
Tandem Reactions in Organic Synthesis: 
Ruthenium and Palladium Catalysisy

April 20, 2006

Matt Haley
C i i GCrimmins Group



An Example of Tandem Catalysisp y

A B C
Catalyst Catalyst

Tandem Catalysis

-Intermediates do not require purification
-less purification materials used (solvent, silica, etc.)
-more time efficient

-Reduces catalyst used

-Higher yield

-Reduces waste



OutlineOutline

1. Definitions

2 Pd l d i h Pd l d d i2. Pd-catalyzed reactions, then Pd-catalyzed tandem reactions

3. Ru-catalyzed reactions, then Ru-catalyzed tandem reactions

4. Example of tandem catalysis in natural product synthesis



What is Tandem Catalysis?What is Tandem Catalysis?

The term tandem catalysis represents processes in which “sequential 
transformation of the substrate occurs via two (or more) mechanistically ( ) y
distinct processes.”

Three types of tandem catalysis:

-Orthogonal tandem catalysis

-Auto-tandem catalysis

-Assisted tandem catalysis

Fogg, D.E.; dos Santos, E.N.; Coord. Chem. Rev. 2004, 248, 2365.



Orthogonal Tandem Catalysis

T h i ti ll di ti t t f ti

Orthogonal Tandem Catalysis

-Two or more mechanistically distinct transformations 

-Two or more functionally distinct, and ideally non-interfering, catalysts 

-All catalysts present from the outset of the reaction.

Catalyst A Catalyst BCatalyst B

Substrate A Mechanism A Mechanism BProduct A Product BMechanism B



Auto-Tandem CatalysisAuto Tandem Catalysis

-Two or more mechanistically distinct transformations occur via a singleTwo or more mechanistically distinct transformations occur via a single 
catalyst precursor

-Both catalytic cycles occur spontaneouslyy y p y

-Cooperative interaction of all species present at the outset of the reaction.

Catalyst A Catalyst A
(A')(A )

Substrate A Mechanism A Mechanism BProduct A Product B



Assisted Tandem CatalysisAssisted Tandem Catalysis

-Two or more mechanistically distinct transformations are promoted 
by a single catalyst species 

-Addition of a reagent to trigger a change in catalyst function

Catalyst A Catalyst Btriggery

Substrate A Mechanism A Mechanism BProduct A Product B

y



Common Pd-Catalyzed ReactionsCommon Pd Catalyzed Reactions

Nucleophilic addition to alkenes                               Cycloadditionsp y

R
Pd(II), H2O

CuCl2 O2
R

O OAc
SiMe3

Pd(0), dppe
H

Cycloisomerization                                         Carbonylation

CuCl2, O2 MeO2C HMeO2C

Pd-H

R RR

+ Ar + CO + H2O
Pd(II), CuCl2,

HCl, O2
Ar

Me

COOH

Allylic oxidation                                            Polymerization
R'

R' R'

, 2

R R'

Pd(OAc)2
AcOH

oxidizing reagent
R R'

OAc LPdMe+X-
(CH2)y (CH)z

(CH2)xCH3

n

Poli, G.; Giambastiani, G.; Heumann, A.; Tetrahedron 2000, 56, 5959.



Common Pd-Catalyzed Coupling ReactionsCommon Pd Catalyzed Coupling Reactions

Heck:

LGR
Pd(0)

NuR

Tsuji-Trost:

R-X +
R' Pd(0)

Base

R'

R

Heck:

Nu- Base R

Sonogashira: R-X + R'-M Pd(0)
R-R' + X-M

R X R' H+
Pd(0)

Cu(I)
NR3

R R' NHR3
+X-+ M = SnR3 Stille

BX2 Suzuki
MgX Kumada
LiLi
ZnX Negishi



Pd and Co-Catalyzed Tandem Alkylation/Pauson-Khand ReactionPd and Co Catalyzed Tandem Alkylation/Pauson Khand Reaction
(Orthogonal Tandem Catalysis)

Co nanoparticles, 20 atm CO, 130 °C, 16 h, THF;
[(η3-allyl)PdCl)]2,dppe, Nu, BSA, KOAc, r.t., 12 h;

AcO

[(η3 allyl)PdCl)]2,dppe, Nu, BSA, KOAc, r.t., 12 h;
20 atm, CO, 130 °C, 18 h

Nu =
MeO2C

MeO2C R

O

O
R

MeO2C

MeO2C
MeO2C R

R = Me, 74%
Ph, 84%

-Construction of fenestranes in one pot from 
simple building blocks 

Transition metal nanoparticles used with-Transition-metal nanoparticles used with 
homogeneous TM catalyst

Son, S.; Park, K.; Chung, Y.; J. Am. Chem. Soc. 2002, 124, 6838.



Formation of the Allylacetate

Orthogonal Tandem Catalysis

O
Co nanoparticles,

20 atm CO, 130 °C, 16 h, THF
AcO AcO

not isolated

-1st Pauson-Khand reaction not tandem

-Pd has not been added

-Formation of precursor to tandem sequence



Proposed Mechanism for Tandem Alkylation/Pauson-Khand Reaction

Orthogonal Tandem Catalysis

(ii) [(η3-allyl)PdCl)]2,dppe, Nu, BSA, KOAc, r.t., 12 h;
(iii) 20 atm, CO, 130 °C, 18 h

Nu =
MeO2C

O

O
MeO2C

O

AcO Nu =
MeO2C R

O
R

MeO2CAcO

O
O

O

MeO2C

MeO2C
RCo

Co

O

AcO

PdII

O

MeO2C

MeO2C R

MeO2C

MeO2C
RCo

Co

CO

O
O M L Co CoL M

O

MeO2C O

PdII

O
MeO2C

MeO2C PdII

MxLnCo CoLnMx

MeO2C

R
Co

Co
O

MeO2C

MeO2C RCo

OO

MeO2C

MeO2C

MeO2C R

R

CoO
R

MeO2C

R = Me, 74%
Ph, 84%



Pd-Catalyzed Tandem Alkylation/Direct ArylationPd Catalyzed Tandem Alkylation/Direct Arylation
(Auto-Tandem Catalysis)

+
I

R'
Pd(OAc)2,
tri-2-furylphosphine,
Cs2CO3, norbornene

R'

N H

Br
( )n

CH3CN, 90 °C, 16 h N
( )n

R R" R R"

-Two carbon-carbon bonds formed

-Six and seven-membered ring formation

-Range of functionality tolerated

-No manipulation of Pd catalyst required

Bressy, C.; Alberico, D.; Lautens, M.; J. Am. Chem. Soc. 2005, 127, 13148.



Proposed Mechanism for Pd-Catalyzed Alkylation/Direct Arylation

Auto-Tandem Catalysis

I CO2Me

CO MeCs2CO3
CsBr +
CsHCO3

Pd0L2

IL2Pd CO2Me
CO2Me

PdL2I

N

CO2MeBrL2Pd
2 3 CsHCO3

2

Cs2CO3
CO2Me

CsI +
CsHCO3

CO2Me
CO2Me

CO M

N

Pd

CO2Me

Pd
L Br

LN

CO2Me

L LN

N
Br

BrL2Pd

Bressy, C.; Alberico, D.; Lautens, M.; J. Am. Chem. Soc. 2005, 127, 13148.



Substrate Scope for Pd-Catalyzed Tandem Alkylation/

Auto-Tandem Catalysis

Substrate Scope for Pd Catalyzed Tandem Alkylation/
Direct Arylation of Bromoalkyl Indoles

R'
Pd(OAc)2,
tri-2-furylphosphine R'

N
+

I

H
( )n

tri-2-furylphosphine,
Cs2CO3, norbornene

CH3CN, 90 °C, 16 h N

R

( )n
R R" R R"

CO2Me
MeO

CO2Me

N
TsNO2

MeO2C

Br

N

83%

NCl

54% 76%

NN

86%

N

CO2Me
MeO2C

N

MeO2C N
Ts

N

NO2

NN

79% 85% 88%

N

38%

N

N Ts

Bressy, C.; Alberico, D.; Lautens, M.; J. Am. Chem. Soc. 2005, 127, 13148.



Pd-Catalyzed Tandem Cross-Coupling/Cycloaddition
(Auto Tandem Catalysis)(Auto-Tandem Catalysis)

R R'
R' R"

R"R'

R X
Pd(PPh3)4/LiCl

/IBr

R' R"
R

R

R"

R'

R"

R
R

R' R"

or

/In

DMF, 50 °C, 2 h

Br R

O

R

R

R'

R"

(ii) 1 atm CO, 25 °C, 40 h
O

R
R"

R'

-Six, eight, and nine-membered rings are formed

-Assembly of four or five simple compounds to a 
relatively complex structure

-No manipulation of Pd catalyst required

Lee, P. H.; Lee, K.; Kang, Y.; J. Am. Chem. Soc. 2006, 128, 1139.
Lee, P. H.; Lee, K.; Angew. Chem. Int. Ed. 2005, 44, 3253.



Proposed Mechanism for Pd-Catalyzed Cross-Coupling/[4 + 4]Cycloaddition 

Auto-Tandem Catalysis

R'

Pd(L)n

R'
R'In

+
R Pd(L)n R

R' R'

R'

R' R R

Pd(L )

R'

R'

R'

RBr

R' R'

R'

R'
R

Pd(Ln)
R'

R'

Pd(PPh3)4

R Pd(L)nBr
R R'

R Br R R'

R'

R'

R Br R

Pd(PPh3)4

+



Substrate Scope for Pd-Catalyzed Tandem 
Cross-Coupling/[4 + 4] Cycloaddition

Auto-Tandem Catalysis

Cross-Coupling/[4 + 4] Cycloaddition

R R'

R X
Pd(PPh3)4/LiCl

R' R"

R

R

R

R"

R'

R"

/In

DMF, 50 °C, 2 h

Br R R

F3CH2NMeO

PhTMS Me

Me

Me

Me

Me

Me

Me

Me

Me

Me

Me

Me

Ph Me

Me

Me

Me

TMS H

H

H

H

Me

F3C
71%

Me

H2N
63%

Me

MeO
79%

Ph Me

91%

TMS H

71%



Substrate Scope for Dienophile for in [4 + 2] Cycloaddition

Auto-Tandem Catalysis

Pd(PPh ) Ar

(ii) E E'

70°C, 18 h, PhHAr Br

Pd(PPh3)4
LiCl

/InX

Ar

E

E'

THF, 50 °C, 2 h Ar

CNNC

NC CN

CO2Me O
O O

OEt

O

C C
CO2Me O O

O
CO2Me CO2Me

O O
O

O

O

CO2Me

MeO2C

CO2Me

CO2Me
NH

O

NPh

O

H CO2Et

O



Pd-Catalyzed Cross-Coupling/[4 + 2]Cycloaddition 

R'

R
RR

R'

R'

2 eq.
Pd(PPh3)4

R

Pd(Ln)
R'

R

R'
R R' R = n-Hex   71%



Pd-Catalyzed Cross-Coupling/[4 + 4 + 1]Cycloaddition 

R'

R'

2 eq
Pd(PPh3)4

R

Pd(Ln)
R'

R'

(ii) 1 atm CO, 25 °C, 40 h
O

R R'

R"

R
R2 eq.

R

( n)
R'

R' R R"

R'

Br Br

O

H

Br H

O

Me

Me

O

Me

Br
Me

H

H

Br Me

Me

Me

Me

Br
45% 66% 51%



Pd-Catalyzed Tandem Allylation/Wacker-Tsuji 
Oxidation or Cross-Coupling

(Assisted Tandem Catalysis)(Assisted Tandem Catalysis)

O
R R'

X

(ii) CuCl (1 equiv.), H2O
O2, rt, 24 h

Wacker Oxidation
X (1 equiv.)
X=Br or Cl

(i)

X

R R'

R R'

PdBr2(PhCN)2 (3mol%)
DME, 0 °C to rt, 6 h

R"(ii) (2.0equiv.)
PtBu3 (6 mol%), CuI (2 mol%)

HNiPr2 (1.5 equiv.)

R R'

R"

R

Br

R'

Sonogashira Couplingrt, 12 h

(ii) R"B(OH)2 R R'

Suzuki Coupling

PtBu3 (6 mol%)
Cs2CO3, rt

R"

-Synthesis of tetrasubstituted skipped dienes

-Three reactions possible in tandem with allylation

Thadani, A.; Rawal, V.; Org. Lett. 2002, 4, 4317.
Thadani, A.; Rawal, V.; Org. Lett. 2002, 4, 4321.

-Rxn conditions may be modified in between transformations



Catalyst Triggered Change

Assisted Tandem Catalysis

All l i C l N C l

PdBr2(PhCN)2
trigger Pd*(L)n

Allylation Catalyst: New Catalyst:

Reaction Tandem to Haloallylation: Catalyst Triggers: New Active Catalyst

Oxidation + CuCl,
O2

Regenerates active
PdII(L)n catalyst

Suzuki + RB(OH)2,
PtBu3

Pd0(PtBu3)2

Sonogashira +

R"
PtBu3,
CuI Pd0(PtBu3)2

HNiPr2

Thadani, A.; Rawal, V.; Org. Lett. 2002, 4, 4317.
Thadani, A.; Rawal, V.; Org. Lett. 2002, 4, 4321.



Pd-Catalyzed Allylation/Wacker-Tsuji Oxidation

Assisted Tandem Catalysis

Pd Catalyzed Allylation/Wacker Tsuji Oxidation

CuI

O2

CuII

H2O

PdIIL

O22O

R R'

R

Br

R' R

Br

R'
O

Pd Ln
H2O Pd0Ln

R'R R R'Br

Br

PdBr2L2

R

BrLnPd

R

Br Br

PdLn

R R

Br

Br

R'R

Br

R'

BrLnPd

R

Br
Br



Substrate Scope for Pd-Catalyzed Tandem Allylation/

Assisted Tandem Catalysis

Substrate Scope for Pd Catalyzed Tandem Allylation/
Wacker-Tsuji Oxidation

O
R R'

X (1 equiv.)
X=Br or Cl

PdBr2(PhCN)2 (3mol%)
DME 0 °C t t 6 h

(i)

XR R'
DME, 0 °C to rt, 6 h

(ii) CuCl (1 equiv.), H2O
O2, rt, 24 h

O
MeO2C H

Br

74%

O
MeO2C H

Cl

75%

O
H nBu

Br
70%

O

nPr nPr

Br

80%

O

nPr

Cl

66%

TBSO

74%75% 70% 80% 66%



Pd-Catalyzed Allylation/Suzuki Cross-Coupling

Assisted Tandem Catalysis

y y p g

R"B(OH)2
PtBu3

R R' PdBr2L2
R R' R R'Pd(PtBu ) R R'R R

Br

PdBr2L2

Br
+ R"B(OH)2

R R

R"

Pd(PtBu3)2

PdL2
R"

MeO2C H
H

H
H

TBSO
H Ph

H
H Ph

H
nPr nPr

Me

OMe
83% 86%

OMe

OMe
83%

C4H9

83%
N
Ts

83%



Proposed Mechanism for Pd-Catalyzed Allylation/Sonogashira Cross-Coupling

Assisted Tandem Catalysis

p y y g p g

HNiPr2
PtBu3
CuICuI

R R'

Br

PdBr2L2 R

Br

R' R R'
R"+

Pd(PtBu3)2
R

PdLn2

R'

R"
R"

H nBu H
OH

H nPr nPr nPr nPr

OH
85%

OH
73%

OH
79% 84%

OH
87%



Ru-Catalyzed Metathesis Reactions and Catalysts

Cross metathesis Grubbs first gen catalyst

Ru Catalyzed Metathesis Reactions and Catalysts

Cross metathesis                                 Grubbs first gen. catalyst

Ru
PCy3

PC

Cl
Cl

Ph

Ru
PCy3Cl Ph

Ring opening metathesis polymerization             Grubbs second gen. catalyst

R R'
PCy3 R'

R
Ru
PCy3

Cl

g p g p y g y

Ru
PCy3

PCy3

Cl
Cl

Ph

Cl Ph
NMesMesN

Ring closing metathesis                             Grubbs-Hoveyda catalyst

3

n

Ru
PCy3

Cl

Ru
PCy3

PCy3

Cl
Cl

Ph

Ru
Cl
Cl

NMesMesN

Cl

O



Individual Ru-Catalyzed Reactions

Hydrogenation                                     Nucleophilic attack of an alkyne

Individual Ru Catalyzed Reactions

RuHCl(PPh3)3

H2 (1 atm), 25°C
R R'CO2H

Ru3(CO)12
Δ R O2CR'

Oxidation of an alcohol                                           Cross-coupling
OH Ru(III)H

28°C

O O OH Br
MeMgBr

RuCl2(PPh3)3 Me

Dihydroxylation of an alkene                                    sp2-C-H activation

28°C PhH, 80°C

RuCl3

NaIO4
EtOAc, H2O, CH3CN

0 5 min 0°C

OH

OH

O

R R'
RuH2CO(PPh3)3

PhMe, 135°C

O

R

R'

Olefin isomerization                                           sp3-C-H activation
0.5 min, 0 C

OTMS
RuH2(PPh3)4

OTMS CN
RuH2(dmpe)2OTMS

PhH, 150°C
OTMS CN

PhH, 140°C N
H



Ru-Catalyzed Tandem Ring-Closing Metathesis/Ru Catalyzed Tandem Ring Closing Metathesis/
Olefin Isomerization

(Auto-Tandem Catalysis)

NMesMesN

X

O
R'

R

PhCH3, reflux, 2 h
( )n

X

O
R'

R
( )n

Ru
PCy3

Cl
Cl

Ph

X

O
R'

R
( )n

[Ru-H]

isomerization
3, ,

-Rapid formation of unsaturated carbo- and heterocycles

-Five, six, and seven-membered rings formed

Fustero, S.; Sanchez-Rosello, M.; Jimenez, D.; Sanz-Cervera, J.; 
del Pozo, C.; Acena, J.; J. Am. Chem. Soc. 2005, 127, 13148.



Ru-H Species formation from G2

Auto-Tandem Catalysis

Ru H Species formation from G2

Ru CH2
Cl
Cl

NN
0.023 M

PhH
55 °C Ru

NN

RuMes Cl
CH3PCy3

+Cl-+

C

A

2
PCy3

Cl N

N
Mes

Cl
Cl

H

AA

CD2Cl2
40 °C, 1 d

76%
trans:cis=8:1trans:cis=8:1

Hong, S.; Day, M.; Grubbs, R.; J. Am. Chem. Soc. 2006, 124, 7414.



Proposed Mechanism for Ru-Catalyzed RCM/Olefin Isomerization

Auto-Tandem Catalysis

N

O

H

BnN

O
Bn

RuH
N

O
Bn

G2 N N

O O
Bn Bn

OO
BnBnO

N

O
Bn

HRuH

N

O
Bn

Ru

H

PhCH3, 2 h
Δ 67% 29%δ-

δ+

NN

Ru
RN

O
Bn HRu

or

Ru

H

N

O
N

O

Bn
Bn

RuH

N

O

RuH

BnN

O
Bn

Ru

N

O
Ru

Bn
R

RuH

HH

Ru
H2C CHR

N

O
Bn

Fustero, S.; Sanchez-Rosello, M.; Jimenez, D.; Sanz-Cervera, J.; 
del Pozo, C.; Acena, J.; J. Am. Chem. Soc. 2005, 127, 13148



Substrate Scope for Ru-Catalyzed Ring-Closing Metathesis/
Ol fi I i ti

Auto-Tandem Catalysis

Olefin Isomerization

NMesMesN

N

O
F

F

R

PhCH3 2 h Δ 2 x 10-2 M

N

O
F

F

RRu
PCy3

Cl
Cl

Ph
NMesMesN

N

O
F

F N

O
F

F N

O
F

F

PhCH3, 2 h, Δ, 2 x 10 M

NF

73%

NF

OMe
93%

NF

F
72%

N

O
F

F

OMe

N

O
F

F N

O
F

F
OEt

F

95%

F

70%

F
O

91%

Fustero, S.; Sanchez-Rosello, M.; Jimenez, D.; Sanz-Cervera, J.; 
del Pozo, C.; Acena, J.; J. Am. Chem. Soc. 2005, 127, 13148.



Ru-H Catalyst Structure

NN

Cl
RuRu

N

N

Mes

Mes

Cl
Cl

Cl

H
C



Substrate Scope for Ru-Catalyzed Ring-Closing Metathesis/
Ol fi I i ti

Auto-Tandem Catalysis

Olefin Isomerization

O OCl Ph
NMesMesN

X

O
R'

R

PhCH3, ref lux, 2 h
( )n

X

O
R'

R
( )n

Ru
PCy3

Cl
Cl

Ph

N

O
BocHN

O

OEt
N

O
BocHN

O

OEt

51%

N Ts N Ts

65%51%

OPh OPh

65%

N
O

O

N
O

O

60%

O

O O

F F F F85%

O

O
46%

N
PMP

F3C

N
PMP

F3C

23%

75%



Ru-Catalyzed Tandem Ring-Closing Metathesis/y g g
Kharasch Addition

(Auto-Tandem Catalysis)

G1

X
N CCl3

O

G1

Δ

X
N

O
ClClCl

( )
( )n n

R

G1

l

X
N CCl3

O

PCy3Cl Ph

G1

1 0 °C
Ph

X
N

O

H
( )

( )n n

R

R

toluene
or

xylenes

R

G1 = Ru
PCy3

Cl
Cl

Ph 140 °C
O

PhCl

H
Cl Cl

1:1 dr

-Up to three new C-C bonds and two new C-X bonds 

-Substrate set up for further functionalization

-Two rings formed from linear structure

-No manipulation of Ru catalyst required

Seigal, B.; Fajardo, C.; Snapper, M.; J. Am. Chem. Soc. 2005, 127, 16329.
Schmidt, B.; Pohler, M.; J. Am. Chem. Soc. 2005, 690, 5552.



Kharasch Addition

Auto-Tandem Catalysis

R

R'
+ CHCl3 M

R' Cl

H
Cl

Cl

R

H HCl
CHCl3

M
CHCl2 +

R'

anti-Markovnikov

R' Cl

H
Cl

R

M-Cl
R' Cl

H
Cl

R
+ M

Cl

R



Proposed Mechanism for Ru-Catalyzed RCM/Kharasch Addition

Auto-Tandem Catalysis

Proposed Mechanism for Ru Catalyzed RCM/Kharasch Addition

O
O

PCy3Cl Ph
O N

H
CCl2O N

H

O

CCl3
O

HN
O

CCl3

Ru
PCy3

Cl
Cl

Ph

Ru(II) Ru(III)-Cl

OO

NH

OCl
Cl

NH

OCl
Cl

Cl

Nagashima, H.; et al.  J. Org. Chem. 1992, 57, 1682.



Substrate Scope for Ru-Catalyzed Ring-Closing Metathesis/

Auto-Tandem Catalysis

p y g g
Intramolecular Kharasch Addition

O Ru
PCy3Cl Ph

X
N CCl3

O

PhCH3, rt then Δ

X
N

O
ClCl

( )
( )n n

R

R

Ru
PCy3

Cl

H
N

H H
N

O

H H
N

H
N

H Bn

ClClCl

O

Cl
ClCl H

O

Cl
ClH

Cl

O

Cl
ClH

Cl

O

Cl
ClH

Cl
75% 85% 55% 85%

H Ts HH H Bn
N

O

Cl
ClH

Cl
Cl

ClH
Cl

O

H

H
NH

ClCl
O

Cl

N
O

Cl
ClH

Cl
63% 71% 89% 50%63% 71% 89% 50%

Seigal, B.; Fajardo, C.; Snapper, M.; J. Am. Chem. Soc. 2005, 127, 16329.



Proposed Mechanism for Second Tandem

Auto-Tandem Catalysis

Proposed Mechanism for Second Tandem 
Kharasch Addition

xylenes

°CCl

NH

O Cl

NH
Ph

Ru(II)
( )

140 °C, 2 h
78% d.r. 1:1

Cl O
ClCl

Cl O
Cl

Ph Cl

Ru(III)-Cl

Ph

Ru(II)

Ru(III)-Cl

Cl

NH

O
Cl

Ph

Cl

NH

O
Cl

Ph

Seigal, B.; Fajardo, C.; Snapper, M.; J. Am. Chem. Soc. 2005, 127, 16329.



Ru-Catalyzed Tandem ROMP/ATRP/Olefin Hydrogenation

Auto-Tandem Catalysis

Ru Catalyzed Tandem ROMP/ATRP/Olefin Hydrogenation
(An Extension of the G1 Kharasch Reactivity)

R
PCy3Cl

O

O
Br

m OMe

O

n+

Ru
PCy3

Cl
O

O

O
Br

CO2Me
2m n O

O

CO2Me
2m n

H2

O

O
Br

O
BrR O2mORu

MeO O

Ru(II)

Ru(III)Br

Ru(III)Br

O

O

2m

Ru(II)

O

O
Br H2 O

O
Br

n

Bielawski, C.; Louie, J.; Grubbs, R.; J. Am. Chem. Soc. 2000, 122, 12872.

O2m
CO2Me
n O2m

CO2Me
n



A Similar Approach

Auto-Tandem Catalysis

A Similar Approach
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Ru-Catalyzed Tandem Ring Closing Metathesis/Dihydroxylation
(Assisted Tandem Catalysis)

HO OH
Ru
PCy3

PCy3

Cl
Cl

Ph
(i)

(ii) NaIO YbCl 6H O

X

CH2Cl2, reflux

X

PCy3 (ii) NaIO4, YbCl3•6H2O,
MeCN/EtOAc/H2O, 0 °C

X

-One new C-C bond and two new C-O bonds formed

-Rapid reaction times

-Low catalyst loading

Beligny, S.; et al.  Angew. Chem. Int. Ed. 2006, 45, 1900.



Proposed Mechanism of Ru-Catalyzed RCM/Dihydroxylation
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Proposed Mechanism of Ru Catalyzed RCM/Dihydroxylation
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Substrate Scope for Ru Catalyzed RCM/Dihydroxylation

Assisted-Tandem Catalysis

Substrate Scope for Ru-Catalyzed RCM/Dihydroxylation
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Beligny, S.; et al.  Angew. Chem. Int. Ed. 2006, 45, 1900.



Synthesis of (R)-(-)-Muscone

Assisted-Tandem Catalysis

Ru
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NMesMesN(i)
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(ii) NaOH
OOH O
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7

Mg0,

Et2O, 16 h (iii) H2
56%

RCM hydrogenation

(R)-(1)-citronellal
(R)-(-)-Muscone

OH O

transfer
dehydrogenation

Louie, J.; Bielawski, C.; Grubbs, R.; J. Am. Chem. Soc. 2001, 123, 11312.
Kamat, V.; et al.; Tetrahedron 2000, 56, 4937.



SummarySummary

-Tandem catalysis is more cost and time efficient

-Multiple bonds in one flask

-Pd and Ru have further potential in tandem reactions

-Organic chemists have only begun to explore tandem catalysis
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Possible Mechanisms for C-2 Indole Substitution
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Proposed Mechanism of Ru-Hydride Formation

NN NN PCy3+

Proposed Mechanism of Ru Hydride Formation
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