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Activation of n-systems (alkenes, alkynes and allenes)
towards nucleophilic additions
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Catalytic carbophilic activation in synthetic organic chemistry:
catalysis by gold 7 acids
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Catalytic carbophilic activation in synthetic organic chemistry: catalysis by gold 7 acids

= acid Nucleophilic addition A
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— & K ~evolution™,
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carbophilic activation
generation of an electrophilic complex

Basic mechanism of rt acid catalysis exemplified by the
addition of a generic nucleophile across a © system

UNIVERSITA
DEGLI STUDI

DI MILANO



Gold as element
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Gold as element: valence electron configuration 5d196s!

TM properties (ionization potential, electronegativity)
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Gold as element: relativistic effects

relativistic effects ‘

1 mass atom

l

1 electron
radial velocity

N

high ionization |

energies
5d96s"
) )
contraction of s ‘ expanded d and f aurophilic
(and p orbitals) ’ orbitals J interactions
-y
1 : high electron W
Bohr radius electr;]r:ghativit ‘ affinity
of electron 1 paNviy ‘ 5010652
orbiting

1

mass electron T

/

relativity

S. Kramer, F. Gagosz in “Gold Catalysis An Homogeneous Approach*, Eds. F. D. Toste, V. Michelet, 2014 World Scientific Publishing, ch. 1.

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

A. Furstner, P. W. Davies Angew. Chem. Int. Ed. 2007, 46, 3410.
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Gold as element: relativistic effects

relativistic effects

1.0
®
wv)
= 0.95F 0™ X0,
2
8 o
~. 0.90
contraction of s & °oo O@Cp%o
(and p orbitals) % G %
sl o mercury %o
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platinum o %
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z

Calculated relativistic contraction of the 6s orbital.

R. Coquet, K. L. Howard, D. J. Willock Chem. Soc. Rev. 2008
E. Pyykko Chem. Rev. 1988, 88, 563.

, 37, 2046.
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Gold compounds and complexes

AuCl

NaAuCl, and KAuCl,

counterions

[NTfQ]_9[BF4]_a [SbF6]_7 [OTﬂ_

Ligand

AuCl LAuCI

A. Furstner Chem. Soc. Rev. 2009, 38, 3208.

A. Furstner, P. W. Davies Angew. Chem. Int. Ed. 2007, 46, 3410.
A. Firstner Acc. Chem. Res. 2014, 47, 925.

B. Ranieri, I. Escofeta, A. M. Echavarren Org. Biomol. Chem. 2015, 13, 7103.
A. S. K. Hashmi Chem. Rev. 2007, 107, 3180.
A. S. K. Hashmi, G. J. Hutchings Angew. Chem. Int. Ed. 2006, 45, 7896.
C. Obradorsa, A. M. Echavarren Chem. Commun. 2014, 50, 16.
D. J. Gorin, B. D. Sherry, F. D. Toste Chem. Rev. 2008, 108, 3351.
A. Arcadi Chem. Rev. 2008, 108, 3266
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Gold compounds and complexes

oold(I) and gold(III) salts, aurous and auric compounds

Less coordinating X
More electrofilic Au

counterions

[NTf,] ,[BF,] , [SbFs] , [OTf]

NaAuCl, and KAuCl,
AuCl
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Gold compounds and complexes

ogold(I) complexes

L Au CI

ligand Gold(l) counterion

Tuning of electronic Tuning of steric
properties properties

Optimized
reactivity and
selectivity
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Gold compounds and complexes

ogold(l) complexes

AuCl(SMe,) LAuCI

General structure of most commonly used ligands

R'O OR? 1 2 1 2 2 3
\lla/ R O\P/OR R\P/R ||? IT
| | N N
R3/N\R4 OR3 R3 R1 \../ R4
phosphoroamidite phosphite phosphine carbene

electrodonor properties
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Gol

d compounds and complexes

LAuCI

ogold(l) complexes

C

linear )
Gold(l) complexes are d® complexes
. and present a linear, bi-coordinated
geometry comprising the metal center
180° within the ligand and the chloride atom.

L@

Gold(l) complex

@——d

AgX

Cationic Gold(l) complex Gold(I)-substrate complex

AgCl

@_ X — @—Au ----- substrate_I X

ligand exchange
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Gold compounds and complexes

BF,

- - _
L'AU X TfO PF6_
) _ Less and more
NTf T
>bFe ’ co;  coordinating ions
CF;CO, OTs
- R R RO OR
Ar— NN ~ar :F’\/\ \P<
R” “Auci RO” “AuC

AuCl

tBu \JBU O P
[\ Ph ‘¥
NN %—ph
NS / t-Bu t-Bu
> 3

triphenylphosphine tri-(2,4-ditBu)phenyl phosphite
JohnPhos
iPr carbene ligand

electrophilicity
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Gold compounds and complexes

Properties of cationic gold(l) species
L-Au™ X~

v strength of the L-Au bond
v Lewis acidity, & acids
v" do not tend to undergo oxidative addition

v' act as big soft proton

P. Schwerdtfeger, H. L. Hermann, H. Schmidbaur Inorg. Chem. 2003, 42, 1334.




Gold compounds and complexes

Properties of cationic gold(l) species
L-Au™ X~

v the strength of the L-Au bond depends on relativistic
contraction of the 6s orbital
v the strength of the L-Au bond is greater than in Ag and Cu

v" ligand exchange in solution is not observed

P. Schwerdtfeger, H. L. Hermann, H. Schmidbaur Inorg. Chem. 2003, 42, 1334.




Gold compounds and complexes

Properties of cationic gold(l) species

v’ Lewis acidity, ‘soft’ Lewis acid, preferring ‘soft’ electrophiles

L-Au®™ X~

coordinating strength of

empty contracted 6s orbital the counteranion

high Lewis acidity high electronegativity

large diffuse cation

prefers orbital interactions
carbophilic activation (r-acids)
no oxophilic

UNIVERSITA

4 | DEGLI STUDI
(~%/ | DI MILANO




Gold compounds and complexes

Properties of cationic gold(l) species

v" do not tend to undergo oxidative addition

L-Aut™ X~

v" not particularly nucleophilic,
v" do not tend to undergo oxidative addition,
v’ tolerant to oxygen.




Gold compounds and complexes

Properties of cationic gold(l) species

v" big soft proton

L-Aut™ X~

v’ isolobal to H”
v catalysis under “acidic” conditions

cfr Pt(11) and Hg(ll)




Catalytic carbophilic activation in synthetic organic chemistry: catalysis by gold 7 acids

= acid Nucleophilic addition A
[Au] Nu e \
— & K ~evolution™,
...... g to }
7 system » products

carbophilic activation
generation of an electrophilic complex

Basic mechanism of rt acid catalysis exemplified by the
addition of a generic nucleophile across a © system
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Catalytic carbophilic activation in synthetic organic chemistry: catalysis by gold 7 acids

A
v
|

I
o
=
I
|

OI"_:—_I=

7 system [A:u] [A:u] [A:u]

carbophilic activation
generation of an electrophilic complex
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Catalytic carbophilic activation in synthetic organic chemistry: catalysis by gold 7 acids

m acid coordination to unsaturated systems

—_—— or ey

[Aul AUl

metal alkyne

alkene
dxy |
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Catalytic carbophilic activation in synthetic organic chemistry: catalysis by gold 7 acids

Au* acetylene complex

[Au)
contribution metal alkyne

i 5 : :
1% =-=-> dy 8 A THN INCEREECERED » L metal to ligand back-donation
7% —--=» d, 685 ‘ t, M P - L ligand to metal 7z donation
27% =-=> dg % ‘ kM — > | in-plane back-donation

65% =----> d;? CO | T M <——— L ointeraction
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Catalytic carbophilic activation in synthetic organic chemistry: catalysis by gold 7 acids

m acid coordination to unsaturated systems

—|—'—

[Au]

Potential coordination mode for gold = allene complexes

R R
R R
R
R-R R
(AU [Au] <"‘
R
R/ \R R
n2-allene nl-allene n!-allylic cation

T. J. Brown, A. Sugie, M. G. Dickens, R. A. Widenhoefer, Organometallics 2010, 29, 4207.
T. J. Brown, A. Sugie, M. G. Dickens, R. A. Widenhoefer, Chem. Eur. J. 2012, 18, 6959.
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Catalytic carbophilic activation in synthetic organic chemistry: catalysis by gold 7 acids

formation of carbon-heteroatom and carbon-carbon bonds
T édd]ﬁd’r’i'ééfééé’t’r{é'}{

.- - i system .
NUCIeOphIIIC addition [AU] (R y ....................... ,~"

Z evolutlon
products

_____________________________________________________

v" enyne cycloisomerization
v" C-H functionalization

v" cycloaddition
v
v
v

cascade reactions
rearrangements i
multicomponent reactions
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Nucleophilic addition to z activated carbon-carbon triple bonds, synthesis of heterocycles

| NuH H—Nu
"slippage"
> ., —> —

— — x====
1 » 1
-
- 1]
>

[Au] [Au]
n? complex slipped transition state n! vinyl species

+

[Au]
HY H

/. " k\', %

[Au]

[Au]
trans addition protodemetallation

R. Dorel, A. M. Echavarren Chem. Rev. 2015, 115, 9028.
W. Debrouwer, T. S. A. Heugebaert, B. I. Roman, C. V. Stevens Adv. Synth. Catal. 2015, 357, 2975.
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Nucleophilic addition to z activated carbon-carbon triple bonds, synthesis of heterocycles

exo-dig

R

el
~r [Au]

products products

“formal” proposed intermediates

“omitted” ligands
“neutral” gold atom

R. Dorel, A. M. Echavarren Chem. Rev. 2015, 115, 9028.
W. Debrouwer, T. S. A. Heugebaert, B. I. Roman, C. V. Stevens Adv. Synth. Catal. 2015, 357, 2975.
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Nucleophilic addition to z activated carbon-carbon triple bonds, synthesis of heterocycles

Z-dihydrofurans
7 examples
83-97%

R* R3
AUC|3 — y
1 mol% R
DCM, rt / / HO” "R?
R = alkyl or aryl R5
tert-alcohols
Z-enynols
R4
ClAU_ -
» U3 L .,
O
oxyauration RS Ill
stereoselective

gold-catalyzed 5-exo-dig cyclization of (Z)-enynols

R4 R3
@
o)

DCM, rt o R2
R! = hydrogen R®
sec-alcohols furans
8 examples
64-92%
R* R3
-H =\ g
+ > 2
+H - o) R

protodemetalation R?®

/

A. S. K. Hashmi, L. Schwarz, J. H. Choi, T. M. Frost Angew. Chem., Int. Ed. 2000, 39, 2285.
Y. Liu, F. Song, Z. Song, M. Liu, B. Yan Org. Lett. 2005, 7, 5409.
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Nucleophilic addition to z activated carbon-carbon triple bonds, synthesis of heterocycles

gold-catalyzed 5-exo-dig cyclization of propargylcarboxamides.

; '

N N N

\ R AuClz, 5 mol% - /()\ e /[)\ 11 example
// O// DCM or MeCN, 20-50°C 0 R o R  40-91%

propargylcarboxamides isolated intermediate oxazoles

Ph
/ g
D D
ot [Au] _ g\ + |-|+ H __ &\
o Ph -[Au] o) Ph
D D

isolated intermediate

Alternative methodologies: basic conditions, Pt(11) or Hg(ll) salts
In stoichiometric amount at high temperature

A. S. K. Hashmi, J. P. Weyrauch, W. Frey, J. W. Bats Org. Lett., 2004, 6, 4391.
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Nucleophilic addition to z activated carbon-carbon triple bonds, synthesis of heterocycles

iIsomerization of alkynyl epoxides to furans

R
R
<\| — o AuCI3,5moI%> m\ 75;?5?;5/?5
MeCN, rt R
@) @)
+H
-[Au]
R
<\h = - N —— /N
I

H 1 1
_/4 H (@) > z (@) >

Alternative promoters: mercury salts toxic,
bases, R = H
molybdenum and ruthenium, Rt = H

R [Au] [Au]

A. S. K. Hashmi, P. Sinha Adv. Synth. Catal. 2004, 346, 432.
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Nucleophilic addition to z activated carbon-carbon triple bonds, synthesis of heterocycles

Domino addition/annulation reaction for the synthesis of pyrroles

1
RL___O R
H
Z . renp, NaAuCly2H;0, 5 mol% I\ 13 examples
EtOH, 40-60°C R N 49-100%

imine/enamine intermediate

A. Arcadi, S. Di Giuseppe, F. Marinelli, E. Rossi Adv. Synth. Catal. 2001, 343, 443.
A. Arcadi, S. Di Giuseppe, F. Marinelli, E. Rossi Tetrahedron: asymmetry 2001, 12, 2715.
A. Arcadi, G. Abbiati, E. Rossi J. Organomet. Chem. 2011, 696, 87.
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Nucleophilic addition to z activated carbon-carbon triple bonds, synthesis of heterocycles

Domino addition/annulation reaction for the synthesis of pyrroles

/O
0 ’
catalyst
F + Ph-CHy-NH, - /\
EtOH, 40°C
| N
° .
Ph
catalyst (mol%) time (h) yield (%)
NaAuCl, (5) 1 100
Cul (5) 24 100 — Strictly anaerobic conditions
ZnCl, (5) 24 34
Na,PdCl, (5) 1 100 — Poorly selective
AgNO; (5) 6 71

A. Arcadi, S. Di Giuseppe, F. Marinelli, E. Rossi Adv. Synth. Catal. 2001, 343, 443.
A. Arcadi, S. Di Giuseppe, F. Marinelli, E. Rossi Tetrahedron: asymmetry 2001, 12, 2715.
A. Arcadi, G. Abbiati, E. Rossi J. Organomet. Chem. 2011, 696, 87.
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Nucleophilic addition to z activated carbon-carbon triple bonds, synthesis of heterocycles

Domino addition/annulation reaction for the synthesis of pyrroles

0
Eto_ O y SCNGZS EtO 4
//
S =N, 4/ pa—>=
| [Pd] [Pd] 0
o)

HO ?
H 70%

EtO___O Et0___O Et0___O /

EtO
Ph Ph-CHa-NH,
[\ au—> / \
Tha " Nt N

“[Au] [H k

Ph Ph

Reaction performed with S-ketoesters
selectivity could be related to the o-philic property of gold(l11) salts

A. Arcadi, S. Di Giuseppe, F. Marinelli, E. Rossi Adv. Synth. Catal. 2001, 343, 443.
A. Arcadi, S. Di Giuseppe, F. Marinelli, E. Rossi Tetrahedron: asymmetry 2001, 12, 2715.
A. Arcadi, G. Abbiati, E. Rossi J. Organomet. Chem. 2011, 696, 87.
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Nucleophilic addition to z activated carbon-carbon triple bonds, synthesis of heterocycles

Domino addition/annulation reaction for the synthesis of pyridines

|| NaAuCl, - 2H,0 N
' (2.5 mol%) - ' | 27 examples

SN EtOM, 40-100°C &, _ 46-98%
O HN N
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Nucleophilic addition to z activated carbon-carbon triple bonds, synthesis of heterocycles

X
from methyl ketones Q

N Ar, Het

X Ar, Het, Alk
from aldehydes U

N

( N
N N N

\o A =
K Y
N N

F

Ve

N
N==

HO

J

from cyclic ketones

linear or angular steroidal derivatives
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Nucleophilic addition to z activated carbon-carbon triple bonds, synthesis of heterocycles

annulation of 2-alkynylanilines

R
4 NaAuCl, - 2H,0 N\
(4 mol%) - R 19 examples
EtOH or N °8-92 %
NH> EtOH/H-0, rt H

R = Ph | catalyst (mol%]) solvent yield (%)

NaAuCl, (4) EtOH 83
AuCl (4) EtOH 50

Na,PdCl, (5) EtOH 7
PdCl, (5) EtOH

Pd(OAc), (5) EtOH 8

Cu(OTf), (5) EtOH 10

Cu(OAc), (5) EtOH 0

A. Arcadi, G. Bianchi, F. Marinelli Synthesis 2004, 610.
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Nucleophilic addition to z activated carbon-carbon triple bonds, synthesis of heterocycles

AgX

- + - . .
(D—a—() K\‘ » @—Au+ X~ — = (—au---supstrate | X Cationic Gold(l) complexes
AgCl

Synthesis of pyrroles, furans and thiophens
from 2-hydroxyhomopropargylic alcohols, amines or sulphides

3

)

R XH(R®) R R2 5 u
N Sendodig T\ S Aponick
R? (JohnPhos)AuCIl/AgOTf (2 mol%)
[Au] ] = o THF, 0°C
HO R 12 examples, 85-99%

l Tprotodeuration (JohnPhos)AuCl
3
(Ff H (Ffs) Ph_ Ph
+ 0,7 i
B X R? X . N/ Akai
- R R /P\ PPh3;AuCIl/AgOTf (0.1%)
N [ on —" \ / P AuCl toluene, rt
- H,0 PPh-AUCI 13 examples, 737°7%
A R 1 ’
[Au] [Au] R

A. Aponick, C.-Y. Li, J. Malinge, E. F. Marques Org. Lett. 2009, 11, 4624.
M. Egi, K. Azechi, S. Akai Org. Lett. 2009, 11, 5002.
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Nucleophilic addition to z activated carbon-carbon triple bonds, synthesis of heterocycles

Synthesis of 3-alkoxyfurans from propargylic alcohols containing an acetal moiety

OH
R'0
PPh3;AUNTf, 2 mol%
R % oEt R'—OH AU, 2 MOTR o / \ 20 examples
rt 58-98 %
solvent R o
OEt
[Au] - EtOH
1
R1OH [AU]
1 R'O Au
07 OBty - Eton o
_A Ny R A  ——
R - [AU] R™ g~ TOEt
X ") OE \2 |
OH
OH [Au] LAk 4

It is worth to underline that firm guidelines are not yet available for the optimum
choice of ligands and counterions used in these processes, and so a certain degree of
screening for the best reaction conditions (ligands, counterions, solvent,

temperature) may be necessary.
M. N. Pennell, R. W. Foster, P. G. Turner, H. C. Hailes, C. J. Tame, T. D. Sheppard Chem. Commun. 2014, 50, 13
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Nucleophilic addition to z activated carbon-carbon triple bonds, synthesis of heterocycles

Ph

O
MeQ /O
\Q/ —> 7 M“’( Diels-Alder cycloaddition
N
~N
I

PhMe
Claisen rearrangement
requx

Ar O Ar o Br
NBS o :
\ / " \ / bromination reaction
DMF
EtO EtO

M. N. Pennell, R. W. Foster, P. G. Turner, H. C. Hailes, C. J. Tame, T. D. Sheppard Chem. Commun. 2014, 50, 1302.
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Nucleophilic addition to z activated carbon-carbon triple bonds, synthesis of heterocycles

total syntheses of (-)-Rhazinilam and (-)-Rhazinicine

.
[l
[
'

.

[Au]

y
cascade reaction

CO,R

K. Sugimoto, K. Toyoshima, S. Nonaka, K. Kotaki, H. Ueda, H. Tokuyama Angew. Chem. Int. Ed. 2013, 52, 7168.
H. Ueda, M. Yamaguchi, H. Kameya, K. Sugimoto, H. Tokuyama Org. Lett. 2014, 16, 4948.
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Nucleophilic addition to z activated carbon-carbon triple bonds, synthesis of heterocycles

catalyst (mol%) solvent yield (%)
model reaction AuCl (10) DCE -
0 O AuCl; (10) DCE -
X I
OMe AU Au(PPhs)CI (10) DCE -
NH - 7 N AuCI/AgOTf (10) DCE g
S0 F 80°C = Au(PPh3)CI/AgOTF (10) DCE 20
Ph P Au(PPh)CI/AgNTf, (10) DCE 20
Au(PPh3)NTf, (10) DCE 50
Au(PPh;)NTf, (10) 1,4-dioxane 69
proposed reaction mechanism oM MeO |
6-exo-dig >/\N
)\/NH — % »  MeO
MeO // - H Ph /
7
Ph .
L [Au]

I ]
MeO |
+H' >/\N [Au] or H' //\N
: MeO =
-[Au] Ph _~ 80°C —
Ph

K. Sugimoto, K. Toyoshima, S. Nonaka, K. Kotaki, H. Ueda, H. Tokuyama Angew. Chem. Int. Ed. 2013, 52, 7168.
H. Ueda, M. Yamaguchi, H. Kameya, K. Sugimoto, H. Tokuyama Org. Lett. 2014, 16, 4948.
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Nucleophilic addition to z activated carbon-carbon triple bonds, synthesis of heterocycles

application of the selected conditions to the synthesis of (-)-Rhazinicine

NH == Au(PPhs)NTF,/KHSO,
PrOi & “, (-
O iPrOH/1,4-dioxane
\ MW

Br OMe 65%
r

formation of indolizine skeleton

1) TMSI Cul/CsF
—_—
2) CDI/NH4OH 61%

88%

(-)-Rhazinicine

formation of the lactam ring

K. Sugimoto, K. Toyoshima, S. Nonaka, K. Kotaki, H. Ueda, H. Tokuyama Angew. Chem. Int. Ed. 2013, 52, 7168.
H. Ueda, M. Yamaguchi, H. Kameya, K. Sugimoto, H. Tokuyama Org. Lett. 2014, 16, 4948.
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Nucleophilic addition to z activated carbon-carbon triple bonds, synthesis of heterocycles

(dppm)Au,Cl,, 2.5 mol%/AgSbFg 5 mol% - / \ 16 examples
DCM, 35°C R RA 41-93%

homopropargyl azides
D. J. Gorin, N. R. Davis, F. D. Toste J. Am. Chem. Soc. 2005, 127, 11260.

R R?
EWG
N / AuJohnPhos(MeCN)SbFg, 2.5 mol% 38 examples
/ \ + RZT_N\ > / \ _EWG 40-99%
1 DCM, rt 1
R R R4 R N~ N
H 4

azirines ynamides
L. Zhu, Y. Yu, Z. Mao, X. Huang Org. Lett. 2015, 17, 30.

EWG
R’ EWG RIA,
(o)
7_\< + R? N/ IPrAuCIl/AgNTf;, 5 mol % - / [\\j 23 examples
R/< /N \R4 PhCF3 80 °C R2 )\R1 64-93%
0 ’ N
1,2,4-oxadiazoles  ynamides )\
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Nucleophilic addition to z activated carbon-carbon triple bonds, synthesis of heterocycles

intramolecular Au(l)-catalyzed Schmidt reaction
reaction mechanism

R R R R
/> .,"" ,"" —
AN—N;L» +/NL>.; | /NL>£. NH
2 . N
[Au] -
[Au] »
R R’ R’
C
R
N
/
[Au]
R1

a) attack of the proximal N-atom of the azide on gold(l) activated triple bond,

b) loss of nitrogen, production of a cationic intermediate,

c) stabilization by electron donation from gold(l),

d) formal 1,2-shift and regeneration of the cationic gold(l) catalyst and produces a 2H-pyrrole,
e) tautomerization to the 1H-pyrrole.

D. J. Gorin, N. R. Davis, F. D. Toste J. Am. Chem. Soc. 2005, 127, 11260.
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Nucleophilic addition to z activated carbon-carbon triple bonds, synthesis of heterocycles

intramolecular Au(l)-catalyzed Schmidt reaction
reaction conditions

n-Bu
& Catalyst /@\
> n-Bu n-Bu
DCM, 35°C H
n-Bu N3
o Ph\ Ph
catalyst (mol%) yield Ph / P—AuCI
(%) P
/ DAuCl
Au(PPh3)CI (5), AgSbFg (5) 72 Ph
(dppm)Au,Cl, (2.5), AgSbF, (5) 93
triphenylphosphinegoldchloride
(dppp)Au,Cl, (2.5), AgSbFg (5) 86
P\—AUC|
AuCl; (5) - — F>h/ oh
Cul (5 - \ /
ut () P—AuCI
AgSbF, (5) trace (dppp)AuxCl;
dppp = 1,1-Bis(diphenylphosphino)propane
R—AuCl
/\
Ph Ph

(dppm)Au,Cl,
dppm = 1,1-Bis(diphenylphosphino)methane
D. J. Gorin, N. R. Davis, F. D. Toste J. Am. Chem. Soc. 2005, 127, 11260.
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Nucleophilic addition to z activated carbon-carbon triple bonds, synthesis of heterocycles

substituted pyrroles in via formal [3 + 2] cycloaddition

reaction mechanism
N EWG

[Au] \ \
~ EWG [Au] , A [Au] N—R’

—/ R R2 > < C
R————N —> >=I= » — —_—
\ b o \ +

R3
EWG EW
\ \ +
[Au] N—R' R N—R' N\R1 N\R1
+ [Au] /
: \i e
R N —> 5 _N _N o NH
RS R? R?
" a) generation of highly electrophilic keteniminium intermediate,
b) reaction with 2H-azirine,
EWe ¢) ring opening of the three-member and formation of a cationic intermediate,
Aul \_g' 0)stabilization by electron donation from gold(1),
>\ < e) enamine-type cyclization,
= \N f) regeneration of the cationic gold(l) catalyst,
_< g) tautomerization to the 1H-pyrrole.
R®  R? L. Zhu, Y. Yu, Z. Mao, X. Huang Org. Lett. 2015, 17, 30.
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Nucleophilic addition to z activated carbon-carbon triple bonds, synthesis of heterocycles

substituted pyrroles in via formal [3 + 2] cycloaddition
reaction conditions

O Ph Ph
>\\ N catalyst Q
Ph———N 7+ A DCE or DCM rt> /U\ J\
\J Ph Ph PN TN o
H o/

X A . i
| electrophilicity of the corresponding gold(l) complex
- T =0 with chloride as counterion
I
ci—Au=O
Cl / t-Bu 17t \
gold(III) salt and complex t'BU\
no reaction P—Au—NCMe
Q B
N N
\../ catalyst, 3 mol%
K yield 99% /
optimized reaction conditions
iPr carbene ligand
yield 55%

L. Zhu, Y. Yu, Z. Mao, X. Huang Org. Lett. 2015, 17, 30.
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Nucleophilic addition to z activated carbon-carbon triple bonds, synthesis of heterocycles

4-aminoimidazoles in via formal [3 + 2] cycloaddition
reaction mechanism

7/ '\' GWE R GWE R1 GWE R|
EwG N )\R (>T\ R3—N >—N

/ 0
e _— — —
"\ T - y — NO%R
[Au] R [Au] [Au] [Au=—

N
d N%[Au] e NW)\RZ
R2

N N
R3” “EWG R “EWG

a) regioselective addition to gold-activated ynamide,

b) ring opening of the oxadiazole, formation of a cationic intermediate,
c) stabilization by electron donation from gold(l),

d) imine-type cyclization,

e) regeneration of the catalyst.

Z. Zeng, H. Jin, J. Xie, B. Tian, M. Rudolph, F. Rominger, A. S. K. Hashmi Org. Lett. 2017, 19, 1020
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Nucleophilic addition to z activated carbon-carbon triple bonds, synthesis of heterocycles

4-aminoimidazoles in via formal [3 + 2] cycloaddition

reaction conditions Ms
_ Me—N
Ms p-tol € N
/ 7—N catalyst
=N 4 >\ PhCF3, 80 °C > 4 )\
E N 3, ° Ph p'tOI
Ay  Me erd L )N\
O/ R
catalyst (mol%) imidazole (%) P
MeQ, SPhos
IPrAuCl/AgNTf, (5) 95
IPrAuCI/AgOTf (5) 67 Q Q
PPhAUNTf, (5) 52 MeO Y
SPhosAuUNTTf, (5) 48 triaryl phosphite
KAUBT, 39 2:8 =20 X
(2,4-tBu,Ph0O);PAUCI/AgNTf, (5) 30
electrophilicity of the corresponding
gold(l) complex

v with chloride as counterion
Z. Zeng, H. Jin, J. Xie, B. Tian, M. Rudolph, F. Rominger, A. S. K. Hashmi Org. Lett. 2017, 19, 1020.
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Gold catalysis and indole chemistry

Indoles as nucleophilic partners in reactions with activated z-systems

[Au]

/N ’
)
T Al

W

X ——> Nz
N
H

alkynes and allenes in functionalization, cyclization and
cycloaddition reactions
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Gold catalysis and indole chemistry

Intramolecular hydroarylations of alkyne tethered indoles

R R1 t-Bu It

R X = NR, O t-Bu_ |
x R=H, Ph P—Au—NCMe
Rl = H, CO,Me SbFg
catalyst, 5mo|% \ Q Q
8 examples
DCM,
\ M, rt N 58-89%

formal 7-exo-dig cyclization

same substrate

different catalyst! \

formal 8-endo-dig cyclization

1
» R
X X = NR
R = H, Me
Rl = H, CO,Me
catalyst, 5mo|% \ yZ AuCls
DCM, rt N 4 examples
H R 54-75%

C. Ferrer, A. M. Echavarren Angew. Chem., Int. Ed. 2006, 45, 1105.
C. Ferrer, C. H. M. Amijs, A. M. Echavarren Chem. Eur. J. 2007, 13, 1358.
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Gold catalysis and indole chemistry

intramolecular hydroarylations of alkyne tethered indoles

R']
R
X
” N
N
H
R R
X X
+
c
—> A [Auj—> A\ S
N
H R 5 R

a) intramolecular hydroarylation
b) 1,2 migration
c) aromatization, protodeauration

C. Ferrer, A. M. Echavarren Angew. Chem., Int. Ed. 2006, 45, 1105.
C. Ferrer, C. H. M. Amijs, A. M. Echavarren Chem. Eur. J. 2007, 13, 1358.
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Gold catalysis and indole chemistry

Cascade reactions of & and r-alkyne tethered indoles

RO,C CO,R
\ \
R1—! 9 \\ catalyst, 5 mol% 10 examples
Z~N R 59-86%
H DCM, rt £BuU -1+
HO t-Bu
s-alkyne tethered indoles P—Au—NCMe .
Q SbFg
NTs
I \ \ Catalyst, 5 mol% 4 examp|es
RI—- » 52-76%
= N DCM, rt
N/
OH
n-alkyne tethered indoles fused-furoindolines

G. Cera, P. Crispino, M. Monari, M. Bandini Chem. Commun. 2011, 47, 7803.
G. Cera, P. Crispino, M. Chiarucci, A. Mazzani, M. Mancinelli, M. Bandini Org. Lett. 2012, 14, 1350.
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Gold catalysis and indole chemistry

Cascade reactions of alkyne tethered indoles
reaction mechanism

X = C(COzR)Z

n=1
[Au] exo-dig
( X a

X N OH

R'—F P >\—/ a TsN

5 X=N \
n=2

endo-dig X
—

11
R |

N +
H

fused-furoindolines

a) Intramolecular hydroarylation
b) trapping of the iminium group by the hydroxyl group
C) protodeauration

G. Cera, P. Crispino, M. Monari, M. Bandini Chem. Commun. 2011, 47, 7803.
G. Cera, P. Crispino, M. Chiarucci, A. Mazzani, M. Mancinelli, M. Bandini Org. Lett. 2012, 14, 1350.
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Gold catalysis and indole chemistry

Nu-

_
LS A |

linear two-coordination mode
out-of-sphere r-activation

p
Bidentate catalyst

BINAP phosphines

Monodentate catalyst

I ‘ OCOAd
0}
O‘ )\P_Aux
3

BINOL phosphites

99

Chiral NHCs

o]
Ar < Ar
'ID/Ar o |_Ar
~~AuX ~~AuX
F,/AuX o P/AuX
N N
(6]

R
o] 0] 0] >—
2N \
o~ F|)_N R—N
Ph Ar/TAr PR
R
BINOL phosphoramidites SPIINOL phosphoramidites TADDOL phosphoramidites
/ /N\

N—Ad

N

AuX

F. Lopez, J. L. Mascarefias Beilstein J. Org. Chem. 2013, 9, 2250
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Gold catalysis and indole chemistry

EtO,C  CO,Et enantioselective cascade reaction

>

EtO,C

£10,C O reaction conditions
catalyst, 5 mol%

> 1y
DCM, rt &
% = Ar
dr > 50:1 N \ | 5
\Ar
5-exo-dig O
Yield ee O

H
HO
Catalyst
(5 mol%) AgX (%) (%)
(R,R)-L1 AgSbFg 21 46 (+) (R,R)-L1: bmaphane (S)-L2: Ar = 3,5-Me,-Ph
0
(S)-L2 AgSbF, 26 20 (-) OO { O
(R)-L3 AgSbFg 65 56 (-) = PAr, © PAr,
(5)-L4 AgSbFg 36 14 (-) O‘ PAr <o O PAr,
(R)-L5 AgSbF, 61 0 o
(S) L6 AngF 65 17 ( ) (R)-L3: Ar = 3,5-Me,-Ph (S)-L4: Ar = 3,5-(tBu),-4-OMe-Ph
- 6 - v
(R)-L3 AgOTf 59 72 (-) : oo O
PAr,
(R)-L3 AgNTf, 80 27 (-) PAr,
(R)-L3 AgBF, 60 74 (-) ‘
MeO
(R)-L3 AgPF6 7% i (-) . (R)-L5: Ar = 3,5-Me,-Ph (S)-L6: Ar = 3,5-(tBu),-4-OMe-Ph
(R)-L3 :
o°c + aAMs A9BF. 89 86 (-) : 9 examples
’ 50-89%, ee 75-87%
G. Cera, P. Crispino, M. Monari, M. Bandini Chem. Commun. 2011, 47, 7803.

i et e

G. Cera, P. Crispino, M. Chiarucci, A. Mazzani, M. Mancinelli, M. Bandini Org. Lett. 2012, 14, 1350.
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Gold catalysis and indole chemistry

ynamides and gold catalysis

R! EWG
N
IIEWG [Au] IIEWG EWG R® Nu- N7
— — p2 — — R2 u
1/N_R—>1/N _:_R<—>+/N —_— \Rz—_>>
R a B R : R1 [Au] Nu
[Au]
[Au]

S. Nayak, B. Prabagar, A. K. Sahoo Org. Biomol. Chem. 2016, 14, 803.
C. Theunissen, M. Lecomte Aldrichimica Acta 2015, 48, 59.

reaction of indoles with ynamides under Broensted acid catalysis

EWG
R3
R _ _EWG =
N/ oA R2
O - | g )
N N
\ . 2 1
R R R

Y. Zhang Tetrahedron 2006, 62, 3917.
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Gold catalysis and indole chemistry

Intra- and intermolecular reactions of ynamides and indoles under gold catalysis

Ts
N/TS (N
\ [Au(PPh3)SbF 3] (5 mol %) s, 21 examples
| | DCE 25 oC > 52'940/0
N ’
\ Z
Me \ H
OH Me

spirocyclic pyrrolidinoindolines

N. Zheng, Y.-Y. Chang, L.-J. Zhang, J.-X. Gong, Z. Yang Chem. Asian J. 2016, 11, 371.

a RB\N/EWG [Au(JohnPhos)NTF,] R2 4
LTy | el T Y e
pZ N DCE, src]);rc, 6-24 ~N N—R5
R3 R4 120 °C mw, 15- R® EwG
30 min

2-vinylindoles

V. Pirovano, M. Negrato, G. Abbiati, M. Dell’ Acqua, E. Rossi Org. Lett. 2016, 18, 4798.
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Gold catalysis and indole chemistry

synthesis of spirocyclic pyrrolidinoindolines

Ts

N/TS
N [Au(PPh3)SbF5] (5 mol %) 21 examples
N | | DCE, 25 °C 52-94%
Me
OH
N/TS
reaction mechanism A\

coordination of gold catalyst to ynamide

|
Ol
formation of keteniminium ion a }\Ae b
5-endo cyclization OH

6-ex0 nucleophilic addition
regeneration of the Au-catalyst

e

NTs
A\
n'f/ Y [Au]

"\ HO
Me
N. Zheng, Y.-Y. Chang, L.-J. Zhang, J.-X. Gong, Z. Yang Chem. Asian J. 2016, 11, 371.
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Gold catalysis and indole chemistry

synthesis of spirocyclic pyrrolidinoindolines
reaction conditions

N—TS
AN [Au(PPh3)SbF5] (5 mol %) 21 examples
2 e S
Me
OH
catalyst (mol%) Yield (%)
TsOH (5) -
TfOH (5) 13
Tf,OH (5) 14
AgOTf (5) -
AuCl; (5) -
PtCl, (5) -
iPrAuCl (5), AgNTf, (5) 60
iPrAuCl (5), AgSbFg (5) 76
PPh;AuCl (5), AgNTf, (5) 77
PPh;AuCl (5), AgSbF, (5) 94

N. Zheng, Y.-Y. Chang, L.-J. Zhang, J.-X. Gong, Z. Yang Chem. Asian J. 2016, 11, 371.
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Gold catalysis and indole chemistry

synthesis of 2-vinylindoles

R? R® EWG R2
N [Au(JohnPhos)NTf,] iy
(5 mol %) AN
R1_| X \ + . R1_I \ / 18 exa:)mpl_es
1 P N | | DCE, 80 °C, 6-24 = N N RS 36-88% vyield
h or
ke R4 120 °C mw, 15- k3 I|EWG
30 min

Me N [Au]*

R4
H
N\ II
\ H
H
dl[2+2] bl-H*
reaction mechanism s R
+N~ Me [Au] Me
a) formation of intermediates I and 11 Me | R, e € R'
b) loss of proton and ring opening AUl N\ —H N/
C) protodeauration step AT N NTs plall N N—R
d) formation of [2+2] cycloadduct \ R Ts

V. Pirovano, M. Negrato, G. Abbiati, M. Dell’ Acqua, E. Rossi Org. Lett. 2016, 18, 4798.
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Gold catalysis and indole chemistry

synthesis of 2-vinylindoles

R2 R5 EWG RZ
SN [Au(JohnPhos)NTF,] ~
5 mol %
R1—L S N+ © mel %) > Rl \ N__/ 18 examples
! / N | | DCE, 80 °C, 6-24 ! / N N_R5 36-88% YIeld
h or
\R3 R4 120 °C mw, 15- \R3 ||5WG
30 min
reaction conditions
. . catalyst (mol%) Yield (%)
reaction mechanism
HNTf, (5) 59
Me
Al 1 i Aa. N—Ts AgNTT, (5) 15
— N( > T e \j AuCl; 5
M
) ° . o PtCl, -
[ iPrAUNTf, (5) 57
EtO /=

l EtO PPh;AuUNTf, (5) 58

oM JohnPhosAuNTf, (5), 80°C 65
" JohnPhosAuNTf, (5), mw, 120°C 70

_9\
/I H EtO OEt

R. B. Dateer, B. S. Shaibu, R.-S. Liu Angew. Chem. Int. Ed. 2012, 51, 113.

V. Pirovano, M. Negrato, G. Abbiati, M. Dell’Acqua, E. Rossi Org. Lett. 2016, 18, 4798.
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Gold catalysis and indole chemistry

Allenes and gold catalysis

. A" [Ad] A
\ S [Au]* S A\S /+° n? complexes
/ \ Au-coordinated allene
[Au]*
+ _
planar c-allyl cations carbenoid species n! bent allenes
[Au* z
= + \ . Selectivity?
L\
R R

[4+2] [2+2] and [4+3] cycloadditions

F. Lopez, J. L. Mascarefias Beilstein J. Org. Chem. 2013, 9, 2250
S. Montserrat, G. Ujaque, F. Lépez, J. L. Mascarefias, A. Lledos Top. Curr. Chem. 2011, 302, 225

Intramolecular processes
P. Mauledn, R. M. Zeldin, A. Z. Gonzélez, F. D. Toste J. Am. Chem. Soc., 2009, 131, 6348
B. Trillo, F. Lopez, S. Montserrat, G. Ujaque, L. Castedo, A. Lledds, J. L. Mascarefias Chem.—Eur. J., 2009, 15, 3336
B. Trillo, F. Lopez, M. Gulias, L. Castedo, J. L. Mascarefias Angew. Chem., Int. Ed., 2008, 47, 951
H. Teller, S. Fliigge, R. Goddard, A. Furstner Angew. Chem., Int. Ed., 2010, 49, 1949
I. Alonso, B. Trillo, F. Lopez, S. Montserrat, G. Ujaque, L. Castedo, A. Lledds, J. L. Mascarefias J. Am. Chem. Soc., 2009, 131, 13020
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Gold catalysis and indole chemistry

intermolecular [4+2] cycloaddition reactions involving allenes
o]

/\k AuCl (5 mol%) /\\ RY \/R3
R2 R4 [Au(iPr)CI]/AgSbFg (5 mol%) X

N O+ >

1 \ |/ _\—|—//_ DCM, rt °

R e

IO
52-99% | H T TTTTREN :

Z:E > 93:7 O R' i L
reaction mechanism NYN‘
it P AU+P
¢ J\O
I\ 7 J ) 7 N 7 SbFs
[Au]-. N o + >_/—> YN = N N U
tel \ / (4 \
l A :

gold-stabilized
allyl cation
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Gold catalysis and indole chemistry

stereospecific synthesis of 2-vinylindoles

1. CICOOEt
TEA, THF _ CF3S0,)50, i-PryEtN
—0 —— o (EFs502) 2 N\ OS0,CF,4
2. (NH4)2CO3 CH2C|2, rt
i DMF N N

\ \
H 80% COOEt 979% COOEt
Pd(PPhs), R
N\ BOH)2  Naticos soln SN /
OSO,CF; + — — " = |
EtOH, toluene =
N\ R 100°C N\
COOEt COOEt

E-2-vinylindoles
12 examples, 75-99%

Suzuki-Miyaura coupling, high yield, stereospecific reaction

E. Rossi, G. Abbiati, V. Canevari, G. Celentano, E. Magri Synthesis, 2006, 299
V. Pirovano, L. Decataldo, E. Rossi, R. Vicente Chem. Commun. 2013, 49, 3594
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Gold catalysis and indole chemistry

2-vinylindoles as 4 ~component in cycloaddition reactions

Q_)\\/\ v" Diels-Alder cycloaddition
Vo~ N R _»_ v [4+2] cycloaddition
) I v’ [4+2] cyclization

R

c-activation by Lewis acids n-activation by transition metals
J i 2 2
\/EWG EWG = R R
Iy~ HR Iy~ QR
N N N N
I I I I
R’ R’ R’ R’

v Substrates

v" Reaction conditions
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Gold catalysis and indole chemistry

2-vinylindoles as 4 ~component in cycloaddition reactions

== O Q v’ Diels-Alder cycloaddition
%R — R __» v [4+2] cycloaddition

N N - -
) y v' [4+2] cyclization
n-activation by transition metals n-activation by gold catalysis

Rz Rz ! /

(=

|
R’ R R R’

v Substrates

v’ Catalysts |:> Selectivity
v" Reaction conditions
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Gold catalysis and indole chemistry

2-vinylindoles and allenamides
preliminary results 0
o
O},O / N

Wp-tol N\) [Au(PPh3)(NTf,)] (5 mol%) - N\ / p-tol
N + DCE, -20 °C, 1.5 h N
R

R
R=H, 51%
R = Me, 60%

R =H, Me

Wp—TOl
N

CO.Et
+
_‘ [Au(PPh;)(NTf,)] (5 mol%)
Os-0 J DCE, -20 °C, 1.5 h Q
N
H/ 16% 51% 33%
1.5 equiv.

V. Pirovano, L. Decataldo, E. Rossi, R. Vicente Chem. Commun. 2013, 49, 3594
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Gold catalysis and indole chemistry

2-vinylindoles and allenamides

CO,Et
+
. _‘ [Au(PPh3)(NTf,)] (5 mol%)
YO J DCE, -20°C, 1.5 h
N

V. Pirovano, L. Decataldo, E. Rossi, R. Vicente Chem. Commun. 2013, 49, 3594
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Gold catalysis and indole chemistry

2-vinylindoles and allenamides
preliminary results

A / p-Tol
el

COLEt

=+

[ .

1.5 equiv.

[Au(PPh3)(NTf,)] (5 mol%)
DCE, -20 °C, 1.5 h

@)

I

0 0
\ \ \
H 74 N\)JO H 74 N\)JO H 74 N)\O

[Au] [Au] [Au]
~~_~+pTol - D F —pTol —> + A ~F pTol
) ) N
COOEt COOEt COOEt
B A C

V. Pirovano, L. Decataldo, E. Rossi, R. Vicente Chem. Commun. 2013, 49, 3594
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Gold catalysis and indole chemistry

) ~C
O e, 0O O
VA v T

CO,Et CO,Et

iPr iPr
N/=\N

,-pr\*cﬁpr - reaction conditions

[Au(IPr)(NTF;) JNTf2 entry ngl?: (ga’:"aol;/;:) solvent T(°C) [M] A B (o

1 0.9 [AU(IPr)(NTH,)] DCE 20 0.1 5 75 -

2 0.9 [Au(JohnPhos)(NTf,)] DCE -20 0.1 - 81 8

3 0.9 [Au(PPh3)(NTf,)] DCE -20 0.1 54 - 9

[Au(JohnPhos)(NTf2)] 4 0.9 [Au((ArO);P)(NTF,)] DCE 20 0.1 65 18 -

P, 5 0.9 [Au(JohnPhos)(NTf,)] DCM -20 0.05 - 80 -

A 6 2.5  [Au(JohnPhos)(NTf)] DCM  -20 0.05 - - 95

[Au(PPh3)(NTf5)] 7 0.9 AuCl; DCM -50 0.1 83 - -

oﬁ?)—P—Au+

/©i Y
t-Bu tBu  NTf,

[Au((Ar0)3P)(NTf;)] V. Pirovano, L. Decataldo, E. Rossi, R. Vicente Chem. Commun. 2013, 49, 3594
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Gold catalysis and indole chemistry

. . - - NR°R®
reaction scope with 2-vinylindoles - &
N
N R
CO,Et Lo,Et

10 examples 7 examples
32-93% 27-98%

Conditions A: AuCl;  Conditions B: [Au(JohnPhos)(NTf,)],

R4
R? NR°R® CH,Cl, -50 °C, n = 0.9 P
W [Aul (5 moi) 2 20°C,n =09
—_—
R ' NR°R®

. CH,Cl, T,0.5h J
R3 R
n equiv. N/
iz 506
R'=H,Ph  NR°R®= o N TNNRR
R2 = H, Ak, Ar +nA CO,Et
R3=H F k/CHZ/O 7 examples
Ts 66-99%
-§—N\ Conditions C: [Au(JohnPhos)(NTf,)],
Me/Ph -20°C,n=25

Conditions A

93%

O,Et Conditions C

o
63%

V. Pirovano, L. Decataldo, E. Rossi, R. Vicente Chem. Commun. 2013, 49, 3594

ISOC 2017
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Gold catalysis and indole chemistry

VRN

I L M VN \ /~p-Tol
N -[Au]* N
cI;ozEt (IJOZEt
/ NR,
-shi A
[H]-shift \ R
] i N
reaction mechanism Loet

II

2
2

CO,Et \\\\
NR

V. Pirovano, L. Decataldo, E. Rossi, R. Vicente Chem. Commun. 2013, 49, 3594
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Gold catalysis and indole chemistry

2-vinylindoles and allenylethers

Tol [Au(PPh3)CI] (5 mol%)
Wp N HOBn AgOTf (5 mol%) p-Tol  work- up p-Tol
N A\
0.t CH,Cl, -20 °C, 1.5 h N

CO,Et COzEt
30%

gold catalyzed propargylic esters rearrangement

R3 R3 R3
/K ){ )\ e.g.: [2,2]-cycloaddition,
electrophilic 'e) ) Nazarov cycllzatllon,.
O O gold catalysts O/‘ 0 — — Myers-Sa.t.o cyclization,
> _ — nucleophilic attack,
1 1 2 R! R2 electrophilic trapping,
R % A & e ring expansion
ag R [Au] [Aul
u
1,3-migration Au-coordinated

allenyl ester

P. Mauleon, F. D. Toste in “Modern Gold Catalyzed Synthesis”, A. S. K. Hashmi, F. D. Toste Eds (2012) Wiley-WCH, Weinheim
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Gold catalysis and indole chemistry

2-vinylindoles and allenylesters, cascade reaction

R30CO
2
R? / R
R
A\
N
\
CO,Et

\_/ " N
R1,\1)__\(OCOR3
N SENETERD

\
CO,Et R?
V. Pirovano, E. Arpini, M. Dell’Acqua, R. Vicente, G. Abbiati, E. Rossi Adv. Synth. Catal. 2016, 358, 403
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Gold catalysis and indole chemistry

OR

Ph)\ R =Ac, Piv

n-Pr

reaction conditions and scope

gold-catalyzed _
[3,3]rearrangementl P—Au
p-Tol , cat. (5 mol%
AN / , Ph £ OR ( ) - o
N [Au] CH,Cl,, T, 5-24 h NTF §
\ n-Pr
coet  COkt i HERTEISIAT A
allene Catalyst o Yield
entry  (equiv.) (5 mol%) T(°C) t[h]  [op;
1 R=Ac(1.1) [Au((ArO)sP)(NTf,)] -20 24 31
2 R =Ac (1.1) [Au((ArO);P)(NTf,)] -20 24 52
3 R = Ac (1.1) [Au((ArO);P)(NTf,)] -35 24 64
4 R = Piv (1.5)  [Au((ArO);P)(NTf,)] -35 5 75
R? Gt [AUP(Ar0)5CI] (5 mol%)
| X A\ / AgNTf5 (4.5 mol%) 8 examples
‘
L A~N " X ,  CHxCly, -35°C, 2-48 h 35-86%
R i
\C302Et R
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Gold catalysis and indole chemistry

enantioselective cycloaddition reactions with allenamides

o
R Y o N\ — \N_Ad
R! N [Au] (5 mol%) / N
=z AgNTf, or AgSbFg (5 mol%)
+ > O  [Au] = R AuCl
4 _
R® R ee up to 99% RSN

J. L. Mascarefias, J. Am. Chem. Soc. 2012, 134, 14322.

DCM, -60°C, 16 h

o @)
R >\\x AuCI-DMS (5 mol%) <
AgOTf (5 mol%) z @)
%\ N L (2.5 mol%) L= PAT
Rt . o)
|

Boc ee up to 99%

Ar = 3,5(tBU)2'4(OM€)C6H2
DTBM-Seghphos

M. Jia, M. Monari, Q.-Q. Yang, M. Bandini Chem. Commun. 2015, 51, 2320
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Gold catalysis and indole chemistry

enantioselective cycloaddition reactions of 2-vinylindoles and allenes
PivO

OPiv

\ ) pTol L*-AuX
*  Ph N - >

N N

\ n-Pr

CO,Et

@)
S YO
A / p-Tol N\) L Aux
+ —»

N

\ \

CO,Et CO,Et

V. Pirovano, E. Arpini, M. Dell’Acqua, R. Vicente, G. Abbiati, E. Rossi Adv. Synth. Catal. 2016, 358, 403 — VIP.
V. Pirovano, M. Borri, S. Rizzato, G. Abbiati, E. Rossi Adv. Synth. Catal. 2017, 359, 1912.
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Gold catalysis and indole chemistry

enantioselective cycloaddition reactions of 2-vinylindoles and allenylesters
OPiv

Ph
X
n-Pr
gold-catalyzed
[3,3]rearrangement

[Au(L*)CI] (5 mol%)

\ / p-Tol P OPiv AgNTf, (4.5 mol%) -~
\ [Aul* CH,Cl,, -35 °C, 24-48 h

\ n-Pr
CO,Et

reaction conditons

: R
entry L* Additive t[h] ?;I-‘; e.r. OO Ph

1 L - 24 90 40:60 : ~p_n
3 o~

2 L2 - 24 42 80:20 OO > -------- "
] Ph

3 L3 - 48 47 81:19 R

4 L4 - 48 42 84:16 Ly:R=H L,
L,: R = naphthyl

5 L4 4Ams 48 62 85:15 Ls: R = pyrenyl

iSOC 2017 537 | UNIVERSITA
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Gold catalysis and indole chemistry

enantioselective cycloaddition reactions of 2-vinyl-3-methylindoles and allenamides

Me O

O
R1 *
W LN AN
N _ _
CO,Et o)
»o
72N
Me :
« Less nucleophilic C-3 Au] . Degromatlzed carbazole
« Challenging formation of M= der_lvat|ve
intermediate | N R’  Chiral quaternary
N CO,Et | stereocenter

L* = dinuclear chiral gold(l) catalyst

V. Pirovano, M. Borri, S. Rizzato, G. Abbiati, E. Rossi Adv. Synth. Catal. 2017, 359, 1912.
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Gold catalysis and indole chemistry

enantioselective cycloaddition reactions of 2-vinyl-3-methylindoles and allenamides
O

Me - O\\r’o """""""""" 5 o """"""""""""""""""
- 10 * <) Ar
[\! W CH2C|2 <O R‘Ar
Ar
CO,Et . .
L1 Ar = 3,5-di-tert-butyl-4- methoxyphenyl;é
- - : R)-DTBM-Segph 5
reaction conditions L, A asdmethyipneny
. : (R)-DM-Segphos
. T Yield :
Entry allene equiv. Catalyst t(h e.r. :
y q Y (°C) (h) (%) OO ArA
5 L Ar
: VT Ar
2 1.2 [L,Au,(NTF,),] -40 18 75 496 | OO Ar
3 1.2 (0.05 M) [L,AU,(NTF,),] -40 18 79 4:96% Ly Ar=Ph:
g (R)-BINAP)
4 0.9 [L,Au,Cl,]/AgNTf, -20 1 54  27:73 Ly Ar=35-dimethylphenyl
5 (R)-DM-BINAP
5 0.9 [LsAu,Cl,]/AgNTF, -20 1 52 37:63 O
Ar
6 0.9 [L,Au,Cl,]/AgNTF, -20 1 75  20:80 MeO p-Ar
MeO P-Ar
7 0.9 [LsAu,Cl,]/AgNTf, -20 1 48  12:88 O .
* increased to 1:99 after a single recrystallization from CH,Cl,/pentane L, Ar = 3,5-di-tert-butyl-4-methoxypheny!

V. Pirovano, M. Borri, S. Rizzato, G. Abbiati, E. Rossi Adv. Synth. Catal. 2017, 359, 1912.
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Gold catalysis and indole chemistry

enantioselective cycloaddition reactions of 2-vinyl-3-methylindoles and allenamides

Me

WP—TOI Hﬁ’

[L*AuX] (2.5 moI%L O
CH,Cl,

CO,Et COzEt

i et e

V. Pirovano, M. Borri, S. Rizzato, G. Abbiati, E. Rossi Adv. Synth. Catal. 2017, 359, 1912.

‘L4, Ar = 3,5-di-tert-butyl-4-methoxyphenyl;:
: (R)-DTBM-Segphos ;
L, Ar = 3,5-dimethylphenyl;
(R)-DM-Segphos

QO
1A
) r

P\‘Ar
eeL

L, Ar=Ph;
(R)-BINAP)

L4, Ar = 3,5-dimethylphenyl;
(R)-DM-BINAP

MeO

<
@
y O
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Gold catalysis and indole chemistry

enantioselective cycloaddition reactions of 2-vinyl-3-methylindoles and allenamides

reaction scope with 2-vinylindoles N?-\j
R? N )
R3 % R
- W . N \) [L1(Auo)(NTf5)] (2.5 mol% )> aill
CO,Et CO,Et
8 examples
40-90%
e.r. up to 97:3
reaction scope with 3-vinylindoles
i O o R? Nr\o
E’\) [L(Aus)(NTfo),] (2.5 mol%) __ \\<
: AN \ + > | N O
R = Me M/ CH2C|2’ 0.1 M R1 - P
Z~N N Me
CO,Et CO,Et
4 examples
80-97%

(E)(2Z) up to 20:1
e.r. (E) up to 98:2
e.r (Z) up to 99:1

V. Pirovano, M. Borri, S. Rizzato, G. Abbiati, E. Rossi Adv. Synth. Catal. 2017, 359, 1912.
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Gold catalysis and indole chemistry

enantioselective cycloaddition reactions of 3-vinylindoles and allenamides

oY
g N\R4
ml .
R? 3 R—| WA
\CozEt
X
R'-F
Z =N N/ \
X
/ \ A\
PG = CO,Et = [4+2] PG = Me = [2+2] N

Me

Y. Wang, P. Zhang, Y. Liu, F. Xia, J. Zhang Chem. Sci. 2015, 6, 5564.
H. Hu, Y. Wang, D. Qian, Z.-M. Zhang, L. Liu, J. Zhang Org. Chem. Front. 2016, 3, 759.
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Gold catalysis and indole chemistry

enantioselective cycloaddition reactions of 3-vinylindoles and allenamides

R2
Ts
|

s
Me,SAuCl, 5.5 mol% N
L*, 5.5 mol% X “Me
AgNTf, 5 mol%
' \\\
> R1_| \
- |
DCM, -20°C P N
\

Me
>_Ph )Ph ‘e o. Me>-Ph
oo WO O
Me
Me

reaCtlon Condltlons (S,S,S)-L1, 68% ee, (+)-3a ((SRR) L2, 90% es, (-)-32) (R.S,S)-L3, 86% ee, (+)-3a

(S,R,R)-L1, 68% ee, ( ) -3a (R,R,R)-L2,76% ee, (+)-3a (S,S,S)-L3, 55% ee, (+)-3a

OMe Ar
e -

IIAr 'Me o >-n|\Ph
"P—-N

>—Ar . 0o J=Ph
C’ Me
Ar

Ar = 1-naphthyl Ar = anthracenyl

(R.R.R)-L4,52% ee, (+)-3a  (S,5,5)-L5, 43% ee, (+)-3a (R.R,R)-L6, 72% ee, (-)-3a
(S,R,R)-L4, 52% ee, (-)-3a  (R,S,S)-L5, 47% ee, (-)}-3a

Y. Wang, P. Zhang, Y. Liu, F. Xia, J. Zhang Chem. Sci. 2015, 6, 5564.
H. Hu, Y. Wang, D. Qian, Z.-M. Zhang, L. Liu, J. Zhang Org. Chem. Front. 2016, 3, 759.
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Gold catalysis and indole chemistry

enantioselective cycloaddition reactions of 3-vinylindoles and allenamides

Ph Ts
Ph Pho
Ts s N\
— | Me,SAUCI, 1.0 mol% Me
N (S,R,R)-L2, 1.1 mol% —
Me — AgNTf, 1 mol%
\ + - Me/ \T or
N DCM, -60°C N\ H
\ or \ PG
PG DCE, -30°C PG
reaction conditions and scope
.- yield ee
PG [] condition Z/E
(%) (%) 13 examples
Me [2+2] A 99 1:0 96 —p  28-99%
Z/E 1:0
Bn [2+2] A 94 1:0 92 ee 82-96%
Allyl  [2+2] A 93 1:0 91
H [2+2] A 95 1:0 72 12 examples
CO,Et  [4+2] B 95 5.3:1 T — SR
2 = Z/E 3-6.1:1
Ts [4+2] B 86 4.2:1 91 ee (Z) 89-97% ee (E) 88-92%
Ac [4+2] B 67 7.3:1 94

Y. Wang, P. Zhang, Y. Liu, F. Xia, J. Zhang Chem. Sci. 2015, 6, 5564.
H. Hu, Y. Wang, D. Qian, Z.-M. Zhang, L. Liu, J. Zhang Org. Chem. Front. 2016, 3, 759.
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Gold catalysis and indole chemistry

enantioselective cycloaddition reactions of 3-vinylindoles and allenamides

a (8
@
il i
(' (™% b\‘ :"’ —» [2+2]
.
©
o
'I's
N
e © “" “Ph
. { P o
P Y [Aul L
c .? “

Y. Wang, P. Zhang, Y. Liu, F. Xia, J. Zhang Chem. Sci. 2015, 6, 5564.
H. Hu, Y. Wang, D. Qian, Z.-M. Zhang, L. Liu, J. Zhang Org. Chem. Front. 2016, 3, 759.
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Alkynes

R. Dorel, A. M. Echavarren Chem. Rev. 2015, 115, 9028

W. Debrouwer, T. S. A. Heugebaert, B. I. Roman, C. V. Stevens Adv. Synth. Catal. 2015, 357, 2975
A. M. Asiria, A. S. K. Hashmi Chem. Soc. Rev. 2016, 45, 4471

Cycloadditions

M. E. Muratore, A. Homs, C. Obradors, A. M. Echavarren Chem. Asian J. 2014, 9, 3066
F. Lopez, J. L. Mascarefias Beilstein J. Org. Chem. 2013, 9, 2250

F. Lopez, J. L. Mascarefias Beilstein J. Org. Chem. 2011, 7, 1075

Counterion Effects in Homogeneous Gold Catalysis
M. Jia, M. Bandini ACS Catal. 2015, 5, 1638

Propargylic esters
R. K. Shiroodi, V. Gevorgyan Chem. Soc. Rev. 2013, 42, 4991

Cationic Gold Complexes
R. E. M. Brooner, R. A. Widenhoefer Angew. Chem. Int. Ed. 2013, 52, 11714

n-Acid Catalysis
A. Furstner Acc. Chem. Res. 2014, 47, 925




Allenes
W. Yang, A. S. K. Hashmi Chem. Soc. Rev. 2014, 43, 2941

Dual gold catalysis
|. Braun, A. M. Asiri, A. S. K. Hashmi ACS Catal. 2013, 3, 1902

Heterocycles and gold catalysis

M. Rudolph, A. S. K. Hashmi Chem. Commun. 2011, 47, 6536
M. Bandini Chem. Soc. Rev. 2011, 40, 1358

M. Bandini, A. Eichholzer Angew. Chem. Int. Ed. 2009, 48, 9608

C-H functionalization
Sgren Kramer Chem. Eur. J. 2016, 22, 15584

Enyne cycloisomerization

E. Jiménez-Nuiez, A. M. Echavarren Chem. Rev. 2008, 108, 3326
R. Dorel, A. M. Echavarren J. Org. Chem. 2015, 80, 7321

R. J. Harris, R. A. Widenhoefer Chem. Soc. Rev. 2016, 45, 4533




