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L1 Hydrogenation of Alkenes



The main elements involved as catalysts in homogeneous 
hydrogenation are shown



General characteristics of OM catalysis

Reactive intermediates are coordinatively unsaturated,
        with 12, 14 or 16 electron valence shells

Coordination numbers are commonly 2 – 6, with square planar (4)
   and trigonal bipyramid or square-based pyramid (5) common

The key metals have variable oxidation states with (I - III) or (0 - II - IV) 
      frequent; most (not all!) reactions involve diamagnetic states
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The Key Metals in Asymmetric Hydrogenation

Rhodium

Ruthenium Iridium

P

P
Ru

BINAP and
close relatives

wide range of reactants with
varying donor groups

P

P
Rh+

alkenes or ketones

or P2Rh+
huge range 
of ligands

need strong donor groups
(eg enamide)

P

N
Ir+

 related ligands
 6-ring chelate

alkenes without 
 secondary donor group
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The basic reactions in OM catalysis are simple 

Ligand association and dissociation:    M + L ML

Example:

PPh3

Pd
Ph3P

PPh3

PPh3
Ph3P Pd

PPh3

PPh3
+     PPh3

solid state                             solution

cis-Ligand Migration

Example: Ph3P Rh
PPh3

C
CH3CH2

C

O

O

Rh
Ph3P

C

PPh3

O O

CH2CH3

Oxidative addition /
reductive elimination

Example: Ir CCl
PPh3

Ph3P
O

H2
Ir C

Cl

PPh3

Ph3P
O

H

H
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Hydrogenation of alkenes and alkynes is 
favoured energetically

MeMe
H2

Me Me

HH

Me Me

HH H2

Me Me

HH
H H

Me H

MeH H2

Me H

MeH
H H

O

Me Me

H

H

H

H

H2
H

H H
H

H
H

H2 OH

Me Me

H

Heat of reaction in KJmol–1

152.8

118.5

114.2

 155.9

  55.5



Metal surfaces (especially of platinum metals) activate 
hydrogen and are good hydrogenation catalysts



Activation of hydrogen without metals is very 
rare but examples do exist

Make the reaction very exothermic through a high 
energy starting material – a bulky carbene:

Frustrated Lewis Pairs (acid and base – one 
accepts H+, the other H–)

N
i-Pr

i-Pr Me

Me
Me N

i-Pr

i-Pr Me

Me
MeH2

35 ˚C
H H

F

F

B

P

F

F

C6F5

C6F5

t-Bu

t-Bu

H2

25 ˚C

F

F

B

P

F

F

C6F5

C6F5

t-Bu

t-Bu
H

H



Dihydride and dihydrogen complexes of known structure – this show 
us how dihydrogen can bond to a transition metal.

Ph3P Ir PPh3
CO

Cl
Ph3P Ir PPh3

H

Cl

H

CO

H2, fast

Vaska's compound 16 e Dihydride 18 e

iPr3P Ir PiPr3

H

Cl

H H2, fast
iPr3P Ir PiPr3

H

Cl

H

H

H

16 e Dihydrogen complex 18 e

Two M-H 
sigma bonds

One H2 acts as
 a 2-electron donor



The eta-2 dihydride is a probable intermediate 
in the activation of H2 by a metal complex

 H2 bonding orbital
 acts as donor.

 H2 antibonding
 orbital acts
 as acceptor.

After coordination 
the H–H bond is 
longer and weaker



Phosphines and alkenes (also alkynes) are bound to the 
metal through donor and acceptor orbital interactions 

Tertiary 
phosphines

Alkene M Alkene M

Alkenes

Chatt Dewar Duncanson Model

Donor Acceptor

In the course of the reaction, aided by phosphorus ligands, the metal 
must be bound to both hydrogen and the alkene:



Wilkinson�s catalyst (1966)- the first practical 
homogeneous hydrogenation catalyst

RhCl3

Usually as a 
  trihydrate

reflux in C2H5OH

xs. PPh3

ClRh(PPh3)3

NB Change in Rh 
oxidation state

PPh3

Rh

PPh3

PPh3Cl

idealised square-planar
structure

16e -coordinatively unsaturated

How does Rh(III) become Rh(I)
In this procedure; there must be
 a reducing agent?? How could
 ethanol participate? 

H3C
O H

H
H



Homogeneous hydrogenation with Wilkinson�s catalyst is 
selective for less substituted double bonds - chemoselectivity 

O O

O O

   H2 , cat
(PPh3)3RhClO

   H2 , cat
(PPh3)3RhCl

Fragment of steroid nucleus

   H2 , cat
(PPh3)3RhCl

carvone dihydrocarvone

What would happen with a heterogeneous catalyst like Pd/C? 



Examples of simple rhodium homogeneous hydrogenations 
- control of stereochemistry 

Me

Me
HO Me Me

Me
HO

Me

H
H

H2, Rh cat

acetone
catalyst: Rh

PPh2Me

PPh2Me

+
X–

Norbornadiene is removed in 
the first hydrogenation cycle

Alkynes give cis-alkenes:

Alkenes are reduced by cis- addition of dihydrogen 

catalyst:
Cl

Rh
Ph3P

PPh3

PPh3

Me
O Me

D2, Rh cat

ethanol

Me
O Me

D
D

D2 adds like H2, to the
lower face of the molecule

part of a steroid



Requirements for successful homogeneous hydrogenation

The catalyst must be coordinatively unsaturated, and undergo rapid 
addition and elimination reactions. 

 
The hydrogen affinity must be strong enough to complex H2, but not too 

strongly that the dihydride is too stabilized. 
 
The substrate – alkene, alkyne or carbonyl compound – must be able to 

bind to the transition metal centre adjacent to bound hydrogen. 
 
Intermediates in the catalytic reaction, and especially the alkylhydride, 

must break down rapidly. 
 
Rapid ligand addition and dissociation is helpful. 



Origins of and requirements for asymmetric hydrogenation of 
alkenes

(Rhodium) Asymmetric Hydrogenation was the first successful example of high 
enantioselectivity using a purely chemical catalyst:

Success depends on asymmetry in the product that arises from asymmetry in the 
ligand of cat*. The atom substituted by H, X and Y is a stereogenic centre; 
products 1 and 2 are enantiomers. 

 

X YX Y X Y

H

H

H

H

Prostereogenic
alkene needed

H2, cat* H2, cat*

Product 1 Product 2

Products 1 and 2 are enantiomers



The initial observation (above) and the first successful 
development (below) in asymmetric hydrogenation

CH2

CO2H

CH3
CO2H
H

"15% optical purity"

H2, pressure,
60 ˚C, MeOH

Cl3RhP3, 0.15%

P
Me

Me Me

"69% optical purity"

CO2H

H

MeOCHN

MeO

AcO
H2, 1 atm
20 ˚C, MeOH
alkene2RhP2Cl

CO2H

H

MeOCHN

MeO

AcO
H

H

88% (S)-enantiomer

P
Me

OMe

≥ 95% optical purity

Reactions Ligands



Kagan�s DIOP catalyst for the synthesis of N-
acetylphenylalanine - first use of chelating diphosphine 

NHCOMeHO2C NHCOMeHO2C

O

O

CH2PPh2

CH2PPh2

Me

Me

0.2 mol%
[ClRh(C8H14)2]2

H2, EtOH, C6H6

1 bar, 20˚C

72% e.e. (R)

R,R-DIOP

H

HC2 axis

HO

HO

CO2H

CO2H

H

H
Tartaric acidDIOP 



The Monsanto process for the synthesis of dehydroamino acids 
(WS Knowles) post 1975 (NB catalyst precursor)

MeO

MeO

Ph

P

Ph

P

Rh+

OAc

NHCOMe

OMe

HO2C

OAc

NHCOMe

OMe

HO2C

H2, MeOH

3 bar, 50˚C

  1/ >10000
 catalyst/ substrate

96% e.e;  100% e.e. after 
recrystallisation / MeOHBF4

-

OH

NH2

OH

HO2C
L-DOPA

Chelating ligand 
Medical use of L-DOPA? 



The 31P NMR species observable in the presence of H2  - only at 
low temperature 

NH

CO2Me

O
Me

CH3O

CO2CH3

NH

Ar

H

Rh

P

P

Ph

Ph

MeO

MeO

+

Rh

P

P

Ph

Ph

MeO

MeO

+ Ar

H

10%

90%

Enamide 
complexes

Re-face bound

Si-face bound

H2

MeOH, 223K
NH

CO2Me

O
Me

ArH

Rh

P

P

Ph

Ph

MeO
+

H

irreversible
steps

(S)-product

O
Me

H
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Rhodium asymmetric hydrogenation has been a rich source of reactive 
intermediates; all cations here: 

MeO2C NHCOMe

CH3

H
Product

CH2

MeO2C NHCOMe

SM

H2, catalyst

HP2Rh

O
Me

CO2CH3

CH2

NH

NH

CH2MeO2C

O
Me

CH3

H2C

O

CO2CH3

NH

P2Rh

P2Rh

NH

CH2
MeO2C

O
Me

P2H2Rh

minor
enamide

major
enamide

H

SM
Monohydride
observable at -500C

H2

Reactant manifold

solvate

Product

P2Rh

O

Me

CO2CH3

CH2

NH

H

H

SM

RhP2(MeOH)2

SM

Dihydride
Not normally observed

Transient product complex

Computational chemistry indicates a further intermediate between the minor enamide and the 
dihydride at *. Suggest what this might be.

*



Ligand summary. Types of chelate ligand, all with twofold 
symmetry axes (C2)

P

Me

Me

P

Me

Me

(S,S)-DUPHOS

O

O

CH2PPh2

CH2PPh2

Me

Me

H

H

P
PhOMe

P
Ph OMe

(R,R)-DIPAMP

PPh2
PPh2

P PBut Me

Me
But

(S)-BINAP

PPh2

Ph2P
(R,R)-DIOP

(S,S)-PHANEPHOS

(R,R)-BisPP*

First chelating chiral 
biphosphine;backbone chirality

Monsanto ligand for L-DOPA
synthesis; P-chirality

Best known of all chiral 
ligands; axial chirality

Very effective use of 
alpha-phospholane
substituents

Example of planar chirality

Simple concept; 
high enantioselectivity
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Successful asymmetric hydrogenation with rhodium 
complexes = polar functional group that can also bind to 

the metal to form a chelate
CH2

Ph Et
CH3

Ph EtH
low e.e.

CH2

Ph CO2H
CH3

Ph CO2HH
 fair e.e.

CH2

Ph NHCOMe

CH3

Ph NHCOMeH
high e.e.

H2

H2
H2

CH2

Ph N
H

O

Me

H2Rh+

Strong binding

CH2

Ph

H2Rh+

Less strong binding

HO

O



Hydrogenation of simple enamides with a rhodium 
catalyst and DUPHOS-type ligand 

NHAc NHAc

R

H2, 4 atm

iPrOH, -10˚C

95- 97% e.e

R

E and Z mixture

P

P

Me

Me
Me

Me

as  Rh ligand

NHAc

R
N

NMgBr

R

Ac2ORCH2MgBr

Synthesis

Hydrogenation

H

catalystH

enamide



Examples of drug precursors synthesised by asymmetric 
hydrogenation. Need to vary ligand to optimise results

PPh2

Ph2P
N

N
Boc

Ac
CO2Me N

N
Boc

Ac
CO2Me

H2, MeOH

86% e.e.

Rh catalyst

Phanephos

CO2H
CN

CO2H
CN

H
H

Rh catalyst

H2, MeOH
P P

Me

Trichickenfootphos98% e.e.



Asymmetric hydrogenation as the key step in the synthesis of anti-
obesity drug Taranabant 

90%; 99.7% e.e.

Josiphos analogue

Fe

P(o-tol)2
PBut

2

Me

Cl

NC

HN

O
O N

CF3Me

Cl

HN

O
O N

CF3Me
O

H2N

Cl

HN

O
O N

CF3Me
O

H2N
H

H

Cl

NC

HN

O
O N

CF3Me
H

H

94%

93%

K2CO3,
H2O, DMSO

 cat (C7H8)2RhBF4
H2 150 psi

CF3CH2OH

ligand

N

N

N

ClCl

Cl

Then 
NH4Cl aq

;

Debra J. Wallace,*,† Kevin R. Campos,*,† C. Scott Shultz,*,† Artis Klapars,† Daniel Zewge,† Brian R. Crump,‡
Brian D. Phenix,‡ J. Christopher McWilliams,† Shane Krska,† Yongkui Sun,† Cheng-yi Chen,† and Felix Spindler§
Department of Process Research, Merck Research Laboratories, Rahway, New Jersey 07065, U.S.A., Department of Chemical
Process DeVelopment and Commercialization, Merck Research Laboratories, Rahway, New Jersey 07065, U.S.A., and SolVias
AG, P.O. Box 4002, Basel, Switzerland; Organic Process Research & Development 2009, 13, 84–90



Ru(BINAP) catalysed hydrogenations have a wider scope than 
Rh-catalysed hydrogenations 

Me

Me

Me

OH OH

Me

Me

Me H

Geraniol S-Citronellol
        99% e.e.

H2, Ru BINAP

MeOH

NCOCH3

MeO

MeO
OMe

OMe OMe

OMe
MeO

MeO

NCOCH3

CH2

CO2H

MeO MeO

CO2H

Me

H

H

Tetrahydropapaverine

Naproxen

H2,  catalyst
MeOH

H2,  catalyst
MeOH

H

Highlight catalyst chelating group 



BINAP is the key to successful ruthenium hydrogenations 

Ru

O
O

P
O

O

CH3

P

PPh2

PPh2

CH3

Ru

Br

P Br
Br

P

RuP
BrP

Ru

Br
P

P

+

X–

Better for
alkenes

Better for 
heteroatomic 
double bonds

Some of the many Ru(II) 
catalyst precursors 



Ruthenium catalysed hydrogenation of unsaturated 
carboxylic acids is effective- mechanism 1

10-4 M

H2 , 1 atm , MeOH , 250C

CH3

CH3

O

O
H

O
H

O

CH3

CH3

Ru

O
O

P
O

O

CH3

P

H

PPh2

PPh2

CH3

O
H

O

CH3

CH3H D

D
H

with D2 in CD3OD

as ligand

90% e.e.
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The two hydrogens are delivered distinctly - the first from H2, the 
second from solvent

Reverse incorporation with H2 in MeOD 

Ru

O
O

P
O

O

CH3

P

Me Me

Me

Me

D

Ru
O

P
O

O

CH3

O
P

D
Me

Ru

O
O

P

CH3

P
O

O
Me

Me

MeD

O

Ru
O

P
O

O

CH3

P
H

+ MeOHD+
–

–

D2

MeOH2+

MeOH

cleaves Ru-C bond

anionic
intermediates

bound reactant

bound product
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The two hydrogens are delivered distinctly - the first from H2, the 
second from solvent

Reverse incorporation with H2 in MeOD 

Ru

O
O

P
O

O

CH3

P

Me Me

Me

Me

D

Ru
O

P
O

O

CH3

O
P

D
Me

Ru

O
O

P

CH3

P
O

O
Me

Me

MeD

O

Ru
O

P
O

O

CH3

P
H

+ MeOHD+
–

–

D2

MeOH2+

MeOH

cleaves Ru-C bond

anionic
intermediates

bound reactant

bound product
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Basics of Iridium asymmetric hydrogenation; P-N catalysts, 
chelate forming  

Ir
N

PCx3

+

PF6–
Crabtree's original catalyst 1977-1980. Fast 
hydrogenation even of tetrasubstituted 
alkenes in non-protic solvents.

Never used commercially; limited turnover 
before deactivation

Pfaltz introduced a family of chelate PHOX-based 
analogues for asymmetric hydrogenation.
Similar limitations; high pressures needed for 
satisfactory e.e.s

High sensitivity to water; annulled by switching to 
the hydrophobic BARf counter-ion.

Ir
N

P
Ph2

+

PF6–
O

But

vary

vary



Iridium asymmetric hydrogenation follows naturally from the Crabtree 
catalyst (Pfaltz; >20 years later) 

NB – no chelating groups in the substrate



The counter-ion is critical, and the solution must be anhydrous as 
well 

0 500 1500 2500 3500

100%

0%

H2 consumption

time, secs

OTf– BF4– PF6–

B(C6H5)4– BARF–

Ir
N

P
(o-tol)2

+
O

0.1 mol%

H2 [14 bar], 4 ˚C, CH2Cl2

Me Me

But

Al(OC(CF3)3)4–

small 

large, 
hydrophobic 

What�s BARF? 
(look up  
�non-coordinating  
anion� in Wiki) 



A hydrogenation-based enantioselective synthesis of Vitamin E. Two crucial 
stereocentres introduced without directing groups 

O
Me

Me

AcO

Me

Me Me Me Me

O
Me

Me

AcO

Me

Me Me Me Me

1 mol% Ir catalyst; BArF–

50 bar H2, CH2Cl2
2 h. RT.

> 98% (R,R,R) isomer

(R)-

preexisting from the synthesis
N

Ph

O
(o-tol)2P

as ligand

36 



Some examples of asymmetric hydrogenation with Ir catalysts - di, tri- and 
even tetrasubstituted alkenes 

O

1 mol% Ir catalyst

50 bar H2, CH2Cl2
2 h. RT.

O N
O

Ph

O
PPh2

BnBn Me

ligand

Me

1 mol% Ir catalyst

50 bar H2, CH2Cl2
2 h. RT.

MeO

N

O

But

O
(o-tol)2P

MeMe

Me

MeO

ligand
Compare:

CH2

MeO

Me

MeO1 mol% Ir catalyst

1 bar H2, CH2Cl2
2 h. RT.

N
O

Ph

O
PCx2

BnBn Me

ligand

99% e.e.

99% e.e.

94% e.e.



Synthetic range of  asymmetric hydrogenation 

Rhodium – valuable for enamides, dehydroamino acids – 
huge variety of ligands available; practical applications 
involve optimization of catalyst as well as reaction 
conditions. Phosphoramidites as mono-P ligands

Ruthenium – much wider variety of functional groups 
efficient in  metal binding, so more versatile. Catalysis with 
BINAP or related ligands designed on the same principle.

Iridium – works for cases where the alkene lacks binding 
groups. Most successful ligands form PN chelates.   
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What happens if we move the stereogenic centre from 
the ligand  to the substrate?

Ph

Ph

H2C

O

CO2Me

CH3

H
H

Asymmetric hydrogenation

*
* *

Directed hydrogenation

*  Stereogenic centre



Directed hydrogenations – alcohol as directing group (could 
be C=O of ester, amide, etc.

CH2
CH3

OH
EtO2C

(±)

CH3
CH3

OH
EtO2C

(S*,R*)

+ CH3

OH
EtO2C

CH3

H2, thf, 1 atm

(R*,R*)<1 : 100

CO2Me
OH

CH3 CH3 CH3

CO2Me
OH

CH3 CH3 CH3
H2, CH2Cl2, 1 atm

Ph2P(CH2)4PPh2 Rh+

Ph2P(CH2)4PPh2 Rh+

see: Hoveyda, Evans,  Fu  Chem. Rev.  1993,  93, 1307; Brown, Angew. Chem. Int. Ed.,1987, 26, 190.

 route to fragment C1 - C10 of ionomycin 94% diastereoselectivity



Analysis of ground state binding with model ligand reveals selectivity that 
matches the results of hydrogenation 

(S)

Re Re

(R)

P

P P

P

Rh Rh

O O

Preferred by 3 kcal mol–1

P
Me2

Rh+
P
Me2 CH2

MeO2C
CO2Me

H Me

binding
 DFT: ωB97xD / 6-31G(d,p) [Rh 
(SDD)] SCRF - MeOH  
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Appendix- Properties of phosphine 
ligands



 Following 3 slides show variations at phosphorus  
a) Different phosphines possess different electronic effects

Increasing 
donor ability 

We can measure IR stretching frequencies: The more electron-withdrawing the 
ligand, the more back-donation from the metal to P. This affects the CO 
bond:  M C OPR3 M C OPR3

ν higher ν lower



b) The bulk of a phosphine ligand van be expressed 
through its cone angle



 c) Bite angles P-M-P provide an important parameter 
for the comparison of different chelate ligands

PPh2

PPh2

PPh2

PPh2
Fe

PPh2

PPh2

PPh2

PPh2S

O

PPh2 Ph2P

123˚

97˚91˚85˚

112˚

R2
P

P
R2

M

Bite angle



Trivalent phosphorus is stereochemically far more stable than 
trivalent nitrogen; allows P-stereogenic ligands

N
A B

C N

A

B
C

P
A B

C P

A

B
C

microseconds, 0 ˚C

hours, 100 ˚C

> 109˚

What causes this remarkable difference?



SBM 2014 Lecture 2  
 

John Brown 
 
 

Hydrogenation of Ketones and Imines 
 

Transfer Hydrogenation 
 

Dehydrogenation and Dehydrogenative 
Coupling 

 
Interception of Reactive Intermediates



Increased versatility for Ru catalysis  - many ketones are hydrogenated 
in high enantiomer excess

R R'

O DG       H2

cat (R)-BINAPRu R R'

HO DG

H

DG is a directing group (lone pair bond to Ru catalyst)

2



Ru hydrogenation of ketones provides an example of double asymmetric 
induction 

e.e. of final product is enormous 

Me Me

O O

Me Me

OH O

Me Me

OH O

Me Me

OH OH

Me Me

OH OH

Me Me

OH OH

98 (S)

98 x 98

98 x 2

(S,S)

meso

2 x 2 (R,R)Enantiomer ratio S,S : R,R -   982 : 22  = 2400 :1; e.e. = 99.9 %
Diastereomer ratio S,S : meso =  ca 50 : 1

cat. S-BINAP RuCl2
H2, MeOH

cat. S-BINAP RuCl2
H2, MeOH

Step 1

Step 2

2 (R)



High diastereoselectivity and fast keto-enol tautomerisation lead to Dynamic 
Kinetic Resolution from a racemic reactant. 

OEt

OH O

OO

OEt
NHBoc

NHBoc

H

OO

OEt
HBocHN

OOH

OEt
NHBoc

R-BINAP RuBr2

trace
acid or
base

 VERY SLOW

H2, CH2Cl2

99% syn, 98% ee.

FAST

H2

via

IN BETWEEN

X
4



Ruthenium has provided asymmetric catalysts for both ketone and 
alkene reduction 



P2N2Ru complexes; a further breakthrough in Ru catalysis of 
hydrogenation 

P

Ph2
P

RuCl2

P

Ph2
P

Ru
N
H2

H2
N

Ph

Ph

(dimer)

1st generation catalyst

2nd generation catalyst

Completely different
mechanism

Ph2

Ph2

Cl

Cl



In the presence of base, metal hydrides are formed that change 
the reaction pathway 

CH2

H

O

H

CH3

OH

250 times
faster, condition A

1500 times
faster, condition B

Cl2Ru(PPh3)3, H2, i-PrOH, toluene
as A, add KOH, H2N(CH2)2NH2.

A
B

+

Allow competition for 
catalyst and reagent

In B; Ru-H is formed from Ru-Cl by the base; how? 



The method is useful for asymmetric reductions in the absence of 
a directing group   

P

P
Ru

N
H2

N
Ph

PhPh2

Cl

Cl

Rucat

H2Ph2

O

R

X

OH

R

X

Rucat H2

KOH, i-PrOH

(or p-tolyl for Ph)(S)-(S,S)

R = Me, i-Pr, t-Bu
X = Me, t-Bu, OMe, Cl, C(O)Me

(R)-isomer
> 90% e.e.



Getting close to a universal method for selective reduction of 
ketones 

O

Br i-PrOH, H2 (4-8 atm)

P2N2Ru catalysts
OH

Br 99.7% e.e.

C=C Double bonds are unaffected; simple ketones are reduced by the same catalysts

O Ru cat
OH

90% e.e.

O
Me

Me Me

OH
Me

Me Me

H2 H

H
Ru cat

H2
94% e.e.



Hydrogenation with P2N2Ru complexes. How it works 1.  
Consider the essentials. 

The catalyst is introduced as a Rh(II) dichloride with both ligands in place. 
A strong base is needed in order to activate this pre-catalytic state. 

The key reaction involves HCl elimination by the base, then H2 addition – 
basic equation:   

Ru
P

P N

N

Cl

Cl

H
H

H
H

18e complex - 
all PN 2e donors

–OH

Ru
P

P N

N
Cl

H

H
H

16e complex
one N–Rh σ-bond10



How it works 2. The precatalyst needs to be reduced first to replace Cl– by H– to 
make the active catalyst. The process can be repeated to make a Ru dihydride  

Ru
P

P N

N
Cl

H

H
H

16e complex
one N–Rh σ-bond

H2

Ru
P

P N

N
Cl

H

H
H

H
H

Ru
P

P N

N

H

Cl

H
H

H
H

18e complex
11



How it works 3. Once the catalyst has formed a very simple mechanism 
ensues; the ketone is never bound to Ru 

Ru
N
H2

H
NP

P H

H
H

Ru
N
H2

NHP

P H

H
H

Ru
N
H2

NHP

P H

H
H

O

R'
R

Ru
N
H2

H
NP

P H

H

HO

R'
R

RR'C=O

H2

12



How it works 4. With a single enantiomer catalyst the configuration 
of the product is determined by stereoselection in the H2 transfer 

step

Ru
P

P N

N

H

Cl

H

H

H
H

O

H3C

Ru
P

P N

N

H

Cl

H

H

H
H

H3C O

re-face si-face
13



Iridium catalysts are also effective for the reduction of imines (NB 
PP catalysts) 

Classic example is the synthesis of the herbicide metolachlor 
produced on a multi-ton scale 

N

MeO

Ir catalyst

PPh2Fe

Me
P

Me

Me2 ligand - has both
central and planar chirality

H2, Bu4N I
NHMe

MeO
H

NMe

MeO
H O

CH2Cl

atropisomers



Iridium catalysis has provided the most substantial scale-up in 
asymmetric hydrogenation Metolachlor; herbicide  



Many heterocyclic systems are responsive to asymmetric 
hydrogenation 

N

imine

OMe

OMe

N
H

OMe

OMe

H

50 atm H2

PPh2
PPh2

MeO
MeO

10% I2, C7H8

1% (L*IrCl)cat.

L*

Y-G Zhou et al., J.Am.Chem.Soc., 2003, 105, 10536

Cuspareine, 96% ee

N N
H

1% L' RhH2N
N

Cl
Ph

Ph
R R SO2

ButL'*

HCO2Na
pH 5 buffer, 
H2O, 40˚C wide range,

90-99% ee

XX

Transfer hydrogenation provides a neat solution under ambient conditions;
the reactant is activated by  N-protonation

Generally high pressure of H2 is needed, and I2 promotes the reaction

J. Xiao et. al. Angew. Chem. 2009, 48, 6524



Basic principles of a metal-catalysed transfer hydrogenation 

O
H

HMe
Me +       M

Me Me

O
+       MH2

O
H

H
+       M C

O
+       MH2

O O

Transfer hydrogenation from isopropanol or formic acid

reductant oxidant



Consider the formal catalytic cycle using i-PrOH as the reducing 
agent; a displaced equilibrium  

CH3

O

H3C CH3

enantioselective
catalyst

OH

CH3

OH

H3C CH3

O

H

H

10 M

0.1 M

CH3

OH

H

major minor

Equilibrium is driven by mass action



Noyori and Ikariya found an effective and enantioselective Ru-catalyst family 
( also other arenes) 

0.5 mol% Ru- catalyst

N
H2

Ru
N

HCO2H, NEt3

Cl

Ph

Ph

99% ; 97% e.e

ArSO2

MeO

CH3

O

MeO

CH3

OH

Ruthenium catalyst 
derived from: NH2

NH2Ph

Ph Ru
Cl

Cl
Cl

2

and

Previous work had been largely Ir complex based and less effective; 
A base is involved! 



The reaction mechanism could be �classical� or a concerted 
hydrogen transfer. No evidence for a Ru-alkoxide has ever been 

found 

N
H2

Ru
N

H

Ph

Ph

ArSO2

H

C O

H

NRu
H

N
H2

Ru
N

Cl

Ph

Ph

ArSO2

N
H

Ru
NPh

Ph

ArSO2

H

C O

Ru

OC
reduced form

reduction mechanism ?

oxidised form

H2, base

conventional Meerwein-Pondorff-Verley
through Ru alkoxide

i-PrOH

Me2CO

Compare P2N2Ru catalysts + H2 - any differences? 

X √ 



The range of transfer hydrogenation can be demonstrated from 
the selection below 

N
H2

Ru
N

Cl

Ph

Ph

RSO2

vary R, arene

Ph CH3

O

Ph CH3

OHcat 1:1000
OH

CH3
cat 1:200

99%, 96% e.e. 99%, 97% e.e.

Ph

O

CH3

Ph

Ph CH2Cl

O

Ph CH2Cl

OHcat 1:5000
OH

CH3
cat 1:200

99%, 98% e.e. 99%, 95% e.e.

O

CH3

(epoxides)

N N

Reducing agent may be i-PrOH or NEt3/HCO2H azeotrope



Dehydrogenation. Reverse of hydrogenation is possible (in principle) but we 
must include an energy sink  

+   H2

The dehydrogenation of an alkene
is highly endothermic ΔH0 = ca. 120 KJmol–1

enthalpy

+

An acceptor alkene can make the reaction
mildly exothermic

enthalpy

+But But

Cyclooctane is more strained than cyclohexane - why is this? 



Pincer iridium complexes have provided the most successful application 
of catalytic dehydrogenation 

Ir

PBut2

PBut
2

H

Cl
Ir

PBut2

PBut
2

H

H

Ir

PBut2

PBut
2

H

H

H

H

PBut2

PBut
2

H

Ir(I)Cl

LiBEt3H
then  H2

vacuum

catalyst for
dehydrogenation

pincer ligand;
electron-rich

Need to transfer H2 to 
added alkene to 
generate the active 

catalyst.  
 

18e 16e 

16e 



Even in this case the reaction requires high temperatures and 
turnovers are limited (ca. 200) 

Ir

PBut2

PBut
2

H
H Ir

P

P
H H

But

But
2

But

Ir

PBut2

PBut
2

But

But

But

Ir

P

P
H

But

But
2

Ir

P

P
H H

But

But
2

Ir

P

P
H

But

But
2

Reductive cycle

Oxidative cycle

Reactant 

Reactant 

----Products---- 



The concept of �borrowing hydrogen� uses the same catalyst for both the 
oxidation and reduction steps.  Knoevenagel step is  not catalysed 

Knoevenagel 
 reaction 

OH O

H

CN

KOH

CNCN

Ir
Cl Cl

dimer; gets
reduced to Ir-H

Cl
2

LnIrH2LnIr

LnIrH2LnIr

Conditions: 110 ˚C, 2 mol% Ir catalyst, 15 mol% KOH, 15  h.
(or 10 minutes µwave, 110 ˚C)

A

B

A and B



2   RCH2OH
R

O

OCH2R

catalyst

RCH2OH

R'CH2NH2

catalyst
+

R

O

NHCH2R'

RCH2OH

R'CH2NH2

catalyst

R

H

NCH2R'

N

PBut2

NEt2

Ru CO
H

N

PBut2

PBut2

Ru CO
H

Catalyst

An interesting series of dehydrogenative couplings  were 
discovered by Milstein and co-workers from 2007 onwards

NB  Use of Pincer ligands



A pincer Ru complex with a labile C-H is activated to loss of 
hydrogen  

Why is the original dehydrogenation product stabilised by H-transfer? 

N
Et2N PBut

2Ru

CO

H

H

N CH2

Et2N PBut
2Ru

CO

heat
– H2

N
Et2N PBut

2Ru

CO
H

Complex is stabilised by 
borrowing hydrogen 
from the side-chain

18e

16e; isolable

H



The N-Ru bond is also labile leading to easy ligand displacements; 
primary alcohol and amine to imine by a β–elimination route (Step 1) 

N
Et2N PBut

2Ru

CO

H

H

N
Et2N PBut

2Ru

CO

H
PhCH2OH N

Et2N

PBut
2Ru

CO

H

OPhH2C

Ph O

H PhCH2NH2

Ph N

H
CH2Ph

Ph N

H
CH2Ph

HO
H

hemi-aminal intermediate; 
not catalysed?

N
PBut2RuO

Et2N

Ph

H CO

H

H Hemiaminal formation may well occur 
without decoordination of PhCHO?



Step 2. Another oxidative step converts the hemiaminal into an amide; cycle is 
completed by H2 loss 

N
Et2N PBut

2Ru

CO

H

H

N
Et2N PBut

2Ru

CO

H N
Et2N

PBut
2Ru

CO

H

O

Ph N

H
CH2Ph

HO
H

Ph N

O
CH2Ph

H

Ph N
H

CH2Ph

H

Amide - formed 
catalytically from alcohol 
and amine

How many different molecules 
of catalyst are involved in the 
overall cycle? 



Here’s a summary of the sequence of reactions

+ 2 H2

1.  First activate the primary alcohol (-H2):

2.  Then activate the hemiaminal equilibrium (without dissociation of RCHO):

3.  Finally dehydrogenate the hemiaminal to give the amide product: 

R"CH2OH R"CH=O
Ru cat

+ H2

R"CH=O +  RNH2 R" C
H

OH
NHR

R"CH=NR    +  H2O

R" C
H

OH
NHR

Ru cat
R" C

O

NHR
+ H2



Overall catalytic reaction and conditions 

N
Et2N PBut2Ru

CO

H

catalyst 0.01 mMol

RNH2

10 mMol

+      R"CH2OH

10 mMol

catalyst
toluene, 100 ˚C R

H
N

O

R"

Argon flow

PhCH2 96%

PhCH2 MeOCH2 99%

n-C5H11

MeOCH2 99%

Et(Me)CHPhCH2 70%

(secondary alcohol ! ketone, lower yield) 



Consider the individual steps in a hydrogenation reaction

H2

Product

H2 addition Migratory insertion

P
Rh

P

S

S

P
Rh

P

O
NH

RO2C

R" P
Rh

P

O
NH

RO2C

R"
H H

P

Rh
P

O
NH

RO2C

R"
H

H

P

Rh
P

O

NH

CO2R

R"
H H

Si bound

+ + + +

Rh Alkyl-
hydride

Base
+

+   BH+

Is it possible to intercept the ensuing Rh-alkyl species?



Intercepting the intermediate in hydrogenation (Krische)

Best ligand is tri(2-furyl)phosphine; 74% yield, 95% rac syn-diastereomer

O

Me Me

Rh(Ln)

O

Me Me

Rh(Ln)

Z-enolate is kinetically preferred
O

Rh

O

Me

Me

H

ArH



Intercepting the intermediate in transfer hydrogenation 
(Krische)

Me HO

+

OH

HH2C

Me

84%, 2:1 diastereomers

catalyst

2.5% acetone,

NO2

H
H

H

NO22.5% 3-NO2BzOH
THF, 95˚ C.

H

Ru

Cl CO
Ph3P

Me Me

O

NO2

H+
catalyst

HCO2H, NH3
NaI, THF, 65˚ C

Me

NO2
Me

OH

70%

PPh3

O

Ru

O COPh3P

PPh3O

F3C

O

F3C

M. J. Krische et. al. , Chem. Comm.  2009, 7278; Angew. Chem. Int. Ed., 2009, 48, 34 (reviews)



Two important concepts for catalytic reactions in synthesis 

Atom economy describes the conversion efficiency of 
a chemical process in terms of all atoms involved. In 
an ideal chemical process all atoms of the reactants 
appear in the product. 
 
Redox economy is defined as the minimization of the 
number of non-strategic (those that do not set 
stereochemistry or are not skeleton-building) or 
corrective oxidation and reduction steps in synthesis. 
 
  


