Recent Developments in Homogeneous Gold Catalysis

David A. Nagib

MacMillan Group
Literature Meeting

03.17.2010



Relativistic Effects in Gold Catalysis
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Relativistic Effects in Gold Catalysis
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Activation of r-systems Towards Nucleophiles

Markovnikov
[Au] addition Nu + H Nu
R—— o R——= > — - >=
NuH E - H* R Au - [Ad] R
Au@ [Ad]
frans-addition
B Oxygen nucleophiles
5% Na[AuCl,] HQ + HY HO\ taut. o
R——== > >=\ — /) > J\
MeOH/H,0 R [Au] - [Au] R R Me
reflux, 1-10 hr trans-addition > 10 examples
> 90% yield
5% Na[AuCl,] MeQ + HY Meo\ taut. MeQ OMe
R——= > — —_— /— > .
MeOH R [Au] ~[Au] R + MeOH R Me
reflux, 1-10 hr trans-addition 5 examples
> 85% yield
B Other nucleophiles
Ar E R' Hydration: Fukuda, Y.; Utimoto, K. J. Org. Chem. 1991, 56, 3729-3734
)N|\ > _/ Teles, J.; Brode, S.; Chabanas, M. Angew. Chem. Int. Ed. 1998, 37, 1415-1418
R Me R Hydro-amination: Mizushima, E.; Hayashi, T.; Tanaka, M. Org. Lett. 2003, 5, 3349-3352
20 examples 5 examples Hydro-fluorination: Akana, J.; Bhattacharyya, K.; Muller, P.; Sadighi, J.

> 80% yield > 70% yield J. Am. Chem. Soc. 2007, 129, 7736-7727



Trost’s Synthesis of Bryostatin

B Gold-catalyzed 6-endo-dig cyclization provides highly sensitive dihydrofuran C ring under mild conditions

12% Pd(OAC),

15% TDMPP
>
56% yield
cis-addition
2% AuCI(PPh,)
20% AgSbFg
73% yield
trans-addition
PiVZO, CHQCIZ,
TBAF, THF

COgMe

Trost, B.; Dong, G. Nature 2008, 456, 485-488



Employing Carbon Nucleophiles: Hydroarylation

W Au(l) & Au(lll)-catalysts provide complete regioselectivity in the hydroarylation of terminal alkynes

1.5% AuCl, Ar +H* Ar
3% AgSbFg ~[AU]
Ph—=—= | CHsNO,, 50°C Ph [Aul Ph
Me trans- 70% yield
Markovnikov addition
Me Me
EtO,C——
1% PhgPAUCI [Au] + HY
> — ’ —
5% BF3-Et,O ~[Au]
CH3NO,, 50°C EtO,C Ar EtO,C Ar
trans- 90% yield
Michael addition Z only
Ar = Me OMe Me Me
) O "0
Me Me
Me o/p

Reetz, M.; Sommer, K. Eur. J. Org. Chem. 2003, 18, 3485-3496



Employing Carbon Nucleophiles: Enolate Alkylation

B A wide range of B-keto esters serve as efficient nucleophiles for the mild and fast hydroalkylation of terminal alkynes

(@)
@ & 1% PPhzAuCl R—(/ CO,R!
> g
R OR' 1% AgOTf
CH,Cl,

% r.t., 15 min

15 examples

> 81% vyield

B Deuterium studies support trans-addition mechanism and explain limitation towards internal alkynes

B O
R E D
L
= 1D
o o CO,R N CO,R
| AuL _ LAU observed
R OR' trans-addition
A\ _ _
D R t R (@)
o " R—({ CO,R'
AuL > (Au] 3 =
] N AL A D
CO.R 5 CO,R'
- - D not observed

cis-addition

Kennedy-Smith, J.; Staben, S.; Toste, F. D. J. Am. Chem. Soc. 2004, 126, 4526-4527



Cyclization of Silyl Enol Ethers

B Enol silanes are also suitable nucleophiles for quaternary (& now tertiary) carbon center construction

O
QSiRs 10% PPhgAuCl /s
R' > g
R P 10% AgBF,
CH,Cl,, H,O
n - 40°C
13 examples
R, R' = alkyl, aryl, H > 73% vyield
TBSO B 7] +
R .
5-exo-dig H,O
: >
= 6-exo-dig
H
@ 1
§ | AuL
terminal-6-alkyne internal addition
favored

B Water serves as the external proton source for the final proto-deauration

Staben, S.; Kennedy-Smith, J.; Huang, D.; Corkey, B.; LaLonde, R.; Toste, F. D. Angew. Chem. Int. Ed. 2006, 45, 5991-5994



Internal vs Terminal Alkynes

B Markovnikov addition provides access to variously substituted cyclopentenes depending on alkyne substitution

TBSO B
R X .
// 5-endo-dig
n X=Ar|
H I
DAuL
internal-y-alkyne benzylic/halo addition
favored
TBSO B 7] t+
R .
5-exo-dig H.0O
:
= 6-exo-dig
H
@ 1
§ | AuL
terminal-6-alkyne internal addition
favored
TBSO B TBS|
R . b
// 5-endo-trig =—=0
° R r H S -
= H _._I_
H R @ 1 H
AuL

terminal-3-allene

conformation governs
addition

Staben, S.; Kennedy-Smith, J.; Huang, D.; Corkey, B.; LaLonde, R.; Toste, F. D. Angew. Chem. Int. Ed. 2006, 45, 5991-5994




Synthetic Applications of Cyclopentenes

B The non-ester bearing quaternary cyclopentenes allow rapid synthetic access to a variety of Lycopodium alkaloids

TBSO B o X
R X .
// 5-endo-dig A
n X=Ar | .
H @
i AuL | H R
internal-y-alkyne benzylic/halo addition
favored
1. Organocat. |
2.H 8 steps 3 steps
3. p-allene add'n P
4. NIS
O 0] BnO
fBqu\/”\R 0
+ \ /
0 N
Me
Me/\)I\H H
(+)-fawcettimine (+)-lycopladine A
13 steps 8 steps

Staben, S.; Kennedy-Smith, J.; Huang, D.; Corkey, B.; LaLonde, R.; Toste, F. D. Angew. Chem. Int. Ed. 2006, 45, 5991-5994

Linghu, X.; Kennedy-Smith, J.; Toste, F. D. Angew. Chem. Int. Ed. 2007, 46, 7671-7673
For comparison, structurally similar Lycopodium alkaloids synthesized in 22-24 steps: Laemmerhold, K.; Breit, B. Angew. Chem. Int. Ed. 2010, ASAP



Enantioselective Conia-Ene

B A chiral Pd-complex was preferred due to the linear geometry of the ligand and substrates across the Au-catalyst

o) ] .
cat & "L yield ee
o0 o= rR— com
R OR' M / (R)-BINAP(AUOT), 85% 0%
(R)-BINAP(PAOT), low  68%
S |
13 examples - - % Y%
s (R)-DTBM-SEGPHOS(PAOTf), 84%  89%
>70% ee

B X-ray structures demonstrate the distance between the ligand framework and the pro-chiral substrate

LR 2 ®
1 . ,‘.": Sp B <O O
4 W 2 ) ) _l g O PAr2
" "\ “Pd(OTI),
5 : o <O O PAr2
Q : ‘e % < 14 | " ! O
o el - ¢
(R)-BINAP(AUOTY), (R)-DTBM-SEGPHOS(PAOTY),
4.58 A Au vs Pd 3.14 A

Corkey, B.; Toste, F. D. J. Am. Chem. Soc. 2005, 127, 17168-17169
Shapiro, N.; Toste, F. D. Synlett. 2010, 5, 675-691



Enantioselective Gold Catalysis

B Development of a Au(l)-catalyzed asymmetric hydroamination reaction

ZT

NHTs

E/\ cat.
. B )

achiral allene

12 examples
> 70% yield
> 87% ee

B Coordinating counteranion provides increasing enantioselectivity due to the proposed model below

I I P(m-xylyl),AuCl
l ] P(m-xylyl),AuCl

(R)-xylyl-BINAP(AuCl),

non-coordinating
counteranion

coordinating
counteranion

—
~——————

*L(AuX), + AgY yield ee
3% (R)-xylyl-BINAP(AuCI), + 6% AgBF, 82% 1%
3% (R)-xylyl-BINAP(AuClI), + 3% AgBF, 81% 51%
3% (R)-xylyl-BINAP(AuCI), + 6% AgOBz 27% 98%
3% (R)-xylyl-BINAP(AuOPNB), 88% 98%
P—Au-X P-Aut | X P-Aur | XY
— * — *
T B w—
P-Au-Y P-Au-Y P-Au*
mono-cationic di-cationic
species species

Greater enantiocontrol

Lesser enantiocontrol

W All 3 species observed by 3'P NMR of 2:1 L(AuCl),:AgBF,
B Coordinating counteranions shift equilibrium to left (higher ee)

LaLonde, R.; Sherry, B.; Kang, E.; Toste, F. D. J. Am. Chem. Soc. 2007, 129, 2452-2453




Chiral Counterion Catalysis

B Chiral induction still challenging due to the expanse of the linear gold complex B Chiral ligand strategy

_ O .
Eoi\ o) X P(Ar),AUOPNB
L(AuX) L
\. _— \ /

P(Ar),AuOPNB |

j\:j r.t. “ O +

(R)-xylyl-BINAP(AUOPNB), @
89% yield

8% ee
B An interesting alternative
5% PPPSAUCI 89% yield m Chiral counterion strategy
O,
5% AgX* 48% ee
1-
2.5% dppm(AuCl), Ph,P-Au-CI
+ dppm(AuCl), =

5% AgX* Pho,P-Au-Cl L

71% vyield 76% vyield 90% yield b
37% ee 65% ee 97% ee

acetone CH,ClI, benzene @

Increasing solvent polarity
(R)-xylyl-BINAP-Ag
B Nucleophiles also include -NHSO,Ar & -CO,H Hamilton, G.; Kang, E.; Mba, M.; Toste, F. D. Science. 2007, 317, 496-499

Perspective: Lacour, J.; Linder, D. Science. 2007, 317, 462-463



Modes of Reactivity in Homogeneous Gold Catalysis
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Non-Canonical Reactivity

B Compared with nucleophilic activation provided by canonical metal catalysis, gold offers orthogonal electrophilic activation

R =R Nu-H Nu
/—<_ -~ M-\ vs R—=— — >—\_
H Nu Nucleophile & - @ Electrophile R H

activation Au () activation




Ring Expansions

B Compared with nucleophilic activation provided by canonical metal catalysis, gold offers orthogonal electrophilic activation

=R
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H Nu
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R

Nu-H
—>

Electrophile
() activation

Nu

B Non-canonical nucleophiles that lack metal-coordination sites (i.e. C-C o-bond) are suitable partners in Au-catalysis

H OH

3 — 2% LAuUCI
S —_—

- 2% AgSbFg

I'_I CHQClz, r.t.

selective migration of
more-substituted carbon

66% yield

HO
X

0.5% L*AuCl

—_——
1% NaBARF

DCE, -30°C

O%_:

88% yield
89% ee

Markham, J.; Staben, S.; Toste, F. D. J. Am. Chem. Soc. 2005, 127, 9708-9709
Kleinbeck, F.; Toste, F. D. J. Am. Chem. Soc. 2009, 131, 9178-9179
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Enyne Cycloisomerizations

B Simple olefins can also serve as nucleophiles when tethered to a r—activated alkyne (1,6-Enynes)

E 2% (PPhg)AuSbFy Me
0 CH,Cl,, r.t., 10 min E ~
Eree Me
> o
E
% 5-exo-dig
96% yield

B A series of skeletal rearrangements involving carbenoid and cationic intermediates may be invoked for this transformation

B e

LAu

cation carbene cation

B Product selectivity is highly dependant on the substitution of the a,w—enyne starting materials

Nieto-Oberhuber, C.; Mufioz, M.; Bufiuel, E.; Nevado, C.; Cardenas, D.; Echavarren, A. Angew. Chem. Int. Ed. 2004, 43, 2402-2406



Enyne Cycloisomerizations Revisited

B Simple olefins can also serve as nucleophiles when tethered to a r—activated alkyne (1,5-Enynes)

R R ¥ R
S_R 2% (PPhj)AuSbFg S
R = CH.Cly, r.t., 5 min 1,2-H shift
= : R
H \ 5-exo-dig
@AuL
| 8 examples
- > 94% yield
B 1,5-Enynes (from propargyl alcohols) reliably provide synthetic access to the cis-fused 3,5-ring systems
TMS H
=z ropy! -
OH X Propy! ,
)\ propyl _ 1% LAUSbF6 1 ,propy/
Bn Bn >
X 5% (dppm)ReOCl, A CH,Cl,, rt.
5% NH4PFg, MeNO,, 65°C Bn
79% yield 98% yield

B Free alcohols can replace the benzyl substituent and provide access to propane-fused cyclopentenone

Mamane, V.; Gress, T.; Krause, H.; Flrstner, A. J. Am. Chem. Soc. 2004, 126, 8654-8655
Kleinbeck, F.; Toste, F. D. J. Am. Chem. Soc. 2004, 126, 9178-9179



Enyne Cycloisomerizations Revisited

B Simple olefins can also serve as nucleophiles when tethered to a r—activated alkyne (1,5-Enynes)

R R | ¥ R
S_R 2% (PPhj)AuSbFg S
R = CH,CI,, r.t., 5 min 1,2-H shift 7
— >
= 5 3 R
H \ -exo-dig
@ AuL
| 8 examples
- > 94% yield
B Further mechanistic considerations
B Propargyl deuterium label is selectively incorporated in the vinyl position of the product
B 1,2-Disubstituted olefins underwent cycloisomerization stereospecifically
R' i R ] R'
S.R" SaR" :': D R"
" F‘ —
— |
5 — 5 o R
®AuL AuL ® AuL D
cation hybrid carbenoid

B Gold-carbenoid character is strongly suggested by these mechanistic observations ...

Mamane, V.; Gress, T.; Krause, H.; Flrstner, A. J. Am. Chem. Soc. 2004, 126, 8654-8655
Kleinbeck, F.; Toste, F. D. J. Am. Chem. Soc. 2004, 126, 9178-9179



Carbene Controversy

B Firstner strongly argues that these gold-catalyzed processes exhibit more non-classical carbocationic features

carbene cationic
mechanism mechanism
B Furstner isolated and characterized a stable
alkyl-gold complex that could exist as a carbene
T
~~ __OH
=10~ 0 ¢
@
Z 0 B | O
lif R, =Me H AuPPh; H AuPPhs
@
Ry o carbene cation
Ro B NMR studies strongly suggest that the cation
mesomer better represents the complex
19% yield Ry=H R,=H 11% yield
- Ry=Me R,=H 80% vyield
82% vyield Ry=H R, = Me -

B Employing a carboxylate trap as a mechanistic probe, Furstner demonstrated the 1,6-enynes arise from cationic mechanism

Furstner, A.; Morency, L. Angew. Chem., Int. Ed. 2008, 47, 5030-5033
Seidel, G.; Mynott, R.; Firstner, A. Angew. Chem., Int. Ed. 2009, 48, 2510-2513



Carbenes Defended

B Toste held that many of their methodologies strongly resembled reactivity associated with carbenic systems

W Toste & Goddard refute Flrstner's NMR
® experiments with bond rotation calculations and
X measurements of their own

n % -
& @ n 3 J AT
(=14 ~(ay [Au] IH [Au] o/j o

Z 0 vs Z 0
C-C migration | C-H insertion H AuPPhg H AuL

@ @

Furstner's Toste/Goddard
(n=1,2) (n=34) non-carbene carbene
(@)
;; j (- Z o PH Ph
9 examples 12 examples ~
82-99% yields 60-86% yields Ph Ph 80% yield

B Toste & Goddard’s bonding model for gold(l) carbene complex involves both o- and 1- bonding, with a bond order < 1

Benitez, D.; Shapiro, N.; Tkatchouk, E.; Wang, Y.; Goddard, W.; Toste, F. D. Nature Chem. 2009, 1, 482-486
Horino, Y.; Yamamoto, T.; Ueda, K.; Kuroda, S.; Toste, F. D. J. Am. Chem. Soc. 2009, 131, 2809-2811



Carbene Controversy Concluded

B An entire literature meeting could be devoted to this subject ...

Carbocationic

ONLY

B Ongoing debate on the cationic and carbene character of gold catalysis suggests a continuum of tunable reactivity

B The carbocation-carbenoid continuum best offers a helpful mnemonic to explain and predict many facets of gold catalysis



Methods of Generating Gold Carbenes

W Gold carbenes from alkynyl sulfoxides offer an orthogonal approach to reactivity previously associated with diazocarbonyls

Ph
||Dh @?h @\sn
5o [Aul* S\o© B5exodig =0 SPh O
_— —_— Q —_
I
% L'\\ [AuD [Au*
1
[Aur* gold carbene
@)
C-H insertion
-
S
94% vyield

B Azides are analogous carbene precursors

Shapiro, N.; Toste, F. D. J. Am. Chem. Soc. 2007, 129, 4160-4161
Gorin, D.; Davis, N.; Toste, F. D. J. Am. Chem. Soc. 2005, 127, 11260-11261
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Another Method of Generating Gold Carbenes

B Propargyl carboxylates allow synthetically facile access to gold carbenes via a 1,2-acyloxy migration

i i Om)@ Oio
+ _ A =
0 (0} [Au] 0 0 5-exo-dig @
~—— — ) — \ — R
z
7S RN e ~—
R' \ R' L.\ R' [Au] R [Au]+
1
AT gold carbene
| 1,2-acyloxy migration |
0]
xio O)ko P
% 2 steps R L*
acid derivative =
—_—
) alkyne R
)I\ Ph
R™ R 70% yield
ketone > 20:1 dr, 81% ee

B Modular synthesis of propargyl carboxylates coupled with gold carbene pathways allow for rapid complexity generation

Johansson, M.; Gorin, D.; Staben, S.; Toste, F. D. J. Am. Chem. Soc. 2005, 127, 18002-18003



Propargyl Carboxylate Reactivity

B Substitution patterns dictate formation of vinyl gold versus gold carbene species

EWG
‘Bu f orH
+ ato Ao )
0 0 [Au] 5-exo-dig

o
p— _ X — R
A ) I Z
R L\ R [Au] R [Aul*
[Aul*

gold carbene

| 1,2-acyloxy migration |

o

2o
i 6-endo-dig iﬂ oio @) (0]
) C \o@ )\O [Au] I
%YKO R o |
R C [Au]

[Au]+ [Au] R'
a-carbonyl

inyl gold
| [3,3]-rearrangement | vinyl go

Wang, S.; Zhang, G.; Zhang, L. Synlett. 2010, 5, 692-706



Vinyl Gold Intermediate

B Substitution patterns dictate formation of vinyl gold versus gold carbene species

or

oio 6-endo-dig C\if(\) ® Oio ) (])ilo@
_‘ —— —— u
O T A "0
! R7C [Au] |

[AU] R' R R
a-carbonyl
vinyl gold

| [3,3]-rearrangement |

B Vinyl gold species can also be exploited in a variety of rapid complexity generating transformations

Wang, S.; Zhang, G.; Zhang, L. Synlett. 2010, 5, 692-706



Electrophilic Trapping of Vinyl Gold

B Electrophilic trapping by N-halo-succinimides affords a-halo -enones and -enals from propargyl acetates

(0] 0]
Br |
butyl or butyl
Me butyl NBS
85% vyield 94% yield or
>99:1 dr >20:1 dr NIS

9 Lo
oio 6-endo-dig Ci 0 o A (]3 |O
_; u
A T M o MY
¢ R (Au A7 R

[AU]+ [AU] R’

a-carbonyl

inyl gold
| [3,3]-rearrangement | vinyl g

Yu, M.; Zhang, G.; Zhang, L. Org. Lett. 2007, 9, 2147-2150
Yu, M.; Zhang, G.; Zhang, L. Tetrahedron. 2009, 65, 1846-1855



Electrophilic Trapping of Vinyl Gold

B Catalytic molybdenum oxide allows for the use of propargyl alcohols in addition to propargyl carboxylates

0 0
Br |
butyl or butyl
H
t Me butyl NBS
Me 85% yield 94% yield or
H X > 99:1 dr > 20:1 dr NIS
butyl
% M002 "
M 7, O\
o %y  B-endodig O,M 0 o7 o +H,0 o)
4\& R I\ MOO |
1 \ -
RO [Au] S N
[AU] R
a-carbonyl
vinyl gold

| [3,3]-rearrangement

Yu, M.; Zhang, G.; Zhang, L. Org. Lett. 2007, 9, 2147-2150
Ye, L.; Zhang, L. Org. Lett. 2009, 11, 3646-3649



Nucleophilic Trapping of Vinyl Gold

B Oxidation of the vinyl gold intermediate allows access to Au(lll) oxidation state and corresponding nucleophilic trapping

O ) Aul + Hzo @ (__ Oio
0 Aull
O\[( | reductive O\"/ ”I Au l
0 elimination | [O]
R R'
R R'
9 examples — _

56-78% yield

oio 6-endo-dig ir(w) ® oio 0 IO

Ca

) _; . % —_— AUI
T—— T————
R X
D jh/ko Y[Au] |
: R R'
[Au] R
a-carbonyl
vinyl gold

| [3,3]-rearrangement |

W A variety of intermolecular nucleophilic functionalizations can be envisioned to access a-substituted enones and enals

Peng, Y. Cui, L.; Zhang, G.; Zhang, L. J. Am. Chem. Soc. 2009, 131, 5062-5063



Gold Cross-Coupling

B Addition of boronic acids under semi-aqueous conditions readily provides a-aryl enones and enals

0 0 ArB(OH O
) AUI n | r ( )2 11l
-
Ar -~ Ar _Au Au D
reductive |
elimination [O]
R™ R R "R R” "R
15 examples — —

45-71% yield

6-endo-dig iﬂ i oio

—— CS \O® —— O j\o —— AUI I
R%Yko R ~ |

R C [Au] R g

[Au] R'

a-carbonyl
vinyl gold
| [3,3]-rearrangement | vig

Zhang, G.; Peng, Y. Cui, L.; Zhang, L. Angew. Chem. Int. Ed. 2009, 121, 3158-3161
Related transformation for homo-allylic alcohols: Zhang, G.; Cui, L.; Wang, Y.; Zhang, L. J. Am. Chem. Soc. 2010, 132, 1474-1475



Major Milestones in Homogeneous Gold Catalysis

B Alkynophilic reactivation toward nucleophiles B Asymmetric catalysis; counteranion control
B Investigating & harnessing carbenoid character B Novel propargyl carboxylate reactivity
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