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Heterogeneous hydrogenation: hydrogen source  

Transfer hydrogenation 

Steam reforming 



Hydrogenation vs Hydrogenolysis 

Hydrogenation:  addition across π bonds 
Hydrogenolysis: Cleavage of σ bonds 

Discrimination dependent upon: 
Metal 
Support 
Solvent 
Temperature 
Presence or absence of poisons 
Promoters 

Rate of reduction dependent upon: 
Catalyst preparation 
Time (in hours) since prep. of catalyst 
Pressure 
Temperature 
Loading of catalyst 



Heterogeneous hydrogenation 

Syn stereoselectivity (?)  

No (?) 



Heterogeneous hydrogenation 

Nickel (Ni) 
Mostly used as Raney Nickel 
Very subject to loss of activity within two weeks of preparation, especially W-6 
and W-7 
Only modest temperatures and pressures required 
Can reduce also aromatic rings, esters, ketones, nitriles 
Above 100 °C reaction may get out of hand 
Raney  metal 
An alloy of the metal and aluminum is made by melting them together in a 
certain proportions. 
The aluminum is dissolved away using sodium hydroxide solution. 
The remaining metal from the alloy “domains” become particles with high 
surface area and are charged with hydrogen 
It is extremely flammable in air and must be handled wet with water 
Commercially available, but best if prepared just before use.  (From the 
Aluminum stable alloy) 
 
 



Heterogeneous hydrogenation 

 
Platinum (Pt) 
 

Adam’s catalyst (PtO2) (Stable in storage!)  and platinum on support (C, Al2O3, 

SiO2 ecc) are most common forms; all commercially available 

Don’t use platinum black: highly variable 

Wide variety of reductions, including hydrogenation and hydrogenolysis, 

depending upon conditions; most are carried out under mild conditions 

Poisoned by amines and sulfur 

If PtO2 is pre-treated with HOAc or MeOH  washes, it can reduce benzene rings 

readily. 

PtO2 not selective between double and triple C-C bonds. 

Many variants of Pt/C, each with its own selectivity. 

Expensive  
 
 



Palladium (Pd) 
Many forms of palladium on support available, each with its own selectivity 
Less than half the cost of platinum 
Gives both hydrogenation and hydrogenolysis 
Most reductions under mild conditions 
Subject to poisoning with sulfur, amines, and lead. 
 
Rhodium (Rh) 
Expensive (as Pt), but very versatile. 
Best for reductions of aromatic systems (incl. heterocycles) under mild 
conditions without acid 
Reduces C=C, nitro, and carbonyls and most reducible groups 
Aromatic vs carbonyl selectivity can be controlled by pH and nearby groups 
 

Heterogeneous hydrogenation 



Rhenium (Re) 
Usually used in an oxide form (recovered in an oxide form) 
Requires vigorous conditions 
Low selectivity (reduce also carboxylic acids to alcohols or amides to amines) 
Typical conditions: 200 atm and 150-250 °C 
Expensive 
 
Ruthenium (Ru) 
Used as dioxide or metal on support 
Commercially available at moderate price 
Active at 70-80 °C/ 60-70 atm 
Very resistant to poisoning 
Reduces COOH, but only at HP; 500-950 atm, reduces aldehydes, ketones, 
even sugars. 
 
 
 

Heterogeneous hydrogenation 



Heterogeneous hydrogenation: Inhibitors 

Inhibitors diminish the rate , but the effect can be reversed by washing it away. 
Poisons exert an appreciable inhibitory effect when present in small amounts. 
Both can be used to fine-tune the selectivity of a catalyst. 
 
Metals and metals salts 
Mg, Ni Co have no effect on Pd reductions. 
Al, Fe, Cu, Zn, Ag, Sn, Pb, Hg, Cr their oxides and carbonates inhibit 
Palladium. 
Pt reductions inhibited by Al, Co, Bi. 
Pt reductions increased by Fe, Cu Zn, Ag, Pb 
Raney nickel completely inhibited by mercuric chloride, but 50% inhibited by 
Ag2SO4 
Halide ions inhibit Ni, sometimes Pt, Pd: I- >> Br- > Cl- > F- in a concentration-
dependent manner. Corresponding acids just as potent, if anhydrous.  Tip: add 
water or use acetic acid. 
Potent inhibitors (Ni, Pt): carbon tet, chloroform, chloral hydrate, 
trichloroethanol, di- and trichloroacetic acid, alkyl chloride, benzyl chloride, and 
acetyl chloride 
CO and PPh3 are pan-inhibitors 
 

	  



As sulfides, mercaptans, disulfides, and thiosulfates and thiophenes: potent inhibitors. 
Beware the rubber stopper or tubes! Contains sulfur for vulcanizing! 
Some sulfoxides and sulfinates are inhibitors. 
Sulfonates, sulfuric acid, and sulfoxides have little effect. 
Compounds with unshielded basic Nitrogen act as inhibitors. 
Compounds which generate basic nitrogen on reduction (e.g. nitro, oxime) act as 
inhibitors. 
Nitrile is an inhibitor (likely due to product), while cyanide is a catalyst poison. 
Non-basic nitrogens (e.g. in amide or urea) have little effect. 
Non-poisonous: Schiff-bases, imines, azines, hydrazones & similar cpds with azomethine 
links. 
Pyridine and related heterocycles are inhibitors. 
Piperidine is a potent poison 
Quinoline is only a weak inhibitor, often used for modifying activity 
 
Strategies to overcome the poison 
Use a protic solvent such as ethanol, methanol 
Use an organic acid such as acetic acid 
Use 1 equivalent HCl (less preferable) 
Choose an alternate catalyst not susceptible to nitrogen inhibition (rarely an option) 
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Heterogeneous hydrogenation: Inhibitors 

Lindlar catalyst 



Substances that produce greater catalytic effect than can be accounted for by 
each component independently and in proportion to the amount present. 
Most promotors are inactive as catalysts themselves. 
Sometimes are inactivators in another context and/or at a higher concentration 
Promoters tend to be specific to an application. 
 
Addition of Pt, Os, Ir, or their salts on Nickel Raney had a dramatic effect on 
rate of reduction; Rh and Ru not effective. 
Most effective as platinic chloride; activates for reductions of nitrile and 
alkylnitro groups 
Also NaOH  or Et3N have effects. 
Water is a good promoter for Ru mediated reduction. 
 

Heterogeneous hydrogenation: promoters 



Hydrogenations can be run without solvent. 
Solvents moderate reactions and exotherm effect 
SM don’t need to be dissolved or even be significantly soluble, whil the product 
is in order to prevent a deposition on the catalyst surface.  
Effect of solvent choice is reaction-specific. 
Acidic and basic solvents serve a dual purpose. 
The effect of a neutral solvent is unpredictable. 
The neoprene stopper of Parr Shakers is attacked by ketones, ethyl acetate, 
benzene, THF and pyridine, but is inert to alcohols, water, alkane solvents.  
Solvent choice may require sacrificing stopper or using alternate closure. 
High pressure autoclaves are consistent with any organic solvent but not 
mineral acids. 
 
 

	  

Heterogeneous hydrogenation: solvent 



Solvents of choiche 
Water  
methyl and ethyl alcohol 
Ethyl acetate, cyclohexane, methylcyclohexane, benzene, pet ether, 
ligroin 
Methyl cellosolve (MeOCH2CH2OH) 
DMF,  
Acetone, MEK 
 
Reduction of pyridine over nickel in lower alkyl solvents results in N-
alkylation 
Reductions in THF and dioxane at high temps over nickel make 
explosive mixtures. 
So  
DIOXANE AND THF ARE FORBIDDEN IN HIGH PRESSURE 
AUTOCLAVE! 
 

Heterogeneous hydrogenation: solvents 



Support 
Used to increase surface area of catalyst with consequent higher rates 
May Modifies Selectivity 
(Process) Minimizes loss of catalyst  
Carbon /Charcoal (many variations): high surface area, absorbs oxygen and 
impurities; most common and reliable. 
Alumina: Absorbs impurities. pH of Alumina can modulate selectivity. 
Alkaline earth carbonates: impart basicity (in some cases impedes 
polymerization of alkynes). 
Clays 
Ceramics 
Pumice 
Celite 
 
 

	  

Heterogeneous hydrogenation: Support 



Catalyst loading 
Rate is semi-proportional to catalyst loading but not linear.  (Low loading may 
give no reaction at all, but doubling at  midrange may give 5-20x effect). 
Use and report loading based upon weight percent of total catalyst (not 
contained metal) vs substrate. 
Scale-ups require a smaller loading than pilots. 
 
Temperature 
Classic rate vs temperature rules apply 
Lower temperatures are preferable, as they exaggerate selectivity differences. 
Many reductions are exothermic; use more solvent, less agitation, or less 
hydrogen pressure to moderate 
Parr limit: 80°C  HP autoclave: 300 °C 
 

Heterogeneous hydrogenation: loading and temperature 



Stirring 
Shaking (Parr Shaker) Efficient for small quantities, but difficult to achieve over 
2 L. 
Rocking (Rocker autoclaves) Less efficient than rocking or stirring, but best 
choice for high pressures. 
Stirring: Depending upon design, can be very efficient.  Magnetically coupled 
shafts permit much more reliable performance. 
Rate of reaction increases with efficiency of stirring (e.g. mixing of phases) 
Magnetically stirred microhydrogenators become ineffective above 50 mL 
 
Pressure 
A great many Pt and Pd reductions can be achieved at 60 psi with proper 
choice of solvent and promoters 
Rate is (nonlinearly) proportional to pressure. 
Some catalysts (Cobalt, copper arsenite) require higher pressures (up to 200 
atm) to perform.  Some substrates such as aromatics are resistant to 
hydrogenation and require high pressure 
 

Heterogeneous hydrogenation: stirring and pressure  



Homogeneous hydrogenation 

Transition metal hydrides are important intermediates and show up in many 
different processes, such as hydrogenation, hydroformylation, and 
hydrometallation. Because of their facile generation (see below) they can often 
be a bit of a nuisance. Their reactivity can vary from hydride donors to strong 
protic acids.  

 

Metal Hydrides

Many different routes to metal hydrides:

LnM H

(H)

LnM X M2 H+

transmetallation

(M2 = Sn, B, Si)
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Transition metal hydrides are important intermediates and show up in many different processes, such as 
hydrogenation, hydroformylation, and hydrometallation.  Because of their facile generation (see below) 
they can often be a bit of a nuisance.  Their reactivity can vary from hydride donors to strong protic acids.



Homogeneous hydrogenation are usually carried out with catalysts based on Rh, Ru, and Ir. These 
complexes are more sensitive than heterogeneous catalysts (Pd/C), but are more selective. Also the 
presence of ligands around the metal allows for asymmetric hydrogenation. 
Two classes of hydrogenation catalysts–monohydride and dihydride. Each have different mechanisms 
and different selectivities. 

Common Homogeneous Hydrogenation Catalysts

Two classes of hydrogenation catalysts–monohydride and dihydride.  Each have different mechanisms 
and different selectivities.

Homogeneous hydrogenation are usually carried out with catalysts based on Rh, Ru, and Ir.  These 
complexes are more sensitive than heterogeneous catalysts (Pd/C), but are more selective.  Also the 
presence of ligands around the metal allows for asymmetric hydrogenation.

Rh(H)(PPh3)3(CO): monohydride catalyst, specific for terminal alkenes, double bond isomerization
                                competes, little used
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Homogeneous hydrogenation 



Wilkinson’s catalyst, RhCl(PPh3)3 is used in benzene/ethanol solution in which it dissociates 
to some extent; a solvent molecule (Solv) fills the vacant site:  
 

4

Hydrogenation mechanism
Wilkinson’s catalyst, RhCl(PPh3)3 is used in benzene/ethanol solution in which it 
dissociates to some extent; a solvent molecule (Solv) fills the vacant site:

RhCl(PPh3)3 + Solv  ' RhCl(Solv)(PPh3)2 + PPh3

Rh

PPh3

PPh3

Solv

16-e (1)

(2)(3)

(4)

Cl
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H

H2

H Cl
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H
H Cl
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ClH

H2C

R

R

CH
R H

R
C C
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H

H

16-e
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16-e

Steps: (1) H2 addition, (2) alkene addition, (3) migratory insertion, (4) reductive elimination 
of the alkane, regeneration of the catalyst.

Halpern, Chem. Com. 1973, 629; J. Mol. Cat. 1976, 2, 65; Inorg. Chim. Acta. 1981, 50, 11. 

Homogeneous hydrogenation 



Hydrogenation with Wilkinson’s catalyst is (stereo)selective: 

6

Wilkinson’s catalyst selectivity
Hydrogenation is stereoselective:

Rh
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Rh preferentially binds to the least sterically hindered face of the olefin:
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Wilkinson, J. Chem. Soc. (A) 1966, 1711
Rousseau, J. Mol. Cat. 1979, 5, 163.
Jardine, Prog. Inorg. Chem. 1981, 28, 63.

Homogeneous hydrogenation 
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Wilkinson’s catalyst selectivity
Site selectivity: Preferential hydrogenation of the least sterically hindered C=C bonds (note 
that heterogeneous hydrogenation catalysts are often not selective):

O
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Cis-disubstituted C=C react faster than trans-disubstituted C=C:

Schneider, JOC 1973, 38, 951.

Pedro, JOC 1996, 61, 3815.



Heterogeneous functional group hydrogenation: arenes 

In contrast to olefinic compounds, aromatic hydrocarbons are seldom hydrogenated 
at room temperature over heterogeneous transition metal  catalysts. 
This difficulty for hydrogenation probably comes from the situation that the benzene 
nucleus is stabilized by 151 kJ (36 kcal)⋅mol–1 as a result of the resonance.  
However, at elevated temperatures (and pressures) most aromatic hydrocarbons are 
hydrogenated without difficulty over nickel and cobalt catalysts. 
Over ruthenium and, particularly, over rhodium and platinum, benzene and its 
derivatives may be hydrogenated at considerable rates even at room temperature 
(but under high pressure). 
The rate of hydrogenation of methyl-substituted benzenes generally decreases with 
increasing number of the methyl substituents  
 

drogenation of benzene over a variety of acidic supported transition metal catalysts.51

For example, cyclohexylbenzene was obtained in a selectivity of 79.2% at 14% con-
version in hydrogenation of benzene at 200°C and 5.5 MPa H2 over a nickel catalyst
prepared by calcinating 75% SiO2–25% Al2O3 impregnated with NiF2 at 500–550°C
(5.2% Ni and 2.4% F), together with the formation of 7.8% cyclohexane, 0.5%
methylcyclopentane, 4.3% of cyclohexylcyclohexane, and 8.3% of C18 products.51

Dannels and Shepard hydrogenated benzene mixed with hydrogen fluoride over a
platinum or rhodium catalyst at room temperature and 0.1–0.5 MPa H2 and obtained
cyclohexylbenzene amounting to 25% by weight of the hydrogenation products.52

Yasuhara and Nishino studied the hydrogenation of benzene over supported plati-
num group metals in the presence of various strong acids.53 Cyclohexanol and its de-
rivatives (C6H11X: X = OAc, Cl, Br) were produced by the hydrogenation of benzene
with the corresponding acid additives. For example, 2 ml of benzene was hydrogen-
ated in 5 ml of 35% HCl over 0.2 g of 5% Pd–SiO2 at 100°C and 1 MPa H2 for 20 h
to give chlorocyclohexane in 8.4% yield (64.2% selectivity) at 13.1% conversion of
benzene.

11.1.2 Hydrogenation of Polyphenyl Compounds to
Cyclohexylphenyl Derivatives
Hydrogenation of aromatic compounds containing more than one benzene nucleus
often results in the formation of the intermediate cyclohexylphenyl derivatives in high
yields. Smith et al. obtained essentially pure cyclohexylphenyl intermediates in the
half-hydrogenation of diphenylmethane and 1,1-diphenylethane, and, similarly, a
minimum of 90% phenylcyclohexylacetic acid from diphenylacetic acid over Adams
platinum oxide at 30°C and initial hydrogen pressures of 0.44 MPa.54 Under the same
conditions, biphenyl and benzilic acid (diphenylglycolic acid) gave the corresponding
cyclohexylphenyl derivatives in 60 and 65% yields, respectively. The yields of the in-
termediates thus obtained were much higher than those expected from the rate ratios
for individual hydrogenations of the parent diphenyl compounds and the correspond-
ing intermediate cyclohexylphenyl derivatives (0.88 for biphenyl, 0.946 for diphenyl-

H2

3H2
2H2

+ Me

Scheme 11.1 Formation of cyclohexylbenzene and related coupled products in the
hydrogenation of benzene over acidic catalysts.
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CHAPTER 5

Hydrogenation of Aldehydes and
Ketones
HYDROGENATION OF ALDEHYDES AND KETONES

Aldehydes and ketones are usually easily hydrogenated to the corresponding alcohols
over most of the transition metal catalysts. The rates of hydrogenation of carbonyl
compounds, however, depend on the nature of catalysts; the structure of compounds,
such as aliphatic or aromatic and hindered or unhindered; the reaction medium; as well
as the reaction conditions. Acidic, alkaline, or other additives or the impurities asso-
ciated with catalyst preparation may greatly influence the rates of hydrogenation and
in some cases the product selectivity and stereoselectivity. Hydrogenations of alco-
hols produced to give hydrocarbons seldom take place under mild conditions except
with arylic aldehydes and ketones of ArCHOHR type, where the benzyl-type alcohols
formed are further susceptible to hydrogenolysis to give the corresponding methylene
compounds ArCH2R. Direct hydrogenation of the carbonyl group to the methylene
may occur over some platinum metals especially under acidic conditions. In most
cases, however, the reaction occurs only to minor extents or not at all, and the hydro-
genation to give the alcohol is by far the major reaction. The hydrogenation of car-
bonyl compounds over some platinum metals in alcoholic solvents, in particular in
primary alcohols, under acidic conditions or with a catalyst of acidic nature may be
accompanied by the formation of acetals, which often lowers the rate of hydrogenation
and may lead to the formation of ethers.

5.1 ALDEHYDES

Aldehydes are readily hydrogenated to the corresponding alcohols over nickel and
copper–chromium oxide catalysts.1 In general, Raney Ni, especially highly active
ones such as W-6,2 are preferred to other nickel catalysts for the hydrogenations at low
temperatures and pressures. Raney Ni may further be promoted by the addition of
triethylamine2 or triethylamine and a small amount of chloroplatinic acid,3,4 as shown
in eqs. 5.1 and 5.2.

quantitative6.6 g (0.05 mol)
39 min

RT(25–30°C), 0.10–0.31 MPa H2

100 ml EtOH + 2 ml Et3N

2 g Raney Ni (W-6)
CH2CH2CH2OH

91%
RT, 0.31 MPa H2, 28 min

100 ml EtOH + 2 ml Et3N + 0.22 mmol PtCl4

3 g wet Raney Ni (W-6)

8.6 g (0.10 mol)

(CH3)2CHCH2CH2OH(CH3)2CHCH2CHO

CH CHCHO (5.1)

(5.2)
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For more effective and/or larger-scale hydrogenations, use of higher temperatures and
pressures is advantageous as in an example shown in eq. 5.3.5 Supported nickel cata-
lysts such as Ni–kieselguhr may also be useful at temperatures above 100°C (eq. 5.4).6

Copper–chromium oxide catalyst is effective for the hydrogenation of aldehydes
at a temperature of 125–150°C.1 The hydrogenation of benzaldehyde over copper–
chromium gives a high yield of benzyl alcohol even at 180°C without hydrogenolysis
to give toluene (eq. 5.5).7

With platinum catalysts aldehydes have often been found to be difficult to reduce.8–10

Faillebin found that pure platinum black, prepared by reduction of chloroplatinic acid
with formalin and alkali, was a very poor catalyst for the hydrogenation of aldehydes
and tended to give hydrocarbons, while aldehydes were reduced to alcohols in excel-
lent or quantitative yield over the catalyst prepared from a mixture of chloroplatinic
acid and 5% of ferric chloride.9 Adams platinum oxide catalyst becomes inactive very
quickly during the hydrogenation of aldehydes in 95% ethanol; only by frequent re-
activation with air can the hydrogenation be carried to completion. However, when
small amounts of ferrous or ferric chloride were added, hydrogenation of benzalde-
hyde went rapidly to completion without any reactivation with air (eq. 5.6).10 It has
been shown that ferric chloride is first reduced to ferrous chloride and becomes as ef-
fective as ferrous chloride. The hydrogenation of heptanal was similarly accelerated
markedly by the addition of ferrous chloride (eq. 5.7). Dilute alcohol was used as sol-
vent for heptanal, since, on adding even very small amounts of ferrous chloride to so-
lutions of heptanal in 95% ethanol, heat was evolved with acetal formation
accompanied by polymerization. In the absence of ferrous chloride it was possible to
hydrogenate the aldehyde only by repeated activation of the catalyst. The effect of fer-
rous chloride was interpreted to inhibit an aldehyde to rob the catalyst of the oxygen
that was necessary for its activity.11 

389 g (93.5%)

CH3OCH2CHCH2OH
80–100°C, 10.3 MPa H2, 0.5 h

20 g Raney Ni

408 g (4 mol)

CH3OCH2CHCHO

CH3CHOHCH2CHO
88 g (1 mol)

2 g Ni–kieselguhr

125°C, 17 MPa H2, 1 h
CH3CHOHCH2CH2OH

39%

CH3 CH3
(5.3)

(5.4)

* Time required after the contents of the bomb 
  reached the designated temperature.

92%75 g (0.71 mol)

180°C, 10–15 MPa H2, 0 h*

7 g Cu–Cr oxide
CH2OHCHO (5.5)

21.2 g (0.2 mol)

CH2OH

RT, 0.23–0.17 MPa H2, 20–25 min
50 ml  95% EtOH + 0.1 mmol FeCl3

0.23 g Pt oxideCHO (5.6)
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cinnamaldehyde (60–68% at 25% conversion) and over zeolite-supported platinum
with 3-methylcrotonaldehyde (42–56% at 25% conversion). The results have been
discussed in terms of geometric/steric and electronic effects that depended on the sub-
strate hydrogenated. Augustine and Meng studied the effects of a number of metal
salts in the hydrogenation of crotonaldehyde and cinnamaldehyde over 5% Pt–C in
ethanol at 25–40°C and 1–3 atm of hydrogen.49 The best selectivity was obtained by
treating the platinum catalyst with solutions of iron salts prior to use in the hydrogena-
tion (79% at 60% conversion with crotonaldehyde and 95% at 65% conversion with
cinnamaldehyde at 40°C and 0.3 MPa H2). With ferrous chloride there was more de-
crease in rate than with ferrous acetate. Zinc salts deactivated the catalyst seriously.
The platinum–iron–tin system was found to afford high yields of crotyl alcohol in the
hydrogenation of crotonaldehyde over supported platinum catalysts.53 The selectivity
depended greatly on the support. The platinum catalysts supported on carbon and cal-
cium carbonate produced crotyl alcohol preferentially, while butyraldehyde was
formed over the catalysts supported on barium sulfate and alumina. Other selective
platinum catalyst systems as studied in the hydrogenation of cinnamaldehyde are Pt–
Sn–nylon,54 Pt–Ge–nylon,55 and the Pt–graphite heated at 500°C under hydrogen and
then at 900°C under vacuum.56

The hydrogenation of citral [geranial (1)–neral mixture] over platinum oxide could
be controlled to almost completely stop after absorption of 1 equiv of hydrogen to give
geraniol (2) (and nerol) or to give citronellol (3) with uptake of 2 mol of hydrogen, by
adjusting the amounts of the catalyst and/or the additives (eq. 5.24).51

Ferric chloride–doped Ru–C was used for the hydrogenation of 1 in a methanol solu-
tion containing a small amount of triethylamine.57 A 97% yield of a mixture of 2 and
nerol was obtained along with a small amount of 3. Galvagno et al. studied the effects
of metal dispersion and the addition of tin in the hydrogenation of cinnamaldehyde
and 1 with carbon- and alumina-supported ruthenium catalysts in 95% ethanol at 60°C
and atmospheric hydrogen pressure.58 In the hydrogenation of cinnamaldehyde over
Ru–C catalysts, selectivity to cinnamyl alcohol increased with increasing ruthenium
loading (the larger ruthenium particles) from ~30% at 0.5 wt% Ru up to >60% at 10
wt% Ru; however, in the hydrogenation of 1, selectivity to unsaturated alcohols re-
mained constant regardless of the extent of ruthenium loading. Addition of tin to ru-
thenium decreased the catalytic activity but increased the selectivity to unsaturated
alcohols up to 90% with both cinnamaldehyde and 1.

15.2 g (0.1 mol)
1 2

3

0.2 g Pt oxide
0.1 mmol FeSO4 + 0.15 mmol Zn(OAc)2

50 ml 95% EtOH
RT, 1 atm H2, 1 h

RT, 1 atm H2, 2.47 h
50 ml 95% EtOH

0.1 mmol FeSO4 + 0.10 mmol Zn(OAc)2

0.2 g Pt oxide

CH2OHCHO

CH2OH

(5.24)
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5.3 KETONES

Aliphatic and alicyclic ketones are usually hydrogenated without difficulty to the cor-
responding alcohols over most of the transition metal catalysts under relatively mild
conditions unless the ketones are highly hindered. The rate of hydrogenation of the ke-
tones, however, greatly depends on the catalyst, the nature of the solvent, and alkaline
or acidic additives, as well as other reaction conditions. Palladium catalysts are seldom
active for the hydrogenation of aliphatic and alicyclic ketones except for some steroi-
dal ketones.89 On the other hand, palladium is an excellent catalyst for the hydrogena-
tion of aromatic ketones, although aromatic ketones may be susceptible to
hydrogenolysis to give the corresponding methylene compounds, and to obtain the
corresponding alcohols selectively, the catalyst and the reaction conditions must be
carefully selected. Raney nickel, especially freshly prepared and highly active cata-
lysts such as W-6,2 W-7,90 and T-4,91 is effective for the hydrogenation of ketones at
a low temperature and pressure. Usually the rates of hydrogenation over Raney Ni are
greater in alcoholic solvents than in aprotic solvents such as cyclohexane and tetrahy-
drofuran.92 The hydrogenation of carbonyl compounds over Raney Ni is often pro-
moted by the presence of a small amount of triethylamine2 or alkali.93 Thus the times
required for the hydrogenation of various ketones to the corresponding alcohols with
W-6 Raney Ni were cut in approximately half with addition of triethylamine. Aceto-
phenone was hydrogenated to 1-phenylethanol in 10 min with addition of triethy-
lamine (eq. 5.28) while 22 min was required in the absence of the base.2 Insufficiently
washed Raney nickel catalysts such as W-7 and T-4 are quite suitable for the hydro-
genation of ketones since the alkali remaining in the catalyst may promote the hydro-
genation. Blance and Gibson found that lithium hydroxide is a better promoter than
sodium hydroxide, and potassium hydroxide is in turn less efficient than sodium hy-
droxide for promoting the hydrogenation of ketones.94

very slow
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+H2

+H2
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+H2

+H2

- H2O
+H2

+H2

+H2

Ph CH2CH2CHO

Ph CH

Ph CH

Ph CH

Ph CH2CH2CH2OH

Ph CH

Ph CH2CH3

CHCHO Ph CH2CH2CH3CHCH2OH CHCH3

CH2

Scheme 5.3 Hydrogenation pathways of cinnamaldehyde over palladium catalysts.

6.0 g (0.05 mol)

2 g Raney Ni (W-6)
100 ml EtOH + 2 ml Et3N

RT (25–30°C), 0.10–0.31 MPa H2, 10 min quantitative

COCH3 CHOHCH3 (5.28)
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CHAPTER 7

Hydrogenation of Nitriles

7.1 GENERAL ASPECTS
HYDROGENATION OF NITRILES

Catalytic hydrogenation of nitriles has long been used for the preparation of various
amines. It is performed over metallic catalysts mostly in the liquid phase. The method
is also of industrial importance and has been applied to the commercial production of
various amines, for example, various aliphatic amines from fatty acid nitriles, hexa-
methylenediamine (1,6-hexanediamine) from adiponitrile, and xylene-α,α′-
diamines [bis(aminomethyl)benzenes] from the corresponding phthalonitriles.

Hydrogenation of nitriles to primary amines (eq. 7.1) is usually accompanied by
the formation of secondary amines (eq. 7.2) and even tertiary amines (eq. 7.3). The
selectivity to respective amines depends on the structure of substrate, the nature and
amount of catalyst, basic and acidic additives, the reaction medium, and other reaction
conditions. Among these factors the nature of catalyst appears to be the most impor-
tant for determining the selectivity.

The formation of secondary amines probably results from a series of reactions shown
in eqs. 7.4–7.6, as originally proposed by von Braun et al. in 1923.1 The reactions in-
volve the addition of the primary amine produced to the intermediate aldimine 1 to
form an α-aminodialkylamine 2 and the Schiff base 3, which is formed from 2 by loss
of ammonia.

254

 2H2
RCH2NH2 + 120 kJRC N (7.1)

(7.3)

2 (RCH2)2NH + NH3
4H2RC N (7.2)

3 (RCH2)3N + 2 NH3
6H2RC N

H2 H2 RCH2NH2

1
RC N RCH NH (7.4)

–NH3+NH3

+ H2NCH2R RCH(NH2)NHCH2R

3

2

H2 (RCH2)2NH
+  NH3

(RCH2)2NH
H2

RCH NH

RCH NCH2R

(7.5)

(7.6)

7.2 HYDROGENATION TO PRIMARY AMINES

Among various metallic catalysts, nickel and cobalt catalysts have been far more
widely used for the hydrogenation of nitriles to primary amines. In general, cobalt
catalysts are recognized to be more selective than nickel in the formation of primary
amines, although nickel catalysts are usually more active than cobalt catalysts.22–27

The formation of secondary amine increases with increasing reaction temperature, but
the effect of hydrogen pressure is complex and may depend on the nature of catalysts
and the structure of nitriles.28 For minimizing the secondary amine formation with Ra-
ney nickel, it has been recommended to carry out the hydrogenation at a temperature
and pressure sufficiently high to complete the reaction within a few hours, using a ni-
trile free of halogen and a relatively high ratio of catalyst.29 Secondary and tertiary
amine formation can be suppressed effectively by hydrogenating nitriles in the pres-
ence of ammonia.11,12 With sterically hindered nitriles, primary amines are formed in
higher yields than with unhindered ones. For example, the yields of primary amine
were higher with o-tolunitrile than with m- and p-tolunitrile and with α-naphthonitrile
than with β-naphthonitrile.1

Besson et al. studied the hydrogenation of valeronitrile over Raney Ni, prepared
from chromium- and molybdenum-doped Ni2Al3 alloys, in cyclohexane at 90°C and
1.6 MPa H2.

30 Chromium was found to be an effective promoter for initial activity and
for the selectivity to primary amine (83–85%, compared to 79.2% with unpromoted
catalyst), whereas the addition of molybdenum was not effective.

There are many reports that good yields of primary amines have been obtained over
nickel catalysts with addition of ammonia. Minute traces of halide, which are often
contained in nitriles owing to their preparative methods, may have a strong poisoning
effect on the catalyst, and such impurities should be removed, such as by distilling the
nitriles from Raney nickel, before being subjected to hydrogenation. In the hydrogena-
tion of valeronitrile and capronitrile with Raney Ni, Schwoegler and Adkins obtained
90 to 95% yields of primary amines with less than 5% yields of secondary amines,
with addition of 2.25–2.29 molar ratios of ammonia to nitrile.12 Typical hydrogena-
tions in the presence of ammonia are shown in eqs. 7.1831 and 7.19.32 Capronitrile,
however, was converted to hexylamine in only 67–70% yields under similar condi-
tions.33

860–890 g (83–87%)120–130°C, 13.8 MPa H2, <1 h
150 ml liq. NH3

Raney Ni (1 tablespoon)

1 kg (8.55 mol)

CH2CN CH2CH2NH2
(7.18)

51–54.5 g (84–90%)58.5 g (0.5 mol)
100–125°C, 3.45–6.90 MPa H2, 2 h

Raney Ni (5–10 ml)

300 ml MeOH saturated with NH3 at 0°C
CH2CN CH2CH2NH2

(7.19)
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however, leads to extensive intramolecular cyclization to form isoindoline (see eq.
7.59), and only 9% of the corresponding diamine was obtained under the conditions
in eq. 7.26.

Volf and Pasek compared various cobalt and nickel catalysts in the hydrogena-
tion of stearonitrile at 150°C and 6 MPa H2.

27 A cobalt catalyst promoted by Mn (5%
Mn) gave the best yield of 95.4% of primary amine together with 4.6% of the secon-
dary amine (eq. 7.28). It is to be noted that the high yield was obtained in the absence
of ammonia over this catalyst.

High yields of primary amines have also been obtained over cobalt boride as cata-
lyst,26,53,54 which has been found to be not only highly selective but also less inhibited
by solvent and ammonia than other cobalt and nickel catalysts in hydrogenation of ni-
triles.26 The hydrogenation of propionitrile in isopropyl alcohol over cobalt boride
(5% on C) in the presence of 15:1 molar ratio of ammonia to the nitrile gave propy-
lamine in a high yield of 99% (eq. 7.29).

Hydrogenation of nitriles in an acylating solvent or in strongly acidic media has been
shown to be effective for preventing the formation of secondary and tertiary amines.
The primary amines formed in the hydrogenation of nitriles are acylated in acylating
solvents or protonated to form their salts in acidic medium, and thus addition of the
amines to the intermediate imines, which may lead to secondary amine formation, is
inhibited. Equation 7.30 shows an example of the hydrogenation with an aromatic ni-
trile carried out in acetic anhydride over Adams platinum oxide as catalyst.55 This
method has been applied to a nickel-catalyzed hydrogenation with addition of sodium
acetate or sodium hydroxide (eq. 7.31).56

(1 part) 86%

Raney Co (0.6 part)

95–105°C, 11 MPa H2, 2 h
toluene (14 parts)/NH3 (3.7 parts)

CNNC CH2NH2H2NCH2

(7.27)

4.6%
+ [CH3(CH2)17]2NHCH3(CH2)16CN

80 g (0.32 mol)

3 g Co–Mn (5% Mn)
150°C, 6 MPa H2,  0.38 h

CH3(CH2)17NH2

95.4% (7.28)

CH3CH2CN

13.8 g (0.25 mol)

1 g Co boride (5% on C)

300 ml i-PrOH–NH3 (NH3:nitrile 15:1)
70°C, 0.2 MPa H2, 26 h

CH3CH2CH2NH2

99%
(7.29)

28.7 g (88%)RT, ~0.3 MPa H2, 5.3 h
60 ml Ac2O + 25 ml Ac2O/50 ml AcOH

0.24 g Pt oxide

23.4 g (0.2 mol)

CH2NHAcH3CCNH3C

(7.30)
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Adams et al. studied the effects of medium on the hydrogenation of aromatic nitro
compounds over Adams platinum oxide in 95% ethanol at 25–30°C and 0.25–0.35
MPa H2.82 The hydrogenation of nitrobenzene in ethanol was retarded by the pres-
ence of more than 10% of water. The addition of 0.1 mol of hydrochloric acid to
150 ml of ethanol containing 0.1 mol of nitrobenzene retarded the hydrogenation
only slightly. The hydrogenation, however, was retarded significantly by increas-
ing amounts of added hydrochloric acid. Similarly, the hydrogenation was slightly
depressed by the addition of 0.1 mol of acetic acid. Larger amounts of acetic acid
caused further decrease in the rate. A distinct poisoning effect of sodium hydrox-
ide was observed with addition of as little as 0.025 mol. An example of the use of
platinum oxide is shown in eq. 9.39 for the hydrogenation of ethyl p-nitroben-
zoate.83 The effect of hydrochloric acid may depend on the nitro compound hydro-
genated. For example, the hydrogenation of 4-nitropyrogallol over platinum oxide
in 95% ethanol proceeded much faster when 1 equiv of HCl was added before hy-
drogenation, and the resulting solution of 4-aminopyrogallol hydrochloride was
much lighter in color.84

TABLE 9.4 Hydrogenation of Nitrobenzene over Platinum Metal Catalysts Produced
In Situ by Borohydride Reductiona,b

 Unsupported Catalyst Carbon-Supported Catalyst

Catalystc Time (min) Reaction (%) Time (min) Reaction (%)

Ru 60   3 60   3
Rh 60  25 60  85
Pd 49 100 12 100
Os 60   6 60   6
Ir 60  20 60  34
Pt 46 100 10 100
5% Pd–Cd — — 24 100
5% Pt–Cd — — 23 100

aData of Brown, H. C.; Sivasankaran, K. J. Am. Chem. Soc. 1962, 84, 2828. Reprinted with permission
from American Chemical Society.
bFor the catalyst preparation and the reaction conditions, see eq. 9.38.
c0.2 mmol metal or 0.2 mmol metal on 1 g carbon (Darko K-B) for 20 mmol nitrobenzene.
dCommercial catalysts.

* 1.0 ml of 0.2M solution of Pt salt in 40 ml ethanol 
was reduced with 5.0 ml of 1.00M solution of NaBH4 
in ethanol in the presence of 1.0 g carbon (Darco K-B),
followed by addition of 4.0 ml conc. hydrochloric acid.

40 ml EtOH
0.20 mmol (0.039 g) Pt on 1 g C*

25°C, 1.03 atm H2, 10 min
2.46 g (0.02 mol) 91% as HCl salt

NO2 NH2 (9.38)
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presence of cocatalytic CuCl2 (Scheme 1). The reaction proceeds
through a β-hydroxyethyl-PdII intermediate that forms via the net
addition of hydroxide and Pd across the C-C double bond of ethy-
lene. This seemingly straightforward “hydroxypalladation” step has
been the subject of extensive mechanistic research and controversy
over the past five decades. A major focus of this debate has centered
on whether the reaction proceeds by a cis-hydroxypalladation path-
way, involving migration of a coordinated water or hydroxide to the
ethylene molecule (eq 2), or a trans-hydroxypalladation pathway,
involving nucleophilic attack of exogenous water or hydroxide on the
coordinated ethylene molecule (eq 3). The current mechanistic
understanding of the hydroxypalladation step in the Wacker process
is the subject of an excellent recent review by Keith and Henry.3

Soon after the discovery of the Wacker process, a number of
research groups demonstrated that PdII could facilitate the

addition of several different nucleophiles to alkenes, and a variety
of oxidative and nonoxidative C-O, C-N, and C-C bond-
forming transformations have been developed, including intra-
and intermolecular reactions.5 The PdII-alkyl intermediate
formed in the nucleopalladation step can participate in a number
of subsequent transformations (e.g., see Scheme 2). Such
opportunities, together with the broad functional-group compat-
ibility and air- andmoisture-tolerance of the PdII catalysts, enable
the preparation of important organic building blocks as well as
useful hetero- and carbocyclic molecules.

Nucleopalladation of an alkene often generates a new stereo-
genic center, and the synthetic utility of the catalytic reactions is
enhanced significantly if the stereochemical course of C-Nu
bond formation can be controlled. Enantioselective PdII-cata-
lyzed functionalization of alkenes has experienced considerably
less success than have many other classes of enantioselective
transformations, despite the extensive history of the Wacker
process and related oxidation reactions. The former reactions
face several challenges. Phosphine ligands, which have been
highly successful in other enantioselective processes, are often
incompatible with the oxidants used in these reactions (such as
O2), and their σ-donating ability can attenuate the electrophili-
city and/or oxidizing ability of the PdII salts. A mechanistic basis
for the difficulty in achieving effective enantioselective catalysis is
that nucleopalladation reactions are capable of proceeding by
two stereochemically different pathways: cis- or trans-nucleopal-
ladation (Scheme 3). Experimental results obtained over the past
40 years, especially in the past decade, demonstrate that the
energy barriers associated with these different pathways can be
very similar, in some cases similar enough that both pathways
operate in parallel. This mechanistic scenario can increase the
difficulty of achieving high levels of enantioinduction.

In the present review, we summarize recent progress in two
synergistic areas: (1) mechanistic studies of the stereochemical
pathway of nucleopalladation reactions of alkenes (i.e., cis- versus
trans-nucleopalladation) under catalytically relevant reaction
conditions and (2) advances in the development of enantiose-
lective Pd-catalyzed reactions that proceed via nucleopalladation
of an alkene substrate. The results summarized in the first portion
of this review highlight the mechanistic complexity of these
reactions and illustrate how subtle changes to the catalyst,
substrate, and/or the reaction conditions can alter the stereo-
chemical course of the reaction. Despite the challenges asso-
ciated with enantioselective PdII-catalyzed reactions of alkenes,
important progress has been made over the past 10-15 years.
These advances are surveyed in the second portion of this review.
The comprehensive coverage of this review begins with results
from the late 1990s and early 2000s, when several important
advances were made, including the first examples of highly

Scheme 1. Wacker Reaction

Scheme 2. Versatility of the PdII-Alkyl Intermediate Arising
from Alkene Nucleopalladation

Scheme 3. Stereochemical Pathways of Nucleopalladation
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presence of cocatalytic CuCl2 (Scheme 1). The reaction proceeds
through a β-hydroxyethyl-PdII intermediate that forms via the net
addition of hydroxide and Pd across the C-C double bond of ethy-
lene. This seemingly straightforward “hydroxypalladation” step has
been the subject of extensive mechanistic research and controversy
over the past five decades. A major focus of this debate has centered
on whether the reaction proceeds by a cis-hydroxypalladation path-
way, involving migration of a coordinated water or hydroxide to the
ethylene molecule (eq 2), or a trans-hydroxypalladation pathway,
involving nucleophilic attack of exogenous water or hydroxide on the
coordinated ethylene molecule (eq 3). The current mechanistic
understanding of the hydroxypalladation step in the Wacker process
is the subject of an excellent recent review by Keith and Henry.3

Soon after the discovery of the Wacker process, a number of
research groups demonstrated that PdII could facilitate the

addition of several different nucleophiles to alkenes, and a variety
of oxidative and nonoxidative C-O, C-N, and C-C bond-
forming transformations have been developed, including intra-
and intermolecular reactions.5 The PdII-alkyl intermediate
formed in the nucleopalladation step can participate in a number
of subsequent transformations (e.g., see Scheme 2). Such
opportunities, together with the broad functional-group compat-
ibility and air- andmoisture-tolerance of the PdII catalysts, enable
the preparation of important organic building blocks as well as
useful hetero- and carbocyclic molecules.

Nucleopalladation of an alkene often generates a new stereo-
genic center, and the synthetic utility of the catalytic reactions is
enhanced significantly if the stereochemical course of C-Nu
bond formation can be controlled. Enantioselective PdII-cata-
lyzed functionalization of alkenes has experienced considerably
less success than have many other classes of enantioselective
transformations, despite the extensive history of the Wacker
process and related oxidation reactions. The former reactions
face several challenges. Phosphine ligands, which have been
highly successful in other enantioselective processes, are often
incompatible with the oxidants used in these reactions (such as
O2), and their σ-donating ability can attenuate the electrophili-
city and/or oxidizing ability of the PdII salts. A mechanistic basis
for the difficulty in achieving effective enantioselective catalysis is
that nucleopalladation reactions are capable of proceeding by
two stereochemically different pathways: cis- or trans-nucleopal-
ladation (Scheme 3). Experimental results obtained over the past
40 years, especially in the past decade, demonstrate that the
energy barriers associated with these different pathways can be
very similar, in some cases similar enough that both pathways
operate in parallel. This mechanistic scenario can increase the
difficulty of achieving high levels of enantioinduction.

In the present review, we summarize recent progress in two
synergistic areas: (1) mechanistic studies of the stereochemical
pathway of nucleopalladation reactions of alkenes (i.e., cis- versus
trans-nucleopalladation) under catalytically relevant reaction
conditions and (2) advances in the development of enantiose-
lective Pd-catalyzed reactions that proceed via nucleopalladation
of an alkene substrate. The results summarized in the first portion
of this review highlight the mechanistic complexity of these
reactions and illustrate how subtle changes to the catalyst,
substrate, and/or the reaction conditions can alter the stereo-
chemical course of the reaction. Despite the challenges asso-
ciated with enantioselective PdII-catalyzed reactions of alkenes,
important progress has been made over the past 10-15 years.
These advances are surveyed in the second portion of this review.
The comprehensive coverage of this review begins with results
from the late 1990s and early 2000s, when several important
advances were made, including the first examples of highly

Scheme 1. Wacker Reaction

Scheme 2. Versatility of the PdII-Alkyl Intermediate Arising
from Alkene Nucleopalladation

Scheme 3. Stereochemical Pathways of Nucleopalladation
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enantioselective reactions proceeding via nucleopalladation6-9

and the development of ligand-supported Pd catalysts for aerobic
Wacker-type cyclization reactions.10,11 It is hoped that the
collective presentation of mechanistic insights and empirical
reaction-discovery efforts in this review will provide a foundation
for accelerated progress in this important field.

2. MECHANISTIC STUDIES OF NUCLEOPALLADATION

2.1. Oxypalladation
The Wacker process, involving the oxidation of ethylene to

acetaldehyde, is the most prominent example of a catalytic reaction
that proceeds via oxypalladation of an alkene. Studies probing the
mechanism of this reaction have spanned five decades. The recent
review by Keith and Henry3 provides a thorough presentation of this
work, andonly a brief discussionwill be includedhere. Stereochemical
analysis of the oxypalladation step in the Wacker process is compli-
cated because the product of the reaction, acetaldehyde, is achiral.
Nevertheless, Henry provided strong kinetic arguments supporting a
cis-hydroxypalladation pathway.12 His argument was based on deter-
mination of the rate law for the reaction and careful kinetic analysis,
which revealed that nucleophilic attack of external hydroxide on a
PdII-coordinated ethylene molecule would require a bimolecular
reaction to proceed faster than diffusion. Subsequently, a number
of groups, including those of Stille,13 B€ackvall and Åkermark,14 and
others,15 designed studies to probe the stereochemistry of oxypallada-
tion of alkenes. These studies employedmodified reaction conditions
(e.g., reactions carried out in the presence of carbon monoxide, high
[Cl-], and/or high [CuCl2]) that lead to the formation of products
amenable to stereochemical analysis. Most of these studies provided
clear evidence for trans-hydroxypalladation of the alkene. During the
same time period, studies of stoichiometric aminopalladation and
carbopalladation reactions also were shown to proceed via trans
addition of an amine or carbon nucleophile to a coordinated
alkene.16,17 The clarity and elegance of these experiments had a
profound impact on the field, to the extent that early evidence for cis-
hydroxypalladation of ethylene in the Wacker reaction seemed to be
overlooked. The term “Wacker-type reaction” was often used as a
synonym for trans-nucleopalladation of an alkene, and such nomen-
clature has even been used in the recent literature.18 Later work by
Henry and co-workers, however, provided convincing evidence that
the reaction conditions used in stereochemical studies by other
groups caused a switch in the stereochemical outcomeof the reaction.
For example, they showed that oxypalladation proceeds by cis
addition at low [Cl-] (relevant to the industrial reaction conditions)
and trans attack at high [Cl-].19 Computational studies by Goddard,
Oxgaard, and co-workers provided added support for this change in
mechanism and highlighted additional mechanistic features of the cis-
hydroxypalladation pathway.20Meanwhile, recent experimental21 and
computational efforts22 have provided renewed support for trans-
hydroxypalladation, including a trans-hydroxypalladation pathway
involving a three-water hydrogen-bond bridged chain.21 Overall,
the extensive mechanistic studies of oxypalladation reactions related
to theWacker process have highlighted the extreme sensitivity of the
stereochemical course of the reaction to the identity of the catalyst,
substrate, and/or the reaction conditions.
2.1.1. Phenol Cyclization. The oxidative cyclization of

ortho-allyl phenols for the synthesis of dihydrobenzofurans was
first reported in 1975 by Hosokawa and co-workers (eq 4).23

Following this initial report, a number of chiral catalysts were
developed for enantioselective catalysis (see section 3.1). Intrigued
by the high levels of stereocontrol demonstrated for this cyclization,

Hayashi and co-workers employed a stereospecifically deuterated
substrate to probe the mechanism of oxypalladation (Scheme 4).24

Phenol cis-3-d-6 was subjected to Pd(MeCN)4(BF4)2, chiral ligand
7a, and the oxidant, benzoquinone (BQ, 4 equiv), in methanol
(Scheme 4). Analysis of the reaction mixture revealed four regioi-
someric dihydrobenzofuran derivatives 8, cis-2-d-9, cis-2-d-10, and
2-d-11 in a ratio of 16/46/29/9. All of the products are consistent
with a cis-oxypalladation pathway.

Analysis of the proposed reaction mechanism provides a basis for
the formation of oxidative cyclization products 8-11 (Scheme 5).
Oxypalladation involving alkene insertion into the phenol oxygen-
Pd bond (cis-oxypalladation) forms Pd-alkyl intermediate A. The
syn-facial relationship of the Pd and deuterium leads to β-deuteride
elimination, a step that has been shown to proceed in a cis fashion.25

The resulting Pd(D)(alkene) complexB furnishes dihydrobenzofur-
an 8 upon alkene dissociation. The lack of a deuterium atom at C3
provides direct evidence for cis-oxypalladation. Alternatively, alkene 8
can reinsert into the Pd-deuteride to formPd-alkyl intermediateC,
which can undergo β-hydride elimination to give regioisomer cis-2-d-
9. Analogously, alkene reinsertion of D and subsequent β-hydride
elimination generates isomer cis-2-d-10. The lack of products contain-
ing a deuterium atom at C3 implies that a trans-aminopalladation
pathway is not operable under these reaction conditions.
As was observed in mechanistic studies of the Wacker reac-

tion,3 the mechanism of phenol cyclization appears to change
from cis- to trans-oxypalladation under high [Cl-] reaction
conditions (Scheme 6). Cyclization of cis-3-d-6 with a Pd-
(MeCN)2Cl2/Na2CO3/LiCl/BQ catalyst system in tetrahy-
drofuran (THF) (in the absence of chiral ligand 7a) provided
a mixture of 8, cis-2-d-9, cis-2-d-10, and 3-d-12 in a 6/5/7/82
ratio. While the presence of small amounts of 8, cis-2-d-9, and
cis-2-d-10 indicates that a cis-aminopalladation pathway is
operable, formation of 3-d-12 as the major product is consistent
with trans-oxypalladation as the primary reaction pathway
(Scheme 7). These results clearly demonstrate that a single
substrate can undergo both cis- and trans-nucleopalladation
under different reaction conditions. In light of this work and
previous mechanistic studies of the Wacker reaction,3 it is
tempting to suggest that a general correlation between [Cl-]
and nucleopalladation mechanism exists; however, as will be
described in various sections below, the effect of [Cl-] on the

Scheme 4. Analysis of Phenoxypalladation Stereochemistry
Using BOXAX Ligands
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Use in Synthesis
• Peracids much weaker acids than carboxylic acids (pKa 8.2 vs 4.8)
• But carboxylic acid is a by-product so buffer with NaHCO3
• Peracids are electrophilic so electron withdrawing groups on R good (mCPBA)
• Electron-rich alkenes more reactive
• Hydrogen-bonding can direct epoxidations
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• tBuO2H (TBHP) favoured as safe, soluble and stable in anhydrous solvents and cheap
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Jacobsen–Katsuki Epoxidation

Reagent:

Transformation:

General Mechanism
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concerted stepwise 
(radical or polar)

oxametallocycle

• oxidations proceed with a degree of scrambling of geometry

tBu Et

Ph CO2Et

TMS

> 99 : 1 cis : trans epoxide

78 : 22 cis : trans epoxide

29 : 71 cis : trans epoxide

• Suggests that concerted mechanism is not occurring
• Present believe is probably radical - stepwise mechanism (00Ang589)

NaOCl 
(bleach)

• Aim to develop an asymmetric epoxidation catalyst which would operate on substrates with no 
functionality for preco-ordination
• A number of reasonably efficient porphyrin based oxo–transfer reagents were developed but 
the real success story has been the us of SALEN–based reagents
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of condensation of the intermediate aldehydes
followed by dehydration and hydrogenation, as
reported in the late 1800s by Guerbet, much before
hydrogen-transfer reactions were reported (7). The
simple hydrogen-transfer reaction has its origin in
the Oppenauer oxidation of secondary alcohols to
ketones in the presence of acetone, mediated by
aluminum tert-butoxide (8) and later catalyzed
by transition metal complexes. Hydrogen transfer
using alkanes as the hydrogen source is much more
difficult due to the generally unreactive C−H bonds.
In 1979, Crabtree achieved stoichiometric dehydro-
genation of alkanes using a cationic iridium(III)
metal complex (9) in the presence of a hydrogen
acceptor. Pioneering examples of catalytic alkane
hydrogen-transfer reactions by soluble complexes
were independently reported by Felkin and col-
leagues (10) and Crabtree and colleagues (11).

Alkane Dehydrogenation
In pioneering work, Aoki and Crabtree reported
AD of cyclooctane using [IrH2(O2CCF2CF3)(PCy3)]
as catalyst, which gave 36 turnovers to cyclooc-
tene under reflux conditions (12). Stability of the
applied homogeneous catalysts at higher temper-
atures, which is essential for these reactions, se-
verely limited scope and efficiency. However, an
efficient AD reaction was achieved by Xu et al.
(13) using the Ir(PCP) pincer complex 1a (Fig.
3A). Later, the sterically less-crowded complex 1b
developed by Liu and Goldman provided close
to 1000 turnovers in AD of cyclooctane; linear
alkanes were also dehydrogenated (14). The high
thermal stability of pincer complexes, coupled
with the effectiveness of iridium complexes in
C−H activation, resulted in catalysts 1a and 1b
being the most effective complexes for AD of
alkanes.

Alcohol Dehydrogenation
Traditionally, alcohol oxidations are primarily
performed using toxic strong oxidants such as
periodates or chromium oxides, which generate
toxic stoichiometric waste (4, 6). Greener alterna-
tives have also been developed (15). For example,
a method of TEMPO-catalyzed dehydrogenation
of alcohols with sodium hypochlorite has been
developed and commonly used in both small-
and large-scale applications (Fig. 3B). However,
the method suffers from the need for a stoichio-
metric amount of sodium hypochlorite, the need
for a cocatalyst [e.g., 10 mole percent (mol %) NaBr]
in addition to the use of chlorinated solvents, and
the equivalent amount of sodium chloride produced
for every molecule of alcohol dehydrogenated
(16). In contrast, several examples of oxidant-
free catalytic AD of secondary alcohols to the
corresponding ketones were reported (Fig. 3C) in
which hydrogen gas is the only by-product. Early
examples required the presence of an acid as a
hydride ion acceptor (17–20). The ruthenium PNP
[2,6-bis-(di-tert-butylphosphinomethyl)pyridine]
pincer complex 2, reported by our group, catalyzes
the dehydrogenation of secondary alcohols using
low catalyst loading, demonstrating the potential

of pincer complexes in the dehydrogenation of
alcohols (21). However, complex 2 required activa-
tion by a base. The modified catalysts 3a and 3b
can catalyze the reaction under neutral conditions
using low loading of 0.1 mol % (22). The iridium
complexes 4 (23) and 5 (24) also catalyze this
reaction. The catalytic activity of 5 is comparable
to that of ruthenium complex 3b, whereas com-
plex 4 shows higher efficiency. In addition to the
synthetic potential, the dehydrogenation of second-
ary alcohols to ketones is also of interest from the
point of view of hydrogen production from simple
and biorenewable alcohols. Combining the ruthe-
nium precursor [RuH2(CO)(PPh3)3] [used earlier
for this reaction (20)] with PNP-type pincer ligands
was shown to be highly effective in hydrogen pro-
duction from iso-propanol (25).

AD of primary alcohols to yield the corre-
sponding aldehydes (Fig. 3, D and E) is less
common, as often ruthenium complexes are de-
activated by decarbonylation of the aldehydes.
Synthesis of aldehydes from alcohols was reported
recently by Fujita and Yamaguchi (26) using the
iridium catalyst 6a. The modified water-soluble
catalyst 6b catalyzes the dehydrogenation of both
secondary and primary alcohols in water. This
catalyst family operates by a mechanism involving
metal-ligand cooperation (27, 28).

Dehydrogenative Coupling of
Alcohols to Form Esters
Esterification is one of the most important fun-
damental reactions in synthetic organic chem-
istry, with applications in the production of an
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Fig. 2. Dehydrogenation strategies in organic synthesis, exemplified by reactions of alcohols.
(A) Successive AD with release of hydrogen gas. The catalyst liberates H2 (the sole by-product) from both
starting compound and intermediate generated by reaction with a nucleophilic substrate. “Catalyst-H2”
indicates formal abstraction of two hydrogen atoms by the catalyst. (B) AD with hydrogen and water release.
An intermediate formed by dehydrogenation of the starting compound can couple with nucleophiles; the
resulting products can be isolated or can undergo further addition or cyclization reactions with or without
further H2 liberation. (C) Borrowing hydrogen. The catalyst dehydrogenates the substrate at the outset and
formally transfers the H atoms to an unsaturated intermediate. Hydrogen gas is not evolved, and the reaction
often involves elimination of water as a by-product. (D) Coupling of redox pairs. The catalyst dehydrogenates
the substrate to generate an electrophile and metal-hydride; addition of the latter to an unsaturated
substrate forms a nucleophilic metal alkyl that reacts with the electrophile to form a C–C bond. Neither
hydrogen gas nor water are produced.
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Chidambaram Gunanathan and David Milstein*

Background: Acceptorless dehydrogenation (AD) reactions can result not only in simple removal 
of hydrogen gas from various substrates but also, importantly, in surprisingly effi cient and environ-
mentally benign (“green”) synthetic methodologies when intermediates resulting from the initial 
dehydrogenation process undergo further reactions.

Advances: Traditionally, dehydrogenation/oxidation reactions of organic compounds have been 
performed using stoichiometric amounts of inorganic oxidants, in addition to employing various 
additives, cocatalysts, and catalytic systems that result in generation of copious stoichiometric, 
often toxic, waste. Catalytic transfer hydrogenation methods, in which stoichiometric amounts of 
sacrifi cial organic acceptor compounds are used, also generate stoichiometric amounts of organic 
waste. Recent developments in catalysis by metal complexes have resulted in AD reactions that 
release hydrogen gas and in related reactions in which dehydrogenation is followed by in situ 
consumption of the generated hydrogen equivalents and no net hydrogen gas is liberated. These 
reactions circumvent the need for conventional oxidants or sacrifi cial acceptors and provide an 
assortment of applications in organic synthesis, including several methods based on further reactiv-
ity of the dehydrogenated intermediate compounds. Moreover, the evolved hydrogen gas is valuable 
in itself.

Outlook: Further development of new ADs for green, effi cient chemical synthesis is expected to be 
greatly infl uenced by fundamental organometallic chemistry as a basis for catalyst design. Such 
processes are highly desirable and are expected to gradually displace elaborate conventional labo-
ratory and industrial synthetic methods. They may also provide opportunities for hydrogen storage 
cycles, because the dehydrogenation reactions can be reversed under hydrogen pressure using the 
same catalyst. In general, AD and related dehydrogenative coupling reactions have the potential 
for redirecting synthetic strategies to the use of sustainable resources, devoid of toxic reagents and 
deleterious side reactions, with no waste generation. 
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Dehydrogenation strategies in 
organic synthesis. (A) Successive 
AD with release of hydrogen gas. 
The catalyst liberates H2 from both 
starting compound and intermedi-
ate, exemplifi ed by dehydrogena-
tive coupling of primary alcohols 
with amines to form amides. (B) AD 
with H2 and water release. A dehy-
drogenated intermediate couples 
with nucleophiles, exemplifi ed by 
dehydrogenative coupling of alco-
hols with amines (liberating water) 
to form imines that can be isolated 
or carried on to products such as 
pyrazines. (C) Borrowing hydrogen. 
The catalyst dehydrogenates the 
substrate and formally transfers the 
H atoms to an unsaturated interme-
diate, exemplifi ed by coupling of 
ammonia or amines with alcohols 
to form new amines, liberating 
water, but not H2. (D) Coupling of 
redox pairs. Dehydrogenation gen-
erates an electrophile and a nucleo-
phile that react to form C�C bonds. 
Neither H2 nor water is evolved.
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that ethyl acetate, a cheap and abundant ester, can
be used as a convenient, atom-economical acetyla-
tion agent of amines, producing hydrogen as the
only by-product; this is clearly advantageous
over the commonly employed acetylation agents.
Amino alcohols also participate in the acylation
of amines. Gratifyingly, chiral amino-alcohols
react with retention of configuration (Fig. 5D), a
likely attribute of the neutral reaction conditions
(49). As complex 9 catalyzes the amidation of
amines using amino-alcohols, we reasoned that use
of amino-alcohols alone might result in formation
of linear or cyclic peptides. Indeed, complex 9
catalyzes the conversion of various amino-alcohols
(bearing substituents larger than methyl a to the
amine group) to the corresponding cyclic dipep-
tides (diketopiperazines) as the only products in
very good yields with liberation of H2 (Fig. 5E).
In the case of alaninol, oligopeptides were formed.
Using catalyst 9, we have also developed the cat-
alytic synthesis of polyamides (50) from diols and
diamines. Before we published this work, Zeng
and Guan reported (51) the direct polyamidation
reaction using the now commercially available
catalyst 9. Optimization studies by them revealed
the need for polar solvents for successful polym-
erization of diols and diamines, anisole being a
suitable polar solvent, resulting in high number-
average molecular weights (Mn) of the polyamides
(3.2 kD in toluene versus 13.8 kD in anisole). Mn

of the polyamides were further improved (22.6 kD)
by the addition of small amounts of dimethyl sulf-
oxide. Polymers bearing secondary amine groups
in the backbone, potentially useful for gene de-
livery, were obtained by Zeng and Guan (51), with
no need for a wasteful protection-deprotection se-
quence, due to the selectivity of 9 toward the
amidation of primary amine groups (Fig. 5F).

Ru-pincer complexes (7 to 12) developed by our
group are believed to operate by a mode of metal-
ligand cooperation (Fig. 5G) involving aromatization-
dearomatization of the pincer ligand (52, 53).
Dearomatized pincer complexes can activate pri-
mary alcohols, yielding the corresponding saturated
hydrido alkoxo complexes, with aromatization. The
mechanism of further dehydrogenation of the
alkoxy ligand, which could follow b-hydride elim-
ination, remains unclear at this stage (54). How-
ever, esterification and amidation reactions likely
proceed through hemiacetal and hemiaminal in-
termediates, respectively, formed by nucleophilic
attack by the alcohol or amine on an intermediate
aldehyde that is either coordinated to the metal or
free in solution (55, 56). Catalyst 9, and its bipyri-
dine analog 12, also effectively catalyze under mild
conditions the hydrogenolysis reactions of esters
to alcohols (57), amides to alcohols and amines
(58), and the hydrogenation of the CO2-derived
organic carbonates and formates as mild, green,
two-step routes to methanol (when dimethyl car-
bonate or methyl formate are used) (59). Methyl
carbamates and urea derivatives were also hydro-
genated to alcohols and amines under mild con-
ditions (60). Density functional theory (DFT)
calculations carried out by other groups on our
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that ethyl acetate, a cheap and abundant ester, can
be used as a convenient, atom-economical acetyla-
tion agent of amines, producing hydrogen as the
only by-product; this is clearly advantageous
over the commonly employed acetylation agents.
Amino alcohols also participate in the acylation
of amines. Gratifyingly, chiral amino-alcohols
react with retention of configuration (Fig. 5D), a
likely attribute of the neutral reaction conditions
(49). As complex 9 catalyzes the amidation of
amines using amino-alcohols, we reasoned that use
of amino-alcohols alone might result in formation
of linear or cyclic peptides. Indeed, complex 9
catalyzes the conversion of various amino-alcohols
(bearing substituents larger than methyl a to the
amine group) to the corresponding cyclic dipep-
tides (diketopiperazines) as the only products in
very good yields with liberation of H2 (Fig. 5E).
In the case of alaninol, oligopeptides were formed.
Using catalyst 9, we have also developed the cat-
alytic synthesis of polyamides (50) from diols and
diamines. Before we published this work, Zeng
and Guan reported (51) the direct polyamidation
reaction using the now commercially available
catalyst 9. Optimization studies by them revealed
the need for polar solvents for successful polym-
erization of diols and diamines, anisole being a
suitable polar solvent, resulting in high number-
average molecular weights (Mn) of the polyamides
(3.2 kD in toluene versus 13.8 kD in anisole). Mn

of the polyamides were further improved (22.6 kD)
by the addition of small amounts of dimethyl sulf-
oxide. Polymers bearing secondary amine groups
in the backbone, potentially useful for gene de-
livery, were obtained by Zeng and Guan (51), with
no need for a wasteful protection-deprotection se-
quence, due to the selectivity of 9 toward the
amidation of primary amine groups (Fig. 5F).

Ru-pincer complexes (7 to 12) developed by our
group are believed to operate by a mode of metal-
ligand cooperation (Fig. 5G) involving aromatization-
dearomatization of the pincer ligand (52, 53).
Dearomatized pincer complexes can activate pri-
mary alcohols, yielding the corresponding saturated
hydrido alkoxo complexes, with aromatization. The
mechanism of further dehydrogenation of the
alkoxy ligand, which could follow b-hydride elim-
ination, remains unclear at this stage (54). How-
ever, esterification and amidation reactions likely
proceed through hemiacetal and hemiaminal in-
termediates, respectively, formed by nucleophilic
attack by the alcohol or amine on an intermediate
aldehyde that is either coordinated to the metal or
free in solution (55, 56). Catalyst 9, and its bipyri-
dine analog 12, also effectively catalyze under mild
conditions the hydrogenolysis reactions of esters
to alcohols (57), amides to alcohols and amines
(58), and the hydrogenation of the CO2-derived
organic carbonates and formates as mild, green,
two-step routes to methanol (when dimethyl car-
bonate or methyl formate are used) (59). Methyl
carbamates and urea derivatives were also hydro-
genated to alcohols and amines under mild con-
ditions (60). Density functional theory (DFT)
calculations carried out by other groups on our
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that ethyl acetate, a cheap and abundant ester, can
be used as a convenient, atom-economical acetyla-
tion agent of amines, producing hydrogen as the
only by-product; this is clearly advantageous
over the commonly employed acetylation agents.
Amino alcohols also participate in the acylation
of amines. Gratifyingly, chiral amino-alcohols
react with retention of configuration (Fig. 5D), a
likely attribute of the neutral reaction conditions
(49). As complex 9 catalyzes the amidation of
amines using amino-alcohols, we reasoned that use
of amino-alcohols alone might result in formation
of linear or cyclic peptides. Indeed, complex 9
catalyzes the conversion of various amino-alcohols
(bearing substituents larger than methyl a to the
amine group) to the corresponding cyclic dipep-
tides (diketopiperazines) as the only products in
very good yields with liberation of H2 (Fig. 5E).
In the case of alaninol, oligopeptides were formed.
Using catalyst 9, we have also developed the cat-
alytic synthesis of polyamides (50) from diols and
diamines. Before we published this work, Zeng
and Guan reported (51) the direct polyamidation
reaction using the now commercially available
catalyst 9. Optimization studies by them revealed
the need for polar solvents for successful polym-
erization of diols and diamines, anisole being a
suitable polar solvent, resulting in high number-
average molecular weights (Mn) of the polyamides
(3.2 kD in toluene versus 13.8 kD in anisole). Mn

of the polyamides were further improved (22.6 kD)
by the addition of small amounts of dimethyl sulf-
oxide. Polymers bearing secondary amine groups
in the backbone, potentially useful for gene de-
livery, were obtained by Zeng and Guan (51), with
no need for a wasteful protection-deprotection se-
quence, due to the selectivity of 9 toward the
amidation of primary amine groups (Fig. 5F).

Ru-pincer complexes (7 to 12) developed by our
group are believed to operate by a mode of metal-
ligand cooperation (Fig. 5G) involving aromatization-
dearomatization of the pincer ligand (52, 53).
Dearomatized pincer complexes can activate pri-
mary alcohols, yielding the corresponding saturated
hydrido alkoxo complexes, with aromatization. The
mechanism of further dehydrogenation of the
alkoxy ligand, which could follow b-hydride elim-
ination, remains unclear at this stage (54). How-
ever, esterification and amidation reactions likely
proceed through hemiacetal and hemiaminal in-
termediates, respectively, formed by nucleophilic
attack by the alcohol or amine on an intermediate
aldehyde that is either coordinated to the metal or
free in solution (55, 56). Catalyst 9, and its bipyri-
dine analog 12, also effectively catalyze under mild
conditions the hydrogenolysis reactions of esters
to alcohols (57), amides to alcohols and amines
(58), and the hydrogenation of the CO2-derived
organic carbonates and formates as mild, green,
two-step routes to methanol (when dimethyl car-
bonate or methyl formate are used) (59). Methyl
carbamates and urea derivatives were also hydro-
genated to alcohols and amines under mild con-
ditions (60). Density functional theory (DFT)
calculations carried out by other groups on our
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Metal mediated red-ox process 



hydrogenation to the corresponding carbonyl
compounds, which are amenable to nucleophil-
ic addition reactions (Fig. 2) (73). Nitrogen-
containing compounds, ranging from primary
amines to heterocycles, were obtained using the
metal-catalyzed, alcohol-borrowing hydrogen
pathway (Fig. 8) (74). In pioneering work,
Grigg et al. reported that [RhH(PPh3)4] catalyzed
N-alkylation of amines by alcohols (Fig. 8C)
(75). Murahashi et al. and Tsuji et al. reported
catalysis by ruthenium complexes for the prepa-
ration of a range of secondary and tertiary amines
(76), including indoles (Fig. 8E) (77). Selective
synthesis of primary amines from ammonia and
electrophiles is a challenging task, because the
primary amine intermediate is more nucleophilic
than ammonia, and it undergoes competing al-
kylation reactions when conventional alkylating
reagents such as alkyl halides are used, result-
ing in a mixture of products. Alkylation of amines
by the borrowing hydrogen pathway can cir-
cumvent this problem, and selectivity could be
reached by a suitable choice of ligands and cat-
alyst design. For example, primary amines were
selectively synthesized by our group from pri-
mary alcohols and ammonia, using the acridine-
derived ruthenium pincer complex 10 under mild
conditions and low catalyst loading (Fig. 8A);
selectivity in this case is enhanced by the steric
bulk around the metal center, lending preference
to ammonia coordination. Reactions can also be
performed using water as reaction medium, re-
sulting in enhanced selectivity (78). Recently, 10
was also used as a catalyst for the preparation
of diamines from the diols derived from vegeta-
ble oils (79). Secondary alcohols could also be
employed using different ligands and metal pre-
cursors (80, 81). Secondary and tertiary amines
were selectively obtained from ammonium salts
(Fig. 8B) and primary alcohols using an iridium
complex by Fujita and colleagues (82, 83) and
Eary and Clausen (84). Beller and co-workers
developed phosphine ligands that, in combina-
tion with Ru(0), were effective catalysts for the
synthesis of tertiary amines (Fig. 8D) (85). In
general, ruthenium and iridium complexes were
found to be good catalysts for alkylation of amines
as well as amides (86). Whereas reaction of am-
monia and primary amines with carbonyl com-
pounds proceeds by imine intermediates, use of
secondary amines leads to the formation of imi-
nium ion intermediate. Both imine and iminium
ion intermediates are hydrogenated by the cat-
alyst using the hydrogen obtained from starting
alcohols to deliver the primary or secondary and
tertiary amines, respectively.

Williams and co-workers have demonstrated
that borrowing hydrogen tactics can be applied
in alkylation processes often used in the syn-
thesis of drugs (Fig. 9A); on the laboratory scale,
they obtained various pharmaceuticals employing
alcohols in place of conventional alkyl halides (87).
Berliner reported the synthesis of PF 03463275,
a GlyT1 inhibitor developed for the treatment
of schizophrenia, by applying the borrowing-
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hydrogen methodology on a multikilogram scale
(88), with (Cp*IrCl2)2 as catalyst (Fig. 9B). The
strategic advantage of the borrowing hydrogen
methodology was also applied in the synthesis of
natural products such as noranabasamine (89),
isolated from the dart frog (Fig. 9C). A combina-
tion of RuHCl(CO)(PPh3)3 and xantphos ligand
was used by Beller and co-workers for the se-
lective diamination of isosorbide, which is ob-
tained from D-glucose (81). The versatility of the
alkylation of amines by borrowing-hydrogen
methodology allowed the preparation of pri-
mary, secondary, and tertiary amines from al-
cohols, including biomass-derived alcohols
(3, 85). Because the methodology is already
being adopted in large-scale synthesis and tol-
erates various functional groups, it is well on its
way to displacing the conventional alkylation
reactions in organic synthesis that rely on alkyl
halides.

Alcohols as a Source of Electrophiles
and Nucleophiles
Construction of C−C bonds through the borrowing-
hydrogen concept has been achieved using two
different approaches, in which the alcohols are
modified to manifest either electrophilic or nu-
cleophilic reactivity. Upon alcohol dehydrogena-
tion, the generated carbonyl compounds can act
as electrophiles and undergo coupling reactions
with nucleophiles to generate unsaturated inter-
mediates; further hydrogenation by using hydro-
gen borrowed from the alcohols in the first step
provides the product of the net redox-neutral
tandem process (Fig. 10A). In contrast, dehydro-
genation of secondary alcohols in the presence of
a base can turn the resulting electrophilic carbonyl
compounds into nucleophilic enolates, which can
react with electrophiles through the b-carbon center
(Fig. 10B). Like amine alkylation by borrowing-
hydrogen methods (C−N bond formation), several
different types of carbon nucleophiles can be used
for C−C bond formation by this strategy. Grigg
reported early examples of C−C bond formation
through borrowing hydrogen in which aryl aceto-
nitriles were alkylated by primary alcohols using
ruthenium and rhodium catalysts and a stoichio-
metric base (90); other metal catalysts and nu-
cleophiles were employed later (91). Williams
and co-workers devised efficient alkylation meth-
ods of carbon nucleophiles catalyzed by ruthe-
nium and iridium complexes using low catalyst
loading. For example, an active methylene com-
pound was alkylated (92) by benzyl alcohol
using RuH2(CO)(PPh3)3 and xantphos ligand in
very good yield (Fig. 10C). Recently, oxindole
was also alkylated by the borrowing-hydrogen
method (93). Use of [Ir(cod)Cl]2 + PPh3 al-
lowed Obora and Ishii to perform such reactions
without an additional base at elevated tempera-
ture (94). The borrowing-hydrogen approach
can also be applied to the Wittig reaction in which
the alcohol functions as a surrogate to alde-
hydes (Fig. 10D) (95). Amine products can also
be obtained from the aza-Wittig reaction (96).

b-alkylation of alcohols was achieved using irid-
ium and ruthenium catalysts (Fig. 10, E and F)
(97, 98). In addition, upon dehydrogenation, amines
can also give rise to electrophilic reactivity and
can undergo self-coupling or coupling reactions
with other amines (74).

Unlike the borrowing-hydrogen strategies de-
scribed in Fig. 10, A and B, C−C coupling can
also be achieved without using preformed nucleo-
philes. Bower and Krische developed reactions
that involve alcohols and partially unsaturated
substrates such as alkenes, dienes, alkynes, and
allenes (99), which result in products of formal
alcohol a-C−H functionalization (Fig. 2D). This
strategy involves alcohol dehydrogenation to
generate a metal-hydride intermediate that adds
to the unsaturated substrate, generating a nucleo-
philic intermediate capable of aldehyde addition

reactions. Very recently, Krische and co-workers
also uncovered an alternative mechanism for such
C−C bond formation (100). Excellent stereose-
lectivities were achieved in several transforma-
tions; for example, a catalyst generated in situ
from RuH2(CO)(PPh3)3, a diphosphine and a chiral
acid catalyzes anti-diastereoselective and enantio-
selective C−H crotylation of primary alcohols
(Fig. 10G) (101).

Outlook
AD is a rapidly growing area, propelled by the
profound influence of fundamental organome-
tallic chemistry, in part based on metal-ligand
cooperation. This has led to reactions such as
the dehydrogenative coupling of amines with al-
cohols to form amides, peptides, and polyamides
under neutral conditions with liberation of hy-
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hydrogen methodology on a multikilogram scale
(88), with (Cp*IrCl2)2 as catalyst (Fig. 9B). The
strategic advantage of the borrowing hydrogen
methodology was also applied in the synthesis of
natural products such as noranabasamine (89),
isolated from the dart frog (Fig. 9C). A combina-
tion of RuHCl(CO)(PPh3)3 and xantphos ligand
was used by Beller and co-workers for the se-
lective diamination of isosorbide, which is ob-
tained from D-glucose (81). The versatility of the
alkylation of amines by borrowing-hydrogen
methodology allowed the preparation of pri-
mary, secondary, and tertiary amines from al-
cohols, including biomass-derived alcohols
(3, 85). Because the methodology is already
being adopted in large-scale synthesis and tol-
erates various functional groups, it is well on its
way to displacing the conventional alkylation
reactions in organic synthesis that rely on alkyl
halides.

Alcohols as a Source of Electrophiles
and Nucleophiles
Construction of C−C bonds through the borrowing-
hydrogen concept has been achieved using two
different approaches, in which the alcohols are
modified to manifest either electrophilic or nu-
cleophilic reactivity. Upon alcohol dehydrogena-
tion, the generated carbonyl compounds can act
as electrophiles and undergo coupling reactions
with nucleophiles to generate unsaturated inter-
mediates; further hydrogenation by using hydro-
gen borrowed from the alcohols in the first step
provides the product of the net redox-neutral
tandem process (Fig. 10A). In contrast, dehydro-
genation of secondary alcohols in the presence of
a base can turn the resulting electrophilic carbonyl
compounds into nucleophilic enolates, which can
react with electrophiles through the b-carbon center
(Fig. 10B). Like amine alkylation by borrowing-
hydrogen methods (C−N bond formation), several
different types of carbon nucleophiles can be used
for C−C bond formation by this strategy. Grigg
reported early examples of C−C bond formation
through borrowing hydrogen in which aryl aceto-
nitriles were alkylated by primary alcohols using
ruthenium and rhodium catalysts and a stoichio-
metric base (90); other metal catalysts and nu-
cleophiles were employed later (91). Williams
and co-workers devised efficient alkylation meth-
ods of carbon nucleophiles catalyzed by ruthe-
nium and iridium complexes using low catalyst
loading. For example, an active methylene com-
pound was alkylated (92) by benzyl alcohol
using RuH2(CO)(PPh3)3 and xantphos ligand in
very good yield (Fig. 10C). Recently, oxindole
was also alkylated by the borrowing-hydrogen
method (93). Use of [Ir(cod)Cl]2 + PPh3 al-
lowed Obora and Ishii to perform such reactions
without an additional base at elevated tempera-
ture (94). The borrowing-hydrogen approach
can also be applied to the Wittig reaction in which
the alcohol functions as a surrogate to alde-
hydes (Fig. 10D) (95). Amine products can also
be obtained from the aza-Wittig reaction (96).

b-alkylation of alcohols was achieved using irid-
ium and ruthenium catalysts (Fig. 10, E and F)
(97, 98). In addition, upon dehydrogenation, amines
can also give rise to electrophilic reactivity and
can undergo self-coupling or coupling reactions
with other amines (74).

Unlike the borrowing-hydrogen strategies de-
scribed in Fig. 10, A and B, C−C coupling can
also be achieved without using preformed nucleo-
philes. Bower and Krische developed reactions
that involve alcohols and partially unsaturated
substrates such as alkenes, dienes, alkynes, and
allenes (99), which result in products of formal
alcohol a-C−H functionalization (Fig. 2D). This
strategy involves alcohol dehydrogenation to
generate a metal-hydride intermediate that adds
to the unsaturated substrate, generating a nucleo-
philic intermediate capable of aldehyde addition

reactions. Very recently, Krische and co-workers
also uncovered an alternative mechanism for such
C−C bond formation (100). Excellent stereose-
lectivities were achieved in several transforma-
tions; for example, a catalyst generated in situ
from RuH2(CO)(PPh3)3, a diphosphine and a chiral
acid catalyzes anti-diastereoselective and enantio-
selective C−H crotylation of primary alcohols
(Fig. 10G) (101).

Outlook
AD is a rapidly growing area, propelled by the
profound influence of fundamental organome-
tallic chemistry, in part based on metal-ligand
cooperation. This has led to reactions such as
the dehydrogenative coupling of amines with al-
cohols to form amides, peptides, and polyamides
under neutral conditions with liberation of hy-
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Metal mediated red-ox process 



Hydroformylation 
Hydroformylation  1 
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*  Largest homogeneous catalytic process 
*  > 15 billion pounds of aldehydes (alcohols) per year 
*  Commercial catalysts are complexes of Co or Rh  
*  Selectivity to linear (normal) or branched (iso)  

products is important 
Hydroformylation was discovered by Otto Roelen in 
1938 during an investigation of the origin of 
oxygenated products occurring in cobalt catalyzed 
Fischer-Tropsch reactions.  Roelen's observation that 
ethylene, H2 and CO were converted into propanal, 
and at higher pressures, diethyl ketone, marked the 
beginning of hydroformylation.   

Cobalt catalysts completely dominated industrial 
hydroformylation until the early 1970's when rhodium 
catalysts were commercialized.  In 2004, ~75% of all hydroformylation processes 
are based on rhodium triarylphosphine catalysts, which excel with C8 or lower 
alkenes and where high regioselectivity to linear aldehydes is critical.   
Most aldehydes produced are hydrogenated to alcohols or oxidized to carboxylic 
acids.  Esterfication of the alcohols with phthalic anhydride produces dialkyl 
phthalate plasticizers that are primarily used for polyvinyl chloride plastics -- the 
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Hydroformylation 

For Rh complexes, the L/B ratio  depends mostly on the nature of the phosphine ligands 
and the bite angle between the chelating phosphorus on the metal 
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A closely related bisphosphine ligand used by Herrmann and Beller 

(independently) for hydroformylation studies is Naphos (not to be 
confused with the Binap bisphosphine ligand that has the PPh2 groups 
directly bonded to the naphthalene rings).     

Prof. Piet van Leeuwen at the University of Amsterdam developed 
the Xantphos family of ligands that also show high L:B regio-
selectivities and activities similar to that of Rh/PPh3.  Some catalytic 
comparisons between Rh/PPh3, Bisbi, Naphos and Xantphos for the 
hydroformylation of 1-hexene are shown below (90ºC, 6.2 bar 1:1 
H2/CO, 1000 eq. 1-hexene, acetone solvent, iso = isomerization):  

Catalyst (1 mM) Init TOF (min�1) Aldehyde L:B %  iso 
Rh/PPh3 (1:400) 13(1) 9:1 < 0.5 

Rh/Bisbi (1:5) 25(2) 70:1 < 0.5 
Rh/Naphos (1:5) 27(1) 120:1 1.5 

Rh/Xantphos (1:5)  13(2) 80:1 5.0 
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Domino Hydroformylation 



General reaction conditions:  
Substrate (alkene)                       1 mol 
Rh catalyst                                    0.5-2% mol 
Ligand                                            3-5 % 
H2/CO 1 /1                                    10-100 bar (145-1450 psi) 
Temperature                                  80-200° C 
Time                                                12-48 h 



Carbonylation 



1946 
Dr. Percy Spencer noticed that a chocolate bar in his pocket melted when he passed 

in front of a magnetron. 
1947 

First commercial oven (1.7 m tall, weighing 340 Kg costing 5000 $). 
1951 

US newspaper reports that microwaves can cook a hot-dog in 20 sec. 
1969 

Carrying out chemical reactions using Microwave energy 
Vanderhoff, J. W. (Dow Chem Co) US 3,432,413 (1969) 

1986 
Pioneering papers on the use of microwaves in Organic Chemistry. 

Gedye, R. et al. Tetrahedron Lett., 1986, 27, 279.  Giguere, R.J. et al. Tetrahedron 
Lett., 1986, 27, 4945 

2010 
Hundreds of Industrial/Chemical applications: rubber curing, surface drying, plasma 

source, digestions, sterilisation, chemical synthesis 
 

Microwaves: history 



 Microwaves Applications 

Food Processing 
Defrosting-Drying 
Drying Industries 
Wood, fibers, textiles, brick/concrete 
Polymer 
Rubber curing, polymerisation 
Ceramics 
Alumina sintering, welding, glueing 
Plasma 
Semiconductors 
Analytical Chemistry  
Digestion, extraction, ashing 
Biochemistry 
Protein hydrolysis, PCR proteomics, histo-processing 
Medical 
Blood warming, sterilization. 
 



Raggi X Ultraviolet Vis Infrared Radio wavesMicrowaves

300 MHz30 GHz

2450 MHz

Molecular rotation
Molecular 
vibration

Internal electron 
interaction Valence electron 

interaction

Microwaves are a form of electromagnetic energy that falls in the 
electromagnetic spectrum from 300 MHz to 30 GHz 

Permitted frequencies for Industrial,  
Medical and Scientific Uses (ISM): 
915 MHz 
2450 MHz-12.25 cm 
5800 MHz 
27120 MHz 
 

Microwaves 



Microwaves 

Radiation type 
Typical 

frequency 
(MHz) 

Quantum 
energy (eV) 

Chemical Bond 
Type 

Bond energy 
(eV) 

Gamma Rays 3.0 10
14 

1.24 10
6 

H-OH 5.2 

X rays 3.0 10
13 

1.24 10
5 

H-CH
3 

4.5 

UV 1.0 10
9 

4.1 H-NHR 4.0 

Visible 6.0 10
8 

2.5 C-C 3.8 

IR 3.0 10
6 

0.012 PhCH
2

-COOH 2.4 

Microwaves 2450 0,0016 HO-H-OH
2 

0.21 

Radio 1 4.0 10
-9 

Energy too low for breaking bonds ! 



Microwaves 

The electric field only transfers energy to heat a 
substance 



Microwave energy 

In the presence of irradiation in the 
Microwave field,  dipolar molecules try to 
align to the oscillating field by rotation. 
(Hayes, B.L. Microwave synthesis, CEM Publishing) 
 

MW 
Motion 

Friction 

Heating 
http://www.mi.infn.it/~phys2000/microwaves/index.htm  
 



In the presence of irradiation in the 
Microwave field,  charges (free of 
movement)  try to orient themselves to the 
rapidly changing field. (Hayes, B.L. Microwave 
synthesis, CEM Publishing) 
 

Microwave energy 

+

+

+
-

-



Microwaves and materials 

Metals  

Solvents and Organics 

Teflon, glass, quartz, PET  

Reflection (conduction)  

Absorption (tan d >0.05) Dielectric 

Transparent (tan d < 0.05) Insulator 



Dielectric properties 

Dielectric constant, e’ (relative permittivity): ability of the molecule 

to be polarized by the electric field and to store electric charges. 

Molecules with large dipole moments have high e’. 

 

Dielectric loss, e’’ (loss factor, complexed permittivity): amount of 

input microwave energy lost to the sample by heat dissipation. 

 

Loss tangent, tan d (dissipation factor): tan d = e’’/e’. Defies the 

abiity of materials to convert electromagnetica energy into heat 

energy at given frequency and temperature. 

 

Dielectric properties of molecules differ as a function of temperature 

 

 
 



High (<0.5) Medium (0.1-0.5) Low (<0.1)
Solvent tan δ Solvent tan δ Solvent tan δ

Etylene glycol 1.350 2-BuOH 0.447 Chloroform 0.091
EtOH 0.941 Dichlorobenzene 0.280 MeCN 0.062
DMSO 0.825 NMP 0.275 Ethyl acetate 0.059
i-PrOH 0.799 Acetic acid 0.174 Acetone 0.054
Formic acid 0.722 DMF 0.161 THF 0.047
MeOH 0.659 Dichloroethane 0.127 DCM 0.042
Nitrobenzene 0.589 H2O 0.123 Toluene 0.040
1-BuOH 0.571 Chlorobenzene 0.101 Hexane 0.020

Heating through the soluteHeating through the 
solvent

Organic materials/ solvents 



Heating organic molecules 

In a good solvent. 
 
In the presence of  ionic species soluble in the 
solvent: ionic liquids or other kinds of soluble ions. 
 
Using ionic or active medium as solvents: Ionic 
liquids or PEG. 
 
No solvent. 
 
Adsorption on active solid substrates: Al

2
O

3
, SiO

2
, 

carbofluo, graphite. 



Reaction Efficiency Increase 

If heating is required, a rate enhancement will be expected 
submitting the reaction to Microwave irradiation.  
The target is:  activation energy 
A magnetron delivering 300W of power (assuming 100% of 
effective energy transfer) produces an input of 72 cal/sec.  
 
Microwaves transfer energy in 10-9 s each cycle. 
The kinetic molecular relaxation is approx. 10-5 s. 
 
The energy is transferred faster than the molecule can 
relax: these are non-equilibrium conditions that affect the 
kinetics of the system. 



T
B

 = Bulk temperature 
T

I
 = Instantaneous temperature 

 
Under conductive heating T

I
 = T

B
 

Under Microwave activation T
I
 >> T

B
  

k = Ae
-Ea/RT

 
 

Reaction Rate Increase 

Lifetime of 
activated 
complexes 

10-15 

Microwave 
application energy 
rate 

10-9 

Molecular kinetic 
relaxation 

10-5 



N.L.Leadbeater et al Org. Proc. Res. Dev. 2006, 10, 833 
 
H. Lehmann, J. A. Lab. Autom. 2005, 412. 
 

Microwaves and production 



MW Assisted Hydroformylation 

O
P PPhPh PhPh

The reaction is carried 
out in the 80 mL glass 
vessel of a CEM 
Discover System 
(tested for resisting to 
17 Atm)  

gas cylinder

vent
pressure module

80 Ml vial

OMe

O

HRh(CO)(PPh3)3 Xantphos 
(5 % of a 1: 3 mixture) 
H2 : CO 1 : 1  - toluene - 
[bmim][BF4] O

OMe

CHO

90%30 psi, 100°C, 2 min
MW power 150 W,



MW Assisted hydroformylation 



Commercially available apparatus 



MW Assisted Hydroformylation 

All reaction carried out in 
less than 6 min. 
 Pressure 2.7 Atm (30 psi).  
Scale up to 1.5 g 
Yields > 85% 
Regioselectivity linear 
aldehyde always>85% 
No trace of isomerized 
alkene. 
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