | ' ' Cra Ph,
o r2 —
: : — : : A , lower activity P=Au
3 8 20 = 20 s lower selectivity p—aut G-
O Ph,
Aikawa, Mikami, Adv. Synth. Catal. 2010, 352, 3131-3135.

X* "~

X* "~



X-Ray Crystal Structure of BIPHEP(AuCl),

P—AucCl
P—AucCl
O Ph,

Mikami, Angew. Chem. Int. Ed. 2009, 48, 6073-6077.



X-Ray Crystal Structure of BIPHEP(AuX*),

or.
P—Aut Xx*

P—Aut X* ~
O Ph,

Mikami, Angew. Chem. Int. Ed. 2009, 48, 6073—6077.



Mn-Catalyzed Olefin Epoxidation

( chiral ligand achiral ligand
: r
R R' R

S NL N R’ SN—" \N chirality of counteranion
B YS __Mn— - influences salen conformation
R R

0~ :rHO 0~ 0] - additional steric environment
) & Ve B
achiral anion—~> R 7 R
R R
R R
N\ /7 A /N
-z Mn — . _—~Mn N
0’ | O - 0 | ‘0
Cl R R Cl
R R R R
R R
N~ M S
o o -~ o v
0 1 -l-_ R R + ] 9
X* X*
R R R R

Pfeiffer effect
List, Angew. Chem. Int. Ed. 2010, 49, 628—631.



Mn-Catalyzed Olefin Epoxidation

Mn(salen)™ X* ~ (5 mol %)
PhIO (1.2 equiv)

=
O,N PhH

98% yield

substrate scope

« very similar to Jacobsen chiral diamine system
- slightly higher yields for e~ deficient olefins and styrene

reactivity

* neutral donors not required for activity, dramatically reduce ee
- displace chiral anion and relieves postulated "frustrated" ion pair

List, Angew. Chem. Int. Ed. 2010, 49, 628—631.

(- achiral ligand
R

N N—/\N chirality of counteranion
Mn~ « influences salen conformation

+.°0 - additional steric environment
X*
J R
R
=N, N=
Mn +
VERN
t-Bu (o) (0] t-Bu
(o)
t-Bu t-Bu
O2N o Mn(salen)*
96% ee
- -0
/ I
+\N TN
NS
(o)
neutral donors
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Ag- and Bronsted Acid Catalyzed Propargylation

O/OMG
N

HY X* ~ (10 mol %)
AgOAc (5 mol %)

o -
Bh toluene
MeG,C H 90% yield Z
Ph
solvent £ ee (%) 88% ee
PhH 2 72
toluene 2.38 82
_— irregular trend
increasing ¢ p-xylene 68 betvgeen ee and
(n-BuO), E— 45 solvent polarity
CHCI; 4.81 6
Y CH,ClI, 9.1 52 X*
PhO\ //0
OMe MeO
/@/ Pho/ “OH (10 mol %) \©\
° chiral silver complex
N + |‘| Ag,(BINOL) (5 mol%) » NH may not be involved!
Ph toluene
MGOzc H // COzMe
90% yield

Rueping, Angew. Chem. Int. Ed. 2007, 46, 6903—6906.



Ag- and Bronsted Acid Catalyzed Propargylation

OMe + - MeO
/©/ H X* (10 mol %) O\
AgOAc (5 mol %)
N + |‘| - NH
J]\ Bh toluene OO
Me02C H 90% yield // COzMe

Ph
88% ee
H\N,R'
LR
JX Ag—==—Ph
RO,C~ “H
Ag cycle
.R
i !
RO,C~ ~H Ph
- AcO—Agt
HH x* 9

‘ ' NHR' \
= ™S

C02Me

Agt x+ ~

Rueping, Angew. Chem. Int. Ed. 2007, 46, 6903—6906.



Ir- and Brgnsted Acid Catalyzed Imine Hydrogenation

MeO MeO Ar\l9
HT X* ~ (1 mol %) S=0
Ph, N
N NH ‘TN,

Ir catalyst (1 mol %) ' Ir
- N D
Ph

H, (20 bar), solvent H, X*
94% yield
4 97% ee Ir catalyst
20°C  97%ee PhCH; 97% ee (S,S)-Ir catalyst + X* =~ 3% ee
10 °C 99% ee THF 92% ee

R,R)-Ir catalyst + X* = 92% ee
CHCN  10% ee (R.R) yst+ & °

+ achiral diamine Ir-catalyst + chiral acid? - chiral diamine Ir-catalyst + achiral acid?
0] o)
Ar_ 1 Ar 1
S:o o) PhO fo)
| +/ oD~ [ \p7
N + H X Ph,, _N + P
i/ ™ N pho’ ©OH
7\ 7N\ X*
N x U

Xiao, J. Am. Chem. Soc. 2008, 130, 14450—-14451.



Pd- and Bronsted Acid Catalyzed Aldehyde Allylation

X*
L H. N~ asymmetric \ N~ R \ o)
\ + alkylation H,0
+ Fl1 = 2, 2,
H Ry= H Ry= H
R2 — RNH, R2
Pd ar-allyl enamine a-quaternary
aldehydes

H Xx* ~ (5.0 mol %)

Me Ph Pd(PPhy), (3 mol %) J/
o] MS5A, MTBE, 40 °C S
Ph * )\ ANF . O
Ph” N Ph
H H then 2N HCI, H,0 f
(1 equiv) 85% yield 97% ee

7 7/ 7

O 75% yield O 65% yield O 40% yield
94% ee 70% ee 92% ee —

0
.
L4
4

* reactions in other solvents not reported

« comparison of different temperatures for single substrate

List, J. Am. Chem. Soc. 2007, 129, 11336—11337.



Pd- and Bronsted Acid Catalyzed Aldehyde Allylation

H H
\V\ ,R R1
wc + HyNR o N + o
R1 'RZ I R2
Ho’l\gn*
H,O H,O
H
(@)
g
~0” 1 OR*
OR*

* role of chiral phosphate as inner
or outer sphere anion unclear

+ use of chelating bisphosphine
ligand to probe mechanism

List, J. Am. Chem. Soc. 2007, 129, 11336—11337. R2




Designing Reactions with Chiral Counterions
X*

Some Special Considerations for Designing Asymmetric Transition
Metal Catalyzed Reactions Using a Chiral Counterion Approach:

Solvent effects: more polar solvents will increase the
8 distance between the ion pair and affect enantioselectivity

effective ion-pairing in solution.

are used, matched/mismatched sterics should be considered.

T Temperature: lower temperatures can promote more
O/%}O Stereochemistry: if chiral ligands or racemic chiral ligands
|

Conformational Equilibria: Ligands with enantiomorphic
conformations can be influenced by anion binding (Pfeiffer effect)

¥ Transition State: Bond-forming transition state of the reaction
M+ . . . .
should have cationic character at metal center to enable ion pairing.



Chiral Counterions Summary

hydroamination
aziridination hydroalkoxylation
hydrogenation cyclopropanation  hydrocarboxylation hydrogenation epoxidation allylation

Rh Cu Au X* Ir Mn Pd

square square tetrahedral linear octahedral octahedral square
planar planar planar
oo oibo %o C{of} cgg& oo.%& oo
Rh'-Rh"" Cul—cu" I —irV MnY—Mn'" Pd’—pPd"

- Alternative source of chiral information when chiral ligand approach proves challenging

« Reaction development requires consideration of key criteria (TS, solvent, stereochem, ...)

- Capable of forming ion pairs with cationic metals with diverse coordination geometries

- Amenable to different types of transition metal catalyzed reactions

* Participate in reactions with changes in metal oxidation state

- Can be combined with other modes of asymmetric induction (chiral ligands, Bronsted acids, ...)

- Chiral noncoordinating anions in asymmetric catalysis not fully explored... Much is still unknown
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