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A method for the rapid, safe hydrogenation of alkenes and deprotection of benzyl ethers and carboxy-
benzyl amides is described using catalytic transfer hydrogenation under microwave heating conditions.
Commonly available Pd/C catalyst is extremely effective with 1,4-cyclohexadiene as the hydrogen trans-
fer source. In general, the reactions are complete within five minutes at 100 �C.
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Catalytic hydrogenation is a mainstay in the synthetic chemist’s
armamentarium.1 It has a long list of advantages, including opera-
tional simplicity, chemoselectivity, and high chemical yields.
Oftentimes all that is required in the way of reaction work-up
and purification is a simple filtration to remove the spent catalyst
and removal of the solvent. In spite of these advantages there
remain a number of drawbacks, including the inconvenience of
monitoring reaction progress, the need for specialized apparatus,
safety issues involved with pressurized reaction vessels and using
highly flammable hydrogen gas in the laboratory. While hydro-
genation reactions are commonly carried out at high pressures
and temperatures in an industrial setting, this is seldom the case
in the small-scale discovery laboratory. The most common reaction
set-up in the small-scale discovery lab is either ‘a balloon’ of
hydrogen at essentially atmospheric pressure and ambient tem-
perature, or a commercial hydrogenator,2 operating at 40–60 psig
H2, also at ambient temperature. In either case it is inconvenient
to monitor reaction progress by standard methods such as TLC or
LC–MS. Removal of an aliquot for analysis involves disrupting the
hydrogen atmosphere, which must then be re-established if the
reaction is to continue. It is also inconvenient to run laboratory
scale hydrogenation reactions at elevated temperatures when the
reaction does not proceed at ambient temperature.

We report herein an operationally simple, safe, and fast proce-
dure for the catalytic hydrogenation of alkenes to alkanes as well
ll rights reserved.
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as removal of the common protecting groups benzyl (Bz) and carb-
oxybenzyl (Cbz). Our goal was to develop a robust hydrogenation
protocol that minimized or eliminated the disadvantages enumer-
ated above, while maintaining the ease of work-up and purification
that are hallmarks of the traditional hydrogenation procedure.

Microwave heating technology has revolutionized many syn-
thetic procedures in the laboratory, enabling access to high tem-
peratures and pressures that can dramatically shorten reaction
times.3 Additionally, microwave reactors are designed to work at
high pressures and engineered to contain debris in the event of a
failure. We felt that microwave technology was ideally suited for
the development of an improved hydrogenation procedure.

A long standing interest in parallel, high-throughput synthesis
guided our initial choices of reaction protocols, where excess start-
ing materials and reaction byproducts would be easily separated
from the compounds of interest. Our initial experiments focused
on the replacement of hydrogen gas with a hydrogen transfer
source.4 Ammonium formate is a commonly used hydrogen donor
that fulfils these requirements.5 When cinnamic acid, 1, was
heated in a microwave reactor6 at 100 �C with Pd/C and ammo-
nium formate, quantitative conversion to 3-phenyl propionic acid,
2, was observed in the crude HPLC. The use of ammonium formate,
however, had a number of drawbacks. Although ammonium for-
mate is a very active hydrogen donor source, its reaction byprod-
ucts are gaseous (carbon dioxide and ammonia) and its use
resulted in considerable pressure build-up by the end of the reac-
tion. This required a manual venting of the reaction vessel for
safety purposes before the microwave cavity could be opened.
Additionally, the excess ammonium formate required an aqueous
extraction as a part of the reaction work-up.
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Table 2
Effect of solvent on the hydrogenation reaction

OH

O

OH

O
Pd/C, 1,4-cyclohexadiene

MW, 100 °C, 5 min

1 2

Entry Solvent Conversion (%)

1 Acetonitrile >99
2 Ethanol >99
3 THF >99
4 Acetone >99
5 Water 24.4
6 DMF >99
7 Ethyl acetate >99
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In an effort to reduce the final pressure in the reaction vessel as
well as simplify the reaction work-up and purification, the alterna-
tive hydrogen transfer source, 1,4-cyclohexadiene, was examined.7

Using this hydrogen source also resulted in the quantitative forma-
tion of 3-phenyl-propionic acid, 2, from cinnamic acid 1. Upon
completion of the reaction, the microwave reaction tube was under
no observable pressure. The use of cyclohexadiene has an addi-
tional benefit in that both it and its reaction byproduct, benzene,
are volatile liquids, easily removed by standard evaporation
techniques.

Having found that 1,4-cyclohexadiene was an effective hydro-
gen transfer source for catalytic hydrogenations, we then set out
to optimize several reaction parameters, including the reaction
time, temperature, equivalents of cyclohexadiene, and solvent.

A number of observations were made during the optimization
of this reaction.8 The reaction is sensitive to both the temperature
and the number of equivalents of 1,4-cyclohexadiene (Table 1).
When 2 equiv of cyclohexadiene were used, only 2% conversion
to product was observed (Table 1, entry 1). With 3 or more equiv-
alents, the reaction goes to >95% completion (Table 1, entries 2–4).
To ensure complete conversion of starting materials, subsequent
reactions were typically run with 5 or 6 equiv of cyclohexadiene.
Reducing the reaction temperature below 80 �C resulted in no
reaction (Table 1, entries 6–7). The use of the less active hydrogen
donor cyclohexene resulted in no reaction under our conditions,
(Table 1, entry 9). The reaction worked equally well with 10% Pd/
C (dry) (all entries in Tables 1 and 2), or 5% Pd/C (50 wt % H2O) (Ta-
ble 3). The presence of water in the catalyst had no effect on the
reaction. Switching from Pd to Pt on carbon as a catalyst resulted
in no reaction (Table 1, entry 10). For activated alkenes, such as
cinnamic acid, the reaction was remarkably fast. A reaction time
of 2 min resulted in quantitative conversion by HPLC.

The reaction was found to be insensitive to the nature of solvent
(Table 2). Both protic and non-protic solvents worked well. Of the
solvents investigated, only water gave a poor conversion (24%)
under our standard conditions which was likely due to the poor
solubility of the reactants.

The scope of this hydrogenation protocol was examined as
shown in Table 3.9 The reaction worked equally well for elec-
tron-rich (Table 3, entries 1, 6, 7, and 9) and electron-poor (Table
3, entries 3, 4, and 8) systems. It is notable that 4-chlorocinnamic
Table 1
Effect of cyclohexadiene equivalents and temperature on the hydrogenation reaction

OH

O

OH

O
Pd/C, 1,4-cyclohexadiene

EtOAc, MW, 5 min

1 2

Entry Cyclohexadiene
(equiv)

Temperature (�C) Conversiona (isolated
yield) (%)

1 2 100 2
2 3 100 95
3 4 100 94
4 5 100 >99 (95b)
5 5 100 98.7c

6 5 60 0
7 5 70 0
8 5 80 96
9 5d 100 0

10 5 100 0e

a From HPLC of crude reaction.
b Isolated yield.
c Reaction heated by oil bath.
d Cyclohexene used.
e Pt/C used.
acid, 17, (Table 3, entry 8) did not undergo dehydrohalogenation.
In general, the reactions are complete within 5 min at 100 �C. In
several cases (Table 3, entries 8 and 9), additional heating was
required for complete conversion.

The transfer hydrogenation occurred smoothly with conven-
tional heating, using an oil bath pre-heated to 100 �C (Table 1, en-
try 5). This, however, required the use of a sealed tube apparatus
and the accompanying safety shield. The microwave reactor offers
significant advantages in terms of safety and convenience. Addi-
tionally, the microwave synthesizer can be equipped with sample
automation that allows multiple reactions to be carried out in a
serial fashion.

In addition to hydrogenations, the reaction protocol also proved
to be useful for the rapid hydrogenolysis of the common protecting
groups benzyl (Bz) and carboxybenzyl (Cbz) (Table 4, entries 1–5).
The Cbz-protected di-peptide 23 was smoothly deprotected to give
the primary amine 24 in 85% isolated yield. Likewise, the second-
ary amine 25 was cleanly debenzylated to give anisidine 26 in
88% isolated yield. The reported conditions were equally adept at
deprotection of benzyl phenol ethers (Table 4, entries 3 and 4). Ani-
line 27 was converted to aminophenol 28 and benzoic acid 29 was
converted to 4-hydroxybenzoic acid 30 in 86% and 99% yields,
respectively. The final entry (Table 4, entry 5) demonstrates a con-
venient, neutral, non-aqueous route for unmasking carboxylic
acids that are protected as benzyl esters. Benzyl 4-hydroxybenzo-
ate 31 is converted to 4-hydroxybenzoic acid 30 in 86% isolated
yield. Interestingly, in the case of Cbz-protected benzyl phenyl-
alanine, 32, deprotection under the standard conditions in ethyl
acetate as solvent leads to a 75% isolated yield of Cbz-phenylali-
nine, 33. The same reaction in methanol leads to a quantitative
yield of phenylalaline 34. All the reaction byproducts were volatile
and in each case, purification involved only filtration and
concentration.

Hydrogenolysis of N-Cbz-O-benzyl phenylalanine, 32, shows an
interesting, and potentially useful, selectivity (Scheme 1). Under
our standard conditions (MW, 100 �C, 5 min, 6 equiv cyclohexadi-
ene) using ethyl acetate as the solvent, a 64% isolated yield of
N-Cbz-phenylalanine, 33, is obtained as the sole product.

Inspection of the HPLC and 1H NMR of the crude reaction shows
no evidence for phenylalanine or benzyl phenylalanine. However,
when the reaction solvent is switched to methanol, a quantitative
yield of completely deprotected phenylalanine 34 is obtained.

In summary, our reported hydrogenation procedure utilizes
widely available Pd/C catalyst under transfer hydrogenation condi-
tions. Reaction monitoring and optimization is straightforward, as
a sample may be withdrawn through the septum cap on the micro-
wave process vial for standard TLC or HPLC analysis. In analogy to
traditional methods involving hydrogen gas, all that is required in
the way of work-up and purification is a filtration to remove the



Table 3
Transfer hydrogenations under microwave heating

Entry Substrate Cyclohexadiene (equiv) Palladium (equiv) Product Isolated yield (%)

1
H3CO

OH

O

3

3 0.01

4

H3CO

OH

O

94

2
H3C

OH

O

5

6 0.005

6

OH

O

H3C
98

3
OH

O

F
7

6 0.005

8

OH

O

F
88

4
OH

O

F3C

9

6 0.005
OH

O

F3C

10

96

5
OH

CH3

O

11

6 0.005
OH

O

CH3

12

97

6a OH

O

O
O

13

6 0.005 OH

O

O
O

14

95

7
HO

OH

O

15

6 0.005
OH

HO

O

16

93

8b OH

Cl

O

17

6 0.075
OH

Cl

O

18

78

9c
H3CO

CH3

19

5 0.05 H3CO

CH3

20

>99d

10

21

5 0.06

22

>99d

Unless otherwise noted, all reactions performed in ethyl acetate (3 mL), 1 mmol substrate, heated under microwave conditions at 100 �C for 5 min.
a Methanol used as solvent.
b 30 min reaction time.
c 15 min reaction time.
d HPLC yield (AUC@254 nM).
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Table 4
Transfer hydrogenolysis of common protecting groups under microwave heating

Entry Substrate Cyclohexadiene (equiv) Palladium (equiv) Product Isolated yield (%)

1a
NH

O

N
H

O O
OCH3

23

6 0.01
NH2 OCH3

N
H

24

85

2
N
H

H3CO

25

6 0.05

NH2

H3CO

26

88

3 NH2O

27

6 0.05 HO NH2

28

86

4 O

OH

O

29

6 0.02

O

HO

OH

30

99

5b

HO

O

O

31

6 0.02

O

HO

OH

30

75

Unless otherwise noted, all reactions performed in ethyl acetate (3 mL), 1 mmol substrate, heated under microwave conditions at 100 �C for 30 min.
a 5 min reaction time.
b 60 min reaction time.
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Scheme 1. Solvent selectivity in hydrogenolysis of N-Cbz-O-benzyl phenylalanine. Reagents and conditions: reactions were performed in solvent indicated (3 mL), 1 mmol
substrate, 6 mmol 1,4-cyclohexadiene, 0.047 mmol Pd/C, heated under microwave conditions at 100 �C for 5 min.
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spent Pd catalyst and concentration to remove the solvent, volatile
reagents, and byproducts.
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