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History of Gold Catalysis

Homogeneous Gold Catalysis

1986 Ito and Hayashi

1998 Teles
2000 Hashi
2004 Toste

Heterogeneous Gold Catalysis

1973 Bond and Sermon

1987 Haura
Hutchings

2005 Haura

2006 Nippon Shokubai

Hashmi, A.S. K.; Hutchings, G. J. Angew. Chem. Int. Ed. 2006, 45, 7896.
Burks, R. Chem. Eng. News. 2007, 85, 87.



Comparison of Metal Prices

/7000

6000

($oz)

1000

| 789.05

Au

1467“
ll
s Pd

PP R R RI Ag

http://www.taxfreegold.co.uk/preciousmetalpricesusdollars.html




Au In Periodic Table

* Lanthanide
Series

+ Actinide
Series

. . 0
Periodic Table .
A IVA VA VIA VIA

[ 6 7 B g 10

of the Elements [ [c|n[o]|F|n

13 14 15 16 17 18

M IVB VB VIB VIIB Vil IB S| P | S| Cl A

32 3 34 35 35

Ge | As | Se | Br | Kr

a0 51 52 53 54

Sn|Sb|Te| | | Xe

B2 83 84 85 85

Pb| Bi | Po| At | Rn

79

Au
o8 59 60 81 62 63 64 63 B 67 68 69 70 71
Ce | Pr [Nd |Pm |Sm |Eu |Gd |Tb |Dy |Ho | Er | Tm| Yb | Lu
a0 L] 92 a3 94 895 96 a7 o4 99 100 101 102 103
Th|Pa|U [Np|Pu|Am|Cm|Bk | Cf | Es | Fm | Md | No | Lr




Relativistic Effects of Au

Relativistic effects
Any phenomenon resulting from the need to consider velocity as
significant relative to the speed of light

Relativistic contraction of s, p orbitals
Relativistic expansion of d, f orbitals

Au
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Gorin, D. J.; Toste, F. D. Nature, 2007, 446, 395.



Consequences of Relativistic Effects

Relativistic effects

7

Contracted 6s orbitals

7 N

Strengthened bonds Low LUMO

of Au-Ligands

Superior Lewis Acids
of Au(l) Species

Ny

Expanded 5d orbitals

|

Decreased
electron/electron repulsion
in the diffuse 5d orbital

|

No oxidative addition
between Au(lll) and Au(l)

Tolerant of oxygen



Lewis Acidity of Au(l) Species

@® >
Au + L =  AuL

L= H,S < CH,CN ~ C,H, ~ NH, ~ CH,NC < CH,SCH, < PH,

®
R PAu(l)

‘Soft’ Lewis Acid

J

Preferentially Activating n© System

Gorin, D. J.: Toste, F. D. Nature, 2007, 446, 395.



Challenge in Gold(l) Catalyzed
Enantioselective Reactions

Au(l) predominately adopts a linear,
bicoordinate geometry.

I

The chiral components would be
distant from the substrates.

I

It is hard to control the enantioselectivity.

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



Methods to Generate Cationic Au Catalyst

1 LAUCl + AgX —> (LAuX ) +  AgCl

Active species

2 LAucH; + Hx— (LAx ) +  CH,

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

R’ R?
R3 R*

: :P— -ClI

P —Cl
—Q-ullll
Catalyst

R’ R2

H
2 _ = R3 R4

Catalyst H H

Gonzalez-Arellano, C.; Corma, A.; Iglesias, M.; Sanchez, F. Chem. Commun. 2005, 3451.



Hydrogenation Reactions

RV R®  H, EtOH RO R
Y= 2 - R3%—6R4
3 4 Catalyst
R R (0.1 mol%) H H
Substrate time (min) ee (%)
EtO,C H
1 _>=< 20 20
Eto,C  H
EtO,C H
2 % 50 80
EtO,C
EtO,C H
eo,c
3 () s o5
<:> \=
4 ~1920 &

Catalyst

Gonzalez-Arellano, C.; Corma, A.; Iglesias, M.; Sanchez, F. Chem. Commun. 2005, 3451.




Proposed Mechanism for Hydrogenation

1
R - H H, R
2 :3 Catalyst ) \
R (0.1mol%) R R
HR'. _R?
|
R1 R2 AUIIIIIII\I[
\[ PhlPh Npo
R3 I
Q

R
H HCI /
Ph 2 Ph O—R-Au
/ \
O_P\‘AU‘ClA-A O—F-Au-H Ph  »—R?

Ph Ph R!
HOEt

HOEt Ph R1 N R2

/
O—P\-Au-OEt
H, Ph

Gonzalez-Arellano, C.; Corma, A.; Iglesias, M.; Sanchez, F. Chem. Commun. 2005, 3451.
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Catalytic Asymmetric Aldol Reaction

+ -
(c-HexNC),Au™BF4 ph,’ CO,Me Ph,’ s\CO2MG

(1 mol%) . .
PhCHO+ CNCH,COOMe - + I\
Ligand 1 (1 mol%) O\?N OVN
CH2C|2, rt
(4S, 5R) (4R, 5R)
trans cis
NR,
Central Chirality |:"> ' 1a: NR, = NMe,
NMe 1b: NR; = NEt,

| PPh,
Fe <:| Planar Chirality

PP

(R)-(S)-Ligand 1

Ito, Y.; Sawamura, M.; Hayashi, T. J. Am. Chem. Soc. 1986, 108, 6405.



Aldol Reaction of Different Aldehydes

(C'HEXNC)zAU+BF4_ NEt,
(1 mol%) R,". COzMe R,’“ .‘&COzMe /_J
RCHO + CNCH,COOMe > + [\ NMe
Ligand 1b (1 mol%) OWN OVN
CH,Cl,, rt | PPh,
(4S, 5R) (4R, 5R) Fe
trans cis @/Pphz
Ligand 1b
Aldehyde Yield (%) trans:cis ee (trans, %) ee (cis, %)
PhCHO 98 89:11 96 49
MeCHO 100 84:16 72 44
I-PrCHO 99 98:2 92 —
c-HexCHO 95 97:3 90 —
t-BuCHO 100 100:0 97 —
(E)-n-PrCH=CHCHO 83 81:19 84 52

Ito, Y.; Sawamura, M.; Hayashi, T. J. Am. Chem. Soc. 1986, 108, 6405.




Aldol Reaction of Aldehydes with
o- Isocyanocarboxylates

(C-HeXNC)2AU+BF4-

Ph, R Ph. R
(1 mol%) s, 3 poOaMe 3y O02Me _/
PhCHO+ CNCHCOOMe > + NMe
o Ligand 1b (1 mol%) O N O N
CH,CI,, rt | PPh,
(4S, 5R) (4S, 5S) Fe
trans CiS @Pth
Ligand 1a
R Yield (%) trans:cis ee (trans, %) ee (cis, %)
H 91 90:10 91 4
Me 95 82:18 92 44
I-Pr 95 50:50 88 48

Ito, Y.; Sawamura, M.; Shirakawa, E.; Hayashizaki, K.; Hayashi, T. Tetrahedron, 1988, 44, 5253.



Aldol Reaction of
Different Isocyanocarboxylates

(c-HexNC)Zf\u BF,4 R¢ CO,Me
(1 mol%) g
(CH20), + CNCHCOOMe >
FIQ Ligand 1a (1 mol%) O\?N The stereochemistry is not
CH,Cl,, rt dependent on the steric factors but
(S) on the electronic interactions
NMe
R Yield (%) ee (%) —~ i
H 99 52 Z e
Me 100 64 T
e
Et 89 70 =
I-Pr 99 71 Ligand 1a
Ph 75 67

Ito, Y.; Sawamura, M.; Shirakawa, E.; Hayashizaki, K.; Hayashi, T. Tetrahedron Lett. 1988, 29, 235.



Aldol Reaction with Different Ligands

+ -
(c-HexNC),Au'BF4 Ph,’ CO,Me Ph,’ \\COZMe

(1 mol%) . -
PhCHO + CNCH,COOMe > + [\
Ligand (1 mol%) O\?N O\?N
CH20|2, rt
(4S, 5R) (4R, 5R)
trans cis

Right Distance <

N /
\/J \
/__/’ \___
NMe /
NMe

N
\
PPh;
PPh, PPh;

Fe I |
@ _PPh, Fe Fe
@ _PPh;, @ _PPh,
Yield: 98%
trans:cis: 89:11 ee (trans): 26% ee (trans). ~0%

ee (trans): 96%
ee (cis): 49%

Togni, A.; Paster, S. D. J. Org. Chem. 1990, 55, 1649.



Aldol Reaction with Different Ligands

+ -
(c-HexNC),Au"BF4 Ph, CO,Me Ph,' LO,Me

(1 mol%) “ .
PhCHO + CNCH,COOMe > + [\
Ligand (1 mol%) O\?N O\?N
CH2C|2, rt
(4S, 5R) (4R, 5R)
trans cis

-, N ()

/_J \ Suitable Size /_/ /_J

NMe NMe NMe
* ~PPh, y PPh: v PPh
Fe Fe Fe
! PPh, ©/F’Ph2 @Pphz
Yielq: 98% Yield: 91% Yield: 94%
trans:cis: 89:11 trans:cis: 90:10 trans:cis: 94:6
ee (trans): 96% ee (trans): 94% ee (trans): 95%

ee (cis): 49% ee (cis): - 4% ee (cis): 49%



Aldol Reaction with Different Ligands

(c-HexNC),Au'BF,

Ph
(1 mol%) “,
PhCHO + CNCH,COOMe -
Ligand (1 mol%) OVN
CH2C|2, rt
(4S, 5R)
trans
v N
NMe NMe
| PPh o = ~SsPh
Fe ~€— Planar Chirality Fe
= FPhe 5P
Yield: 98% Yield: 74%

trans:cis: 89:11
ee (trans): 96%
ee (cis): 49%

trans:.cis: 72:28
ee (trans):. 0%
ee (cis): 0%

COzMe

Ph,’ \\COZMe
O\¢N
(4R, 5R)
Cis

Yield: 63%
trans:cis: 69:31
ee (trans): 0%
ee (cis). 0%



Aldol Reaction with Different Ligands

+ -
(c-HexNC),Au™BF,4 Ph, co,Me  Ph,  CO,Me

(1 mol%) d .
PhCHO + CNCH,COOMe > + [\
Ligand (1 mol%) O\?N O\?N
CH,Cly, rt
(4S, 5R) (4R, 5R)
trans cis

Central Chiralit \
en ra\ irality <NJ /_/N
/_J NMe

NMe
dPth C<Fle :Pth
Fe

Yield: 90%
trans:cis: 84:16

ee (trans): 41%
ee (cis): - 20%

Yield: 98%
trans:cis: 89:11

ee (trans): 96%

ee (cis): 49%



Internal Chiral Cooperativity in the Ligands

+ -
(c-HexNC),Au™BF4 Ph,’ CO,Me Ph,’ \\C02Me

(1 mol%) . .
PhCHO+ CNCH,COOMe . + —
Ligand (1 mol%) O\?N O\?N
CH2C|2, rt
(4S, 5R) (4R, 5R)
trans cis
Central Chirality NJ
NN\ y
NMe ] New”
N
HC  1.Ph
Fe -——— Planar Chirality Fe 3
@ _PPh, | 2,
P
| YPh
h

Ligand

Togni, A.; Paster, S. D. J. Org. Chem. 1990, 55, 1649.



Transition State

NMe % N NMe H OCHs
P- 3 /,N I P"'2~.. //5\l 0o
Fle ::'.’Au ----- c’ Re Fe .- Au-----C

® ®
~ % S
o
NMe H3CO \ NMe H O
Cl S —
Ph, ~—— Ph
| Pl A Re | 2 g O
Fe .. Au---=-C Fe osAUeC
o o
<= b, <=,
C D

Togni, A.; Paster, S. D. J. Org. Chem. 1990, 55, 1649.



Transition State

\ /
H~\N/ H—Ng
®
/_J OCH;
NMe (o NMe H OCHj
\ H Si >=<
Eh% //N I P-.... //L\l oS
Fle ~~~~~~ Au-----C. Re Fe __.—.'.Au """ C
P'ﬂ‘ P¢
@th A @th B
i X
HJ\H H™ "H
LOMe ,CO,Me
@)
o N
4R 45

Togni, A.; Paster, S. D. J. Org. Chem. 1990, 55, 1649.



Transition State for Aldol Reaction

\ /
H~\N/ H—Ng
@
/J OCHj /J
NMe %o NMe H OCHs
N\ Sj —
Ph Ho_ ST Ph
P2 //L\l [ P2 2ty co
e Au-eC Re Fe .- Au-----C

/X /X

Ph,  CO;Me Ph CO,Me Ph, CO,Me Ph CO,Me
O\¢N o) N O\?N O\?N
(4R, 5R) (4R, 5S) (4S, 5R) (4S, 5S)
cis trans trans cis

Togni, A.; Paster, S. D. J. Org. Chem. 1990, 55, 1649.
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1,3-Dipolar Cycloaddition

Bh =N _co,Me
YN — 1) Catalyst (2 mol%) ]
OTQ—Me I\A\ PhF, rt, 15 h o= Me
+ @) O =
N 2) TMSCHN, _\N/\O
O Ph or CH,N, ol
(1.5 equiv)
Yield: 76%
ee: 95%
I
O P(Cy),AuOBz
<O P(Cy),AuOBz
O g
Catalyst

Melhado, A. D.; Luparia, M.; Toste, F. D. J. Am. Chem. Soc. 2007, 129, 12638.



Substrate Scope for Cycloaddition

CO,Me

Ar
Ar =N
YN — 1) Catalyst (2 mol%)
O{—R A PhF, rt, 15 h o—"‘f / R
+ O O > =
N 2) TMSCHNS, _\N/\
O Ph

o)

(1.5 equiv) or Chzl Ph
R Ar Yield (%) ee (%)
Me p-MeO-C,H, 144 95
Me p-Br-C,H, 75 93 0
Ml p-Cl-CeH, 72 92 <O O P(Cy)2AuOBz
Me p-NO,-C.H, 98 91 <o ‘ P(Cy),AuOBz
Me o-Me-C.H, /3 86 o
H Ph 84 31 Catalyst
Allyl Ph 86 87
Bn Ph 71 68
Ph Ph 35 78

Melhado, A. D.; Luparia, M.; Toste, F. D. J. Am. Chem. Soc. 2007, 129, 12638.



Cycloaddition with Acyclic Alkenes

1) Catalyst (3.5 mol%)

Ph ) : Ph
N THFE:PhF (3:1), rt
Qfme Ay L \EN),/COZMG
o) 2) TMSCHN,
. or CH2N2 X Me
0 (4.0 equiv) %
X time (h)  Yield (%) ee (%) (O O
O P(Cy),AuOBz
P(Cy),AuOB
CO,t-BU 24 56 99 <O O (Cy),AuOBz
o
CO,Et 14 66 90 Catalyst
CO,Me 14 89 93

Melhado, A. D.; Luparia, M.; Toste, F. D. J. Am. Chem. Soc. 2007, 129, 12638.



Mechanism for 1,3-Dipolar Cycloaddtion

LAuOB
HO,C e O Bz
S \/< O
N\ """ ’\<N_Ph O&
0 e
LAu S
Ph @) N
©0Bz Ph
HOBz
@)
LAu\ HeOBz
Ph, O N _Me OJéLMe
N o) )QN
Ph \
o) (@) AuL
O

N
\
| AulL

OJgg
¢\/=\A\ )Q ¥ o
@) o) Ph

Melhado, A. D.; Luparia, M.; Toste, F. D. J. Am. Chem. Soc. 2007, 129, 12638.
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Olefin Cyclopropanation Reaction

t-Bu
PAr,
PA, OMe
t- B
OAc L*(AuCl), (2.5 mol%)
/’\ P AgSbFy (5 mol%)
g + X - —
Z Ph MeNO,, rt Ph

AcO

> 20:1 cis: trans

Johansson, M. J.; Gorin, D. J.; Staben, S. T. Toste, F. D. J. Am. Chem. Soc. 2005, 127, 18002.



Olefin Cyclopropanation

o)
)]\ L*(AuCl)5 (2.5 mol%)
O R AgSbFg (5 mol%)
P - _
~ MeNO,, rt Ph
7 o)

> 20:1 cis: trans

R Yield (%)  ee (%) <O O
@)
Me 72 60 PAT
O PAI’Z
Ph 73 68 ¢ O
@)
t-Bu 70 81

L*

Johansson, M. J.; Gorin, D. J.;: Staben, S. T.; Toste, F. D. J. Am. Chem. Soc. 2005, 127, 18002.



Mechanism for Cyclopropanation

t-Bu 43
¥
'®
(2 Ph
Bp @ O t-Bu I)

o CAuL

®Au
Johansson, M. J.; Gorin, D. J.; Staben, S.T.; Toste, F. D. J. Am. Chem. Soc. 2005, 127, 18002.



Mechanism for Diastereoselectivity

+

Ph

Ph.,

trans

Johansson, M. J.; Gorin, D. J.;: Staben, S. T.: Toste, F.D. J. Am. Chem. Soc. 2005, 127, 18002.
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Classification for
Intramolecular Hydrofunctionalization

Funtional Groups 1 Functional Groups 2

— IRt
:5: < —OH —COOH

—NHR




Catalysts for Cyclization of Enynes

Au(L*)CI (2 mol%)
PhO,S — or
L*(AuCl), (1.6 mol%)>

AgSFg (2 mol%)
MeOH

O\ /N P-Au-CI
P
/\ >
oY
Cl

PhO,S OMe
PhO,S

PhO,S

Yield: 60%
ee: <2%

Ph,

P-Au-ClI
P-Au-ClI
Ph,

Yield: 98%
ee: -39%

Mufoz, M. P.; Adrio, J.; Carretero, J. C.; Echavarren, A. M. Organometallics, 2005, 24, 1293.

Yield: 94%
ee: <2%

TO|2

P-Au-Cl
P-Au-CI
TO|2

Yield: 93%
ee: -43%




Regioselectivity for Cyclization

| \ Tol, 0.5
— = P-Au-Cl PhO, Z “Ph _
PhO,S ——Ph Yield: 52%
= P-Au-Cl PhO,S ee: 94%
PhOzS S Tol,
N\ OMe
(1.6 mol%)
AgSbFg (2 mol%)
o
MeOH, rt
MeOzC E— MeOzC
MeO-,C Yield: 41%
MeO,C e2 ee: 30%

OMe

Mufioz, M. P.; Adrio, J.; Carretero, J. C.; Echavarren, A. M. Organometallics, 2005, 24, 1293.



Mechanism for the Formation of Products

— LAU LAU

2 R /@ R? 4 R2

\_Q\MRZ ® " Z/\:é = A&
LAU 1 H 1 H

Z= C(SOZPh)Z

R'OH

Y

Y
Z/\:/EVH and/or zg/\/f
S0
R R R?
OR'

R ",OR'



Classification for
Intramolecular Hydrofunctionalization

Funtional Groups 1 Functional Groups 2

= SINE)

$-OH £-COOH
S’




General Mechanism for
Hydrofunctionalization of Allenes

XH

(o~

X
Protonolysis / \& Complexation

.

Deprotonation & QIUL / Anti-addition



Hydroalkylation of Allenes

MeO,C_ CO;Me (R)-Ligand-(AuCl),  MeO,C. CO,Me MeO,C_ ,CO,Me
(5 mol%)
AgX (15 mol%)
X MeNO,. it 16h *
. e rt,

AN 2 | |
a b
MeOZC COZMe MGOzc COzMe

: Hp
(1Al @ [Au]

*

A T

Ha

Tarselli, M. A.; Chianese, A. R.; Lee, S. J.; Gagné, M. R. Angew. Chem. Int. Ed. 2007, 46, 6670.



Counterion Effect in the Reaction

MeOC LOMe o) [(AuC, (5 molw) MeO:C_ ,COMe MeO,C_ ,CO,Me
AgX (15 mol%)
- +
X MeNO,, rt, 16 h

X

a b

AgX a:b ee (a, %) ‘ l PAr,
AgNTT, 4:1 65 PAT
AgSDbF, 4:3 57 OO

AgOTs 10:1 50 (R)-Ligand

AgPF, 9:1 65
AgOTf 4:1 72 Ar=

Tarselli, M. A.; Chianese, A. R.; Lee, S. J.; Gagné, M. R. Angew. Chem. Int. Ed. 2007, 46, 6670.



Substrate Scope for Hydroalkylation

MeO,C_ CO,Me

\.\

MeO,C_ CO,Me

/

MeO,C_ CO,Me

X

X

MeO,C_ ,CO,Me

(R)-Ligand-(AuCl),  MeO,C
(5 mol%)
AgOTf (15 mol%)

COZMe

MeNO,, rt, 16 h

MeO,C CO,Me

MeO,C_ ,CO,Me

Yield: 83%
ab: 4:1
| ee (a): 72%

MeOZC COZMe

Yield: 80%
c:d: 5:1

ee (C): 59%

Yield: 80%
ee: 65%

Tarselli, M. A.; Chianese, A. R.; Lee, S. J.; Gagné, M. R. Angew. Chem. Int. Ed. 2007, 46, 6670.



Hydroarylation of Allenes

(S)-Ligand-(AuCl),

(2.5 mol%)

ee: 92%

(o)
CO,Me AgBF4 (5 mol%)
>
CO,Me Toluene, -10 °C, 17 h
, tBu
MeO “PATr,
MeO.,, PAr, Ar = OMe
O tBu
(S)-Ligand

Liu, C.; Widenhoefer, R. A. Org. Lett. 2007, 9, 1935.

CO2Me
COzMe



Substrate Scope for Hydroarylation

N %\ ZE

<
)

CO,Me
CO,Me

Me
N
CH,OH p
CH,OH
(S)-Ligand-(AuCl), —
(2.5 mol%)
AgBF4 (5 mol%) Me
> N
CO,Me Toluene, -10 °C /
COQMG
Me
N
COzMe /
COzMe

SN

Liu, C.; Widenhoefer, R. A. Org. Lett. 2007, 9, 1935.

|| §\

COzMe
COzMe

CH,OH
CH,OH

COzMe
CO,Me

CO,Me
CO,Me

Yield: 88%
ee: 92%

Yield: 50%
ee: 72%

Yield: 82%
ee: 91%

Yield: 80%
ee: 90%



Intramolecular Hydroalkoxylation

(S)-Ligand
t-Bu

Ar = OMe

t-Bu

[(S)-Ligand-(AuCl),] H
OH @5mol%) N N\
Ph>[A AgQOTs (5 mol%) = gj/\
Ph . Ph
X Toluene Ph
1 2
Conc.1(mM) T(C) t(h) Yield (%) ee (%)
125 25 <0.1 73 86
13 25 4 /3 90
13 -20 61 73 93
63 -20 18 76 93

Zhang, Z.; Widenhoefer, R.A. Angew. Chem. Int. Ed. 2007, 46, 283.




Intramolecular Hydroalkoxylation

[(S)-Ligand-(AuCl),] H

OH (2.5 mol%) O
— N
Ph>[(\’7/% AgOTs (5 mol%) )n
Ph
Ph n U Toluene L
n Yield (%) ee (%)
1 67 93
2 96 88

(S)-Ligand
t-Bu

Ar = OMe

t-Bu

Zhang, Z.; Widenhoefer, R.A. Angew. Chem. Int. Ed. 2007, 46, 283.




Intramolecular Hydroalkoxylation

[(S)-Ligand-(AuCl),] o H
(2.5 mol%) _ EN\R
: Ph

OH
Ph>EA AgOTs (5 mol%
Ph . R gOTs (5 mol%
N Toluene Ph
Substrate Product Z:E Yield (%) ee (%)
H
OH O =
X 1:1 96 97/99
. Me Ph
Ph X Ph
OH 0O :I.'I N
Ph% n-pentyl 11 94 >05/>95
. n-pentyl Ph
Ph X S
OH O ~H
Ph% N\—n-pentyl >20:1 88 >95
. n-pentyl Ph
Ph X S
Zhang, Z.; Widenhoefer, R.A. Angew. Chem. Int. Ed. 2007, 46, 283.



Proposed Mechanism

OH ¢ OH &
AuL Aul
Ph " Ph \l
A .
xR P \l

Ph
R-Isomer R

/!

S-Isomer

AulL LAuU

H
- Q/\/
Ph RE P Rz T i
/< ®

H® @4  pp

@
O
T
~~—
Py
O
','I
Py
®
O
l,,I
Y
-U
-
@
OT
“'I m
—_—
>
c
—

Ph

Zhang, Z.; Widenhoefer, R.A. Angew. Chem. Int. Ed. 2007, 46, 283.



Counteranion Effect in Hydroamination

(R)-Ligand-(AuCl), OO

(3 mol%) PAT2
NHTs AgX (6 mol%) PAT,
= - )
DCE, rt
(R)-Ligand
Ar = -§
AgX Time (h) Yield (%) ee (%)
AgBF, 0.5 82 1

Agooc—© 24 27 98
AgOOC—@—NOz 24 76 98

LaLonde, R. L.; Sherry, B. D.; Kang, E. J.; Toste, F. D. J. Am. Chem. Soc. 2007, 129, 2452.




Intramolecular Hydroamination

NHTs =<:> Catalyst
Uo -
DCE, rt

C
»Z AgOPNB (6 mol%)
- PArAUOPNB A, =
s ‘ PArz ] l PAr,AuUOPNB
(R)-1

(3 mol%)

time (h) Yield (%) ee (%)

in situ generated catalyst 24 76 98
isolated catalyst 17 88 98
cl l
MeO PPh,AuOPNB
MeO I PPh,AUOPNB 15 85 97
cl
(R)-2

LaLonde, R. L.; Sherry, B. D.; Kang, E. J.; Toste, F. D. J. Am. Chem. Soc. 2007, 129, 2452.



Substrate Scope for Hydroamination

l/\ S -II\-IS

NHTs P 2,
—:< N PAr,AUOPNB \ Yield: 98%
P A PAr,AuOPNB ee: 99%

N |
(3 mol%)

Nt . Yield: 88%
— |e 0
U :<:> DCE, 1t ee: 98%

Yield: 88%
ee: 98%

e

LaLonde, R. L.; Sherry, B. D.; Kang, E. J.; Toste, F. D. J. Am. Chem. Soc. 2007, 129, 2452.



Substrate Scope for Hydroamination

Cl
NHTs O Yield: 76%
MeO PPh,AUOPNB ee: 96%

MeO PPh,AuOPNB

Cl !
NHTs (5 mol%) NTs

><:/=. - —\ Yield: 70%
MeNO,, 50 °C ee: 98%

NHTs )
ee: 97%

LalLonde, R. L.; Sherry, B. D.; Kang, E. J.; Toste, F. D. J. Am. Chem. Soc. 2007, 129, 2452.



Chirality in Active Species

Active Species

J

® ©
LAuCl + AgX LAuX | + AgCl

7 N

Chiral Ligands Chiral Anions




Chiral Anion Directed Hydroalkoxylation

Ar
g‘ @)

O\P//
Au(l) Complex OO 0" o®
AgX (5 mol%)
C = - A
CH2C|2 (R)_3
I-Pr
Ar = %—Qi-m
I-Pr
Au(l) Complex X Yield (%) ee (%)
Ph;PAuUCI (R)-3 89 48
(5 mol%)
(Ph,MeP),(AuCl), (R)-3 76 65
(2.5 mol%)

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



Screening for Solvents

994

(thMeP)z(AUCDZ 0O
OH Ag-(R)-3 Ol %
Solvent O‘
Ar

Solvent Yield (%) ee (%)
Nitromethane 60 18
Acetone 71 37
Dichloromethane 76 65
Tetrahydrofuran 83 76
Benzene 90 97

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



Substrate Scope for Hydroalkoxylation

OH o,
— / Yield:
C == \

: 95%

Ar
o 0 a
— os A\ :
0" ™\g@ Yield:
99

OH (R)-3
_‘=<j Ag-(R)-3 (5 mol%) o
><—/_ (Ph,MeP),(AuCl), Yield:
(2.5 mol%) ee
T

pn  OH Benzene, rt
Ph><_/- G Yield:
ee.

OH o,
G N Yield:
ee.:

Hamilton, G. L.; Kang, E. J.; Mba, M.; Toste, F. D. Science, 2007, 317, 496.
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Matched Case for Hydroalkoxylation

% O Ar
X o\P//O
= 0" o®
99
Ar
(R)-3
OH Ag-(R)-3 (5 mol% Q
<:/=.— GRS ( ) <:/—\ Yield: 96%
(PhoMeP),(AuCl); \ ee: 80%
(2.5 mol%)
l ) T Yield: 96%
(S,S)-Ligand-(AuCl), ee: 92%
(2.5 mol%)
Ag-(S)-3 (5 mol%)
Ar
@OMG Ph
I O
P. (O NG/,
|:I>/\/ D O/P\oe
Ph
MeO

(S, S)-Ligand

oC
X

Hamilton, G. L.; Kang, E. J.; Mba, M.; Toste, F. D.

Science, 2007, 317, 496.



Hydroamination Using Chiral Ligands

%

PAr,AuOPNB

PAr,AuOPNB
99
NHTs =<:| (3 mol%)
Uo .
DCE, rt

Yield: 75%
ee: 83%
NHTS MeNO,, 50 °C |
—- > Yield: 99%
(5 mol%) ee: 70%

L

O PAr,AUOPNB
<o PAr,AUOPNB
o) g

LaLonde, R. L.; Sherry, B. D.; Kang, E. J.; Toste, F. D. J. Am. Chem. Soc. 2007, 129, 2452.



Hydroamination Using Chiral Counterion

/\l N
NN~ oL 4
/\/ | O/ \O@
.
NHTs NN N
— (R)_3 ,'" .
U =<:| \ Yield: 88%
Ag-(R)-3 (5 mol%) ee: 98%
(thMeP)z(AUCI)Z
(2.5 mol%)
Benzene, rt
NHTs
_=< Yield: 73%
ee: 98%

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



Matched and Mismatched Case
In Hydrocarboxylation

L(AuCl), (2.5 mol%) o

OH AgX (5 mol%) o,
O=<_r-_0=< - K
Benzene \

O‘ PPh2 L X Yield (%) ee (%)

o
\ (R)-4 4-(NO,)-CgH3-COO 80 -38
N (PhoMeP), (R)-3 89 12
g ‘ o (S)-4 (R)-3 88 82
O/F)\oe
O‘ (R)-4 (R)-3 91 3
Ar
(R)-3

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



Potentials of Chiral Counterion Strategy

Metal Cationic Catalyst Chiral Anions




Conclusions

o Gold(l) catalysts are superb Lewis acids for activation of
alkynes.

e Several enantioselective reactions catalyzed by gold(l)
catalysts have been reported.

In the future,

* More enantioselective reactions could be found to be
catalyzed by gold(l) species.

 Work should be done in understanding the mechanism of the
enantioselective reaction.
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