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Chapter

Selective Mono-Hydrogenation of
Polyunsaturated Hydrocarbons:
Traditional and Nanoscale
Catalysis
Ting-An Chen and Young-Seok Shon

Abstract

Selective hydrogenation of olefins is an important process in both chemical and
pharmaceutical industries. This chapter reviews intriguing catalytic studies
accomplished by employing a variety of catalysts such as metal complexes,
supported materials, supported metal complexes, and nanosized materials for poly-
ene hydrogenation. In addition, new research area involving unsupported colloidal
nanoparticle catalysts, which exhibit an excellent activity and selectivity toward the
polyene hydrogenation is introduced. The high activity of colloidal metal nanopar-
ticle catalysts often allows the reactions to be completed under mild conditions, at
atmospheric pressure, and room temperature. These colloidal nanoparticle catalysts
also offer an advantage of facile separation and multiple recycling without signifi-
cant losses in activity and selectivity. This chapter provides important fundamental
understandings on the influence of chemical environments (solvents, ligands, dop-
ants, etc.) and compositions (metal complex, metals, alloys, etc.) toward the cata-
lytic activity and selectivity of various catalysts in homogeneous, heterogeneous,
and semi-heterogeneous conditions. The systematic evaluation discussed in this
chapter would pave a way to further develop chemo-, regio-, and stereo-selective
catalysts for polyene hydrogenation.

Keywords: selective hydrogenation, catalysis, nanocatalysis, homogeneous,
heterogeneous, semi-heterogeneous

1. Introduction

Selective hydrogenation of polyunsaturated hydrocarbons including polyenes
and alkynes are vitally important processes in fine chemical industries [1]. For
instance, polymerization and hydroformylation reactions require a high purity of
monomeric alkenes. However, light alkenes produced by catalytic cracking of
petroleum often contain a high level of dienes or alkynes, making the selective
hydrogenation of these compounds to monoenes in the presence of alkenes that are
highly essential [2]. The removal of polyunsaturated hydrocarbons is also often
important for catalysis applications, since their strong adsorption to metal surfaces
would deactivate the catalyst during the reaction. In addition, the unique scent of
natural polyunsaturated compounds makes them an important ingredient in
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perfume industry and more attentions are currently placed on the single hydroge-
nation products of the natural triene substrates as both perfume ingredients and
pharmaceutical precursors [3, 4]. Many efforts have been carried out in the past for
selective hydrogenation using either homogenous molecular catalysis or heteroge-
neous solid state reactions [5, 6]. With both the pros and cons of each approach, the
semi-heterogeneous characteristics of soluble colloidal metal nanoparticles in addi-
tion to their large surface area to volume ratio have increased research interests on
nanoparticle catalysts for selective organic reactions. This chapter reviews the up-
to-date progress on the selective hydrogenation of polyunsaturated olefins using
both traditional and nanoscale catalysts.

2. Traditional catalysts

2.1 Metal complexes for hydrogenation of dienes in homogeneous system

Homogeneous system using metal complex usually exhibits high reactivity for
the catalytic hydrogenation of dienes [7, 8]. Schrock et al. proposed the reaction
mechanism for the catalysis of homogeneous rhodium metal complex ([RhLn]

+)
that is efficient for the selective hydrogenation of norbornadiene (NDB). Based on
the results of 1a–1d in Table 1, the diene reaction rate was not significantly affected
by the addition of other reagents. Table 1 also presents the effect of the size of the
ligand on metal complex (Rene values of 1a, 2, and 3 in Table 1). These results
indicated that the reactivity decreases as the size of the ligand increases. This
phenomenon is similar to other homogenous reactions of metal complex. Dienes
could effectively chelate to the metal complex and form strong bonds with metal
atoms, even under the presence of excess hydrogen gas. The strong bond formation
between metal ion and diene could be visualized by the rapid color change of the
complex after diene was added to the solution. The overall results indicated that the
major path involves the coordination of olefins and the adsorption of hydrogen
([RhH2(NBD)Ln]

+), which are followed by the addition of hydride to form Rh-alkyl
intermediate ([RhH(NBD-H)Ln]

+). After the reductive elimination of alkyl and
hydride, rhodium metal complex ([RhLn]

+) is regenerated and is ready for recycle.
The deuterium gas addition study for [Rh(NBD)Ln]

+ revealed that the substrate is
chelated on metal ion by the two π bonds. Therefore, the primary hydrogenation
reaction would have two deuterium on the endo side of the norbornene.

Run Catalyst Rdiene Rene Max % ene

1a [Rh(NBD)(PPh3)2]
+PF6

� 0.22 0.03 97

1b 1a with 3.0 mol of HClO4 0.21 0.05 92

1c 1a with D2 0.22 (b) (b)

1d 1a with 2.0 mol of Et3N and D2 �0.21

(initial)a
(b) 80

2 [Rh(NBD)(PPh2Me)2]
+PF6

� 0.16 0.12 97

3b [Rh(NBD)(PPhMe2)2]
+PF6

� 0.14 0.19 90

aA markedly nonlinear rate was observed. The behavior was more nearly first order in olefin (k ¼ 4:4� 10�4s�1).
bCatalyst precursor = 0.053 mmol.
Data reproduced from [7].

Table 1.
The hydrogenation of norbornadiene in acetone with Rh complex (in 10.0 ml of acetone, 1.0 ml of NBD,
30.0 � 0.5°C, 1 atm total pressure of H2, 0.026 mmol of catalyst precursor, R = rate in mmol/min).
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The metal complex catalyst could also be deactivated once two bonds on dienes
are chelated to one metal ion. Because the metal ion with a chelated diene com-
pound is too stable to react, the bidentate ligand as shown in Figure 1 was essential
in avoiding this deactivation by diene coordination. The catalysis results of
substituted dienes by the rhodium complex with different ligands showed the
influence of ligands on the catalytic selectivity for 1,2- and 1,4-addition products.
The comparisons of results indicated that diphos and arphos favor the 1,4-addition
product (80–90%), while dpea favors the 1,2-addition product (�80%). Between
diphos and arphos, arphos exhibits slightly higher selectivity toward the
1,4-addition product. The catalytic reaction of 1,4-cyclohexadiene begins with the
isomerization to 1,3-cyclohexadiene. The produced 1,3-cyclohexadiene, however,
would not dissociate from the metal ion, forming [Rh(diene)Ln]

+, due to the strong
bond formation between metal ion and diene compound. The monoene compound
would dissociate from metal ion after its formation, because it forms a weakened
bond with metal ion. The high conversion yields (>98%) of these catalytic reactions
indicated the high reactivity of the [Rh(diene)Ln]

+ catalyst in general.
Frankel et al. showed that other metal complex catalysts such as chromium

complex, methyl benzoate-Cr(CO)3, also favors the 1,4-addition reduction of
dienes for the hydrogenation of 1,3- and 2,4-hexadiene (70–90%) [8]. In contrast,
the formation of 1,4-addition hexene product was accompanied with the major
formation of conjugated 1,3- and 2,4-diene products for the catalytic hydrogenation
of 1,4- and 1,5-hexadiene indicating that the reaction would most likely involves the
first isomerization of isolated dienes to conjugated intermediates. The catalytic
reactions of conjugated dienes with methyl substituted group(s) also mostly pro-
duced the 1,4-addition hydrogenation products as shown in Table 2. The position
of substituted methyl group would not have a major effect on the catalytic activity
except the case for 2,5-dimethyl-2,4-hexadiene, which exhibits low reactivity due to
the large steric interference of four methyl groups. The difficulty in generating the
product with cis-conformation, which chromium complex catalyst favors, is con-
sidered to be the main reason. The 1,2-addition hydrogenation product generated
from the catalytic reaction of 4-methyl-1,3-pentadiene is also turned out to be the
1,4-addition product involving H shift. The isomerization of 1,4-cyclohexadiene
was also more favorable than the 1,4-addition hydrogenation, forming 1,3-
cyclohexadiene as the major product. This result also proves that the isomerization
would take place prior to the hydrogenation. When the reaction temperature is
increased to 170°C, the hydrogenation product becomes the major (thermody-
namic) product. The high stability of 1,3-cyclooctadiene also reduces the reactivity

Figure 1.
Different bidentate ligands for diene catalysis reaction by rhodium complex [7].
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of substrate at the lower temperature resulting in low yield for the hydrogenation
product.

Regioselective asymmetric monohydrogenation of 1,4-dienes has been studied
using various organometallic catalysts including ruthenium, rhodium, and iridium
complexes with N or P binding chiral ligands [9–12]. The iridium catalysts exhibited
excellent enantioselectivity for the hydrogenation of disubstituted cyclohexadienes
as shown in Figure 2 below [12]. The catalytic reactions produced mono-
hydrogenation products shown below as major products in the yields ranging from
45 to 99% depending on the structure of O-R group. Tetrahydropyranyl acetal
(THP) and triisopropyl silyl ether (TIP) resulted in 99% monohydrogenation selec-
tivity. The enantioselectivity of these two groups were 83 and 97%ee, respectively,
indicating highly efficient regio- and enantioselectivity of Ir catalyst for the syn-
thesis of silyl protected enol ethers. Oxidation of these chiral enol ethers led to the
corresponding chiral α,β-unsaturated ketones.

Dienes,

9.5 mmol

k, h�1 Products (% at 6 h)

0.69
(75) (17) (8)

0.64
(82) (18)

1.1
(66) (14) (14) (6)

0.007
(5)

0.1b

(45)

b At 175°C.
Data reproduced from [8].

Table 2.
Catalytic hydrogenation of methyl-substituted dienes with 0.5 mmol chromium complex (solvent: n-pentane,
50 ml; temperature: 160 °C; initial H2 pressure: 30 atm.).

Figure 2.
Asymmetric hydrogenation using iridium metal complex (0.5 mol% Ir catalyst, PhCF3, K3PO4, H2, rt., 12 h).
Reproduced from [12] with permission from the American Chemical Society.
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2.2 Supported materials for the hydrogenation of dienes in heterogeneous
system

In terms of reactivity, heterogeneous catalysts are usually less reactive than
homogeneous systems. However, heterogeneous catalysts only require simple sepa-
ration processes for purification and can be more easily recycled compared to
homogeneous catalysts. Therefore, many research groups have been working on
advancing fundamental understanding on the structure/property relationship and
technological applications of heterogeneous catalysts in the past decade. Many of
these supported metal catalysts are in fact in nanoscale dimensions, but many
earlier catalysis studies did not attempt detailed characterizations on material sizes
and their distributions on the supports. Both materials with and without well-
defined sizes and structures including the catalysts reported as nanoparticulate
materials are discussed here as traditional catalysts.

2.2.1 Supported metal catalysts: different strategies to modify activity

Selective hydrogenation of 1,3-butadiene was studied using graphite-supported
palladium and platinum and the influence of FeCe alloying to these heterogeneous
catalysts was investigated [13]. The results showed that the mono-hydrogenation
and subsequent isomerization to 2-butene takes better place when the alloying was
limited to less than 1/20 (Figure 3). The monohydrogenation selectivity was
ascribed to the depletion of hydrogen atoms away from palladium surfaces by spill
over to alloyed metal surfaces. The overall catalytic activity has also been increased
by alloying of FeCe to Pd or Pt catalysts, indicating the activation of FeCe by spill
over hydrogen.

Similarly, alumina-supported palladium catalysts doped with either tin or silver
were tested for the selective hydrogenation of 1,5-hexadiene and 1,3-hexadiene
[14]. Palladium on alumina itself produced mono-hydrogenation products from
both 1,5-hexadiene and 1,3-hexadiene with a high selectivity even at full conver-
sions. However, the selectivity for 1-hexene (or 3-hexene from 1,3-hexadiene) over
the isomerized 2-hexene (trans > cis) from 1,5-hexadiene started to decrease at
conversions higher than 80%. The addition of tin or silver tends to significantly
increase the selectivity for 1-hexene, but with the loss of overall activity for mono-
hydrogenation. This indicated that the addition of doping metal causes a geometric
dilution of active Pd adsorption sites for both double-bond isomerization and
hydrogenation.

Sulfidation of supported Pd catalysts has also been identified as an efficient way
to increase the selectivity for mono-hydrogenation of dienes [15]. Supported palla-
dium sulfide catalysts could be prepared by the addition of H2S or Na2S or the
treatment with fuming sulfuric acid [16]. The produced palladium sulfide (Pd4S)
catalysts deposited on carbon nanofibers exhibited the mono-hydrogenation activ-
ity in the gas-phase butadiene reduction producing butenes of various forms in
good yields (99% of butenes at 100% conversion: the selectivities among various
butenes are not reported). In contrast to Pd metal-based catalysts, this Pd4S catalyst
presented high stability under reaction conditions while having significant activity
and appropriate selectivity for partial hydrogenation of dienes.

Thiolate self-assembled monolayers deposited on Pd/Al2O3 catalysts could also
direct the catalytic activity of heterogeneous systems for fatty acid diene hydroge-
nation as shown in Figure 4 [17]. In comparison, the uncoated Pd/Al2O3 catalyst
produced the fully hydrogenated fatty acids under the same hydrogenation condi-
tion. This selectivity is attributed to steric effects between thiolate monolayers and
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fatty acid reactants based on the kinetic studies and ligand chain length studies
reported in this work. The influence of ligand chemical functionality was also
investigated in this study. The results showed that unlike hydrophobic

Figure 4.
Kinetic data for linoleic acid hydrogenation over Pd/Al2O3 at 30°C and 6 bar H2. (a) Uncoated Pd/Al2O3 and
(b) dodecanethiol-coated Pd/Al2O3. Reproduced from [17] with permission from the American Chemical
Society.

Figure 3.
The working hypothesis of physical mixtures for 1,3-butadiene hydroisomerization. (a) Pd containing mixtures
and (b) Pt containing mixtures. Reproduced from [13] with permission from the American Chemical Society.
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alkanethiolate ligand modifiers, the hydrophilic thioglycerol modifiers strongly
inhibited the catalytic activity of Pd/Al2O3 surfaces.

2.2.2 Supported metal nanoparticle catalysts: the nano effects

More and more researchers consider nanoparticles as a better option for catalytic
reactions due to their high surface area per volume characteristics. In the area of
heterogeneous catalysis, the complete analyses of catalyst sizes, compositions, and
distributions are now required and many well-known active solid-state catalysts
including carbon-supported Pd are found to be actually in nanoscale. With the
advancement of nanomaterials synthesis and characterization, the nanoscale cata-
lysts are now designed and prepared to tune their activities for desired applications
including diene hydrogenation. For example, Pd nanoparticles stabilized with
dendrimers (polypropylenimine, PPI) deposited on a silica surface are used for
catalysis application (Figure 5) [18]. The internal amine functional groups on PPI
dendrimers are used as a ligand to encapsulate Pd nanoparticles and the external
amine groups help grafting the dendrimers on a polyamine-modified silica surface
to form the immobilized dendrimer catalyst composite. The dendrimers around the
under-deposited nanoparticle increase the selectivity of the Pd nanoparticles and
decrease the Pd metal leaching. The immobilized dendrimer catalyst reveals higher
reactivity for the selective hydrogenation of dienes than the traditional heteroge-
neous catalysts. In this study, Karakhanov et al. further discussed the effects of size
and substituent pattern of the substrate, 2,5-dimethyl-2,4-hexadiene, during the
catalytic hydrogenation (Table 3). Since both C=C double bonds in 2,5-dimethyl-2,
4-hexadiene are internal and highly substituted at C2 and C5 positions, the rate of
the reaction is relatively slow but the overall reactions result in the high yield of
thermodynamic 1,4-addition product.

Instead of using modifier or poisoning agents to change the catalytic activity of
heterogeneous metal substrates, the modification of support materials to induce the
steric-related selectivity has been successfully attempted [19]. By overcoating Pd
nanoparticle catalyst with porous alumina using atomic layer deposition, Yi et al.
could produce a highly stable (against deactivation) and selectivity for mono-
hydrogenation of 1,3-butadiene to butenes (Figure 6). The selective hydrogenation
worked well even in the presence of excess propene. The alumina overcoat clearly
suppressed the conversion of prepene to propane very efficiently while maintaining
�100% butenes selectivity with�100% 1,3-butadiene conversion. This is attributed

Figure 5.
Polypropylenimine (PPI)-modified palladium nanoparticle catalyst composite. Reproduced from [18] with
permission from the American Chemical Society.
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to the confinement effect within the micropores of the alumina overcoat and the
stronger adsorption of 1,3-butadiene than alkenes on Pd nanoparticle catalysts.

Mesoporous carbon films as support to control the activity of Pd catalyst also
reported for the selective hydrogenation of 1,3-butadiene [20]. The material syn-
thesis involves the co-deposition of small polymeric carbon clusters, structure fill-
ing agents, and Pd ions on a substrate (Scheme 1). Thermal treatments converted
these hybrids into graphitized microporous carbon with active Pd catalysts. These
catalysts were highly active in the gas-phase mono-hydrogenation of 1,3-butadiene
to butenes. The major product for these catalytic systems is 1-butene at �50%
selectivity among butene isomers, which is very similar to the catalytic selectivity of
porous alumina-coated Pd catalysts described above.

Bimetallic Au-Pd alloy catalysts with low amount of Pd were prepared by either
co-deposition–precipitation or co-impregnation procedure [21]. This approach is
especially beneficial considering the low usage of somewhat toxic Pd metals. These
bimetallic catalysts could selectively hydrogenate 1,3-butadiene in the presence of
propene. By changing the Au/Pd ratio, the catalytic activity of bimetallic catalysts
could be further controlled. The overall selectivity among butene isomers also
depended on the reaction temperatures. At the lower temperature, 1-butene was

Entry

Product distribution

P, MPa t, h Sub/Pd Conv.,%

1 1 1 3680 100 16.5 22 58 4

2 3 1 3680 100 17.5 23.5 53 5

3 1 0.25 3680 100 20 26 51 4.5

4 1 0.25 7360 91.5 9 64.5 25.5 1

Data reproduced from [18].

Table 3.
The catalytic reactions of 2,5-dimethyl-2,4-hexadiene with Pd nanoparticle composite in 2 mL toluene at 70°C
and under 3 MPa H2.

Figure 6.
Catalytic property of microporous alumina-coated Pd/Al2O3 using atomic layer deposition (ALD) for 1,3-
butadiene hydrogenation in the presence of an excess propene. Reproduced from [19] with permission from the
American Chemical Society.
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obtained as major product, reaching up to �76% selectivity. At the higher temper-
ature, the selectivity for thermodynamically stable trans-2-butene increased with
the best selectivity at �60%.

2.2.3 Supported metal complexes: bridging homogeneous catalysis with heterogeneous
catalysis

To increase the site efficiency of heterogeneous catalysis, metal complexes with
100% site efficiency are deposited on to the support surface. For example, Zweni
et al. integrated palladium metal ion complex on silica gel supported dendron
ligands with different generations (Figure 7) [22]. The catalytic reactions of 1,3-
cyclohexadiene in various solvent systems are investigated to see the influence of
solvent characteristics on the reactivity and selectivity of the catalyst. Methanol is
found to be the optimized solvent system for this catalyst based on the selectivity to
cyclohexene by mono-hydrogenation.

This silica-supported PAMAM-palladium complex would exhibit different cata-
lytic reactivities and selectivities for hydrogenation of dienes depending on the
dendrimer sizes and linker chain lengths (Table 4). Overall, the similar selectivity
is observed for Entries 1 (shorter reaction time) and 2 (longer reaction time).
Generation 0/complex 1 and generation 2/complex 6 exhibit higher reactivity than
other generation/linker combinations. Entries 2, 4, and 6 show the results of the
catalytic reactions by G1 catalysts at the first 30 min, which suggest the high initial
selectivity of these catalysts toward cyclohexene. With the increased reaction time,

Scheme 1.
Illustration of the synthetic approach to mesoporous Pd/OMC catalyst films. Reproduced from [20] with
permission from the American Chemical Society.

Figure 7.
Silica-supported PAMAM-palladium complex catalyst. Reproduced from [22] with permission from WILEY.
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the catalysis results shown in Entries 3, 5, and 7 indicate the increased conversion of
reactants with the formation of some minor full hydrogenation products. The
results suggest that the primary product, cyclohexene, would compete with the
diene reactant for the catalytic active sites. When the concentration of 1,3-
cyclohexadiene is high at the beginning of the reaction, diene would dominate the
adsorption on the active sites and the reaction would maintain a good selectivity to
cyclohexene. With the increased concentration of cyclohexene at the later stage of
the reaction, the adsorption on active catalytic sites starts to take place. The reac-
tions are generally slower for G1 catalysts compared to G0 catalyst especially with
longer linkers. The G2-C12 catalyst, however, exhibits good activity and selectivity
toward cyclohexene indicating the importance of right combination between
dendrimer generations and linker lengths. A trace amount of benzene was also
observed for some of the catalysts. The catalytic reactions of other acyclic dienes
also are investigated to understand the effects of substrate structure. In general, the
1,2-addition hydrogenation of less hindered C=C is the most favorable compared to
that of more hindered C=C, 1,4-addition hydrogenation, and full hydrogenation.

Zeolite- and magnesium oxide-supported molecular rhodium complexes are also
tested for the hydrogenation of 1,3-butadiene [23]. The selectivity for mono-
hydrogenation increases when the Rh species nucleation decreased from several
atoms to dimeric clusters. The poisoning with CO ligands further increases the
mono-hydrogenation selectivity, especially when electron donating MgO is used as
a support (>99% selectivity for mono-hydrogenation as shown in Figure 8). This is
attributed to limiting the activity for H2 dissociation and preventing the additional
hydrogenation to butane.

2.3 Metal complexes and supported materials for the hydrogenation of trienes

Selective hydrogenation of triene is also an important topic for fine chemicals
and pharmaceutical industries [3]. Myrcene with one isolated C=C bond and two

Entry Catalyst Time (h) Conv. (%)
(%) (%) (%)

1 G0, C1 1.75 >99 76 24 —

2 G1-C2, C2 0.5 21 >99 — —

3 20 >99 88 10 2

4 G1-C6, C3 0.5 11 >99 — 0

5 20 72 97 1.5 1.5

6 G1-C12, C4 0.5 15 >99 — —

7 20 20 >99 — —

8 G2-C6, C5 0.5 N.R — — —

9 20 >99 73 11 6

10 G2-C12, C6 0.5 24 >99 — —

11 5 >99 80 14 6

GC and NMR are used to monitor the reaction.
Data reproduced from [22].

Table 4.
Hydrogenation of 1,3-cyclohexadiene with silica supported PAMAM-palladium complex catalyst (5.25mmol
1,3-hexadiene, 10 μmol Pd catalyst complex, 5 mL methanol, pressurized glass autoclave to 14 psi H2, 25

°C).
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conjugated C=C bonds can be synthesized by the pyrolysis of β-pinene in nature.
Despite the availability of myrcene, only little success in selective hydrogenation of
the substrate to diene have been made. Gusevskaya et al. reported the hydrogena-
tion of myrcene either by using metal complex ion or heterogeneous sol-gel cata-
lysts [24, 25]. For 10% palladium on carbon (Pd/C) under 20 atm of H2 and
cyclohexane solvent system at 80°C, full hydrogenation reaction would take place
within 30 min, and the catalytic system does not have any selectivity toward diene
or monoene. On the other hand, the transition metal complexes of
[RuCl2(CO)2(PPh3)2], [RhH(CO)(PPh3)3], [IrCl(CO)(PPh3)2], and [Cr(CO)6]
show the capability to form diene products in relatively good yields (Figure 9 and
Table 5) [24].

From Entries 1–4 in Table 5, the reactivity of the metal complexes under the
same condition turns out to be Ru < Cr < Ir < Rh. Ru and Rh complexes show
slightly higher selectivity toward monohydrogenated products, dienes, than chro-
mium and iridium complexes. Rh complex is further tested by adding extra PPh3
ligand in the reaction (Entry 5). The presence of extra PPh3 slows the reaction down
requiring higher reaction temperature, but increases selectivity toward dienes. The
similar selectivity of myrcene hydrogenation is achieved by simply changing sol-
vent from cyclohexane to benzene even at the lower reaction temperature of 80°C.
The reaction only produces a trace amount of double or full hydrogenation prod-
ucts. However, the selectivity among different dienes (Entries 4–7) is still poor.

The first hydrogenation of myrcene, a triene, takes place at the conjugated diene
group instead of the isolated and hindered alkene group. The 1,2-addition of conju-
gated diene produces either compound 4 or compound 5. The 1,4-addition of
conjugated diene involving Pd-allyl intermediates produce compounds 6 and 7, the

Figure 8.
Selectivity plots for MgO-supported rhodium dimers in the absence (A) and in the presence (B) of CO ligands in
the hydrogenation of 1,3-butadiene (filled circle: 1-butene, open diamond: trans-2-butene, blue square: cis-2-
butene, red triangle: butane). (Reactions condition: 2 vol % 1,3-butadiene, balanced with H2, total
pressure = 1 bar, room temp) Reproduced from [23] with permission from the American Chemical Society.

Figure 9.
Reactant (1) and potential products (2–7) for myrcene hydrogenation. Products 4–7 are dienes. Reproduced
from [24] with permission from the Sciencedirect.
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E-Z isomers. Based on the results in Table 5, the major diene products are com-
pound 5 and 6. This is due to the higher reactivity of terminal alkene in myrcene,
which undergoes the coordination of the primary alkene group followed by the
hydrogen addition. These isolated diene products 4–7 are further hydrogenated to
monoene 3 with the addition of hydrogen to less sterically hindered alkene. When
the reaction is continued, the yield for full hydrogenation product 2 constantly
increases. Since there are several pathways for the hydrogenation of myrcene and
the reactions generate many different mono- and di-hydrogenation products, this
reaction is extremely difficult to control and hard to predict with regarding the
overall selectivity. However, there are some correlations between the yields of
products and the kinetics/thermodynamics of intermediates and products. For
example, the kinetic reactivity among diene products should follow the ensuing
order: 4 > 5 > 6 > 7.

For the hydrogenation of myrcene by sol–gel Pd/SiO2 catalyst, the selectivity for
dienes is higher than that of the metal complex catalyst [25]. Robles-Dutenhefner
et al. used three different temperatures for the reactions, the catalysis results show

Run Catalyst Time (min)a T (°C) S (%)b Product distribution (%)

2 3 4 5 6 7

1 [RuCl2(CO)2(PPh3)2] 110 100 83 1 16 7 32 9 35

2 [Cr(CO)6] 45 100 74 4 22 8 26 29 11

3 [IrCl(CO)(PPh3)2] 15 100 76 4 20 8 22 33 13

4 [RhH(CO)(PPh3)3] 5 100 87 4 9 13 24 34 16

5 [RhH(CO)(PPh3)3]
c 24 140 96 tr. 4 14 31 26 25

6 [RhH(CO)(PPh3)3]
d 60 80 98 tr. 2 15 27 34 22

aReaction time necessary for ca. 80% conversion.
bSelectivity for monohydrogenated products 4–7 at ca. 80% conversion.
cPPh3 was added (0.17 mmol).
dBenzene was used as a solvent.
Data reproduced from Ref [24].

Table 5.
The catalytic reaction of metal ion catalyst with myrcene, compound 1, under 20 atm H2 and cyclohexane
solvent.

Run Catalyst (wt. %) T

(°C)

Time

(min)

Conv.

(%)

S

(%)a
Product distribution (%)

2 3 4 5 6 + 7

1 1% Pd/SiO2/300
°C (0.5) 80 15 100 0 100

4 1% Pd/SiO2/1100
°C (0.5) 80 15 75 100 20 18 62

60 96 94 1 5 16 16 62

5 1% Pd/SiO2/1100
°C (0.5) 100 15 80 99 1 18 15 66

6 1% Pd/SiO2/1100
°C (2.5) 80 15 75 98 1 1 18 15 65

8 3% Pd/SiO2/1100
°C (0.5) 80 60 96 97 1 2 20 15 62

aSelectivity for monohydrogenated products 4–7.
Data reproduced from Ref [25].

Table 6.
Hydrogenation of myrcene catalyzed by Pd/SiO2 in cyclohexane under 20 atm H2.
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that the reaction temperature would greatly affect the reactivity of the Pd/SiO2

catalysts. BET surface area analysis shows the change in synthesis temperature that
would cause some variations in the pore size of the catalyst. Since the pore is created
by the presence of organic solvent during the synthesis process, the high tempera-
ture at or above 300°C would generate the largest pore size due to increased gas
pressure. However, unstable gaseous environment at higher temperature of
1100°C causes the collapse in its pore resulting in the decreased surface area and
pore size.

The catalysis results for myrcene hydrogenation in Table 6 show that the selec-
tivity toward dienes by mono-hydrogenation is higher than 90%. The Pd/SiO2

catalyst with a larger pore created at 300°C converts the reactant to saturated
organic compound without forming any alkene. Due to the higher surface energy of
this catalyst with a large pore, the substrates are readily adsorbed on the catalyst
surface and undergo full hydrogenation. For the Pd/SiO2 heated at 1100°C, the
lower surface energy of the catalyst makes the activity to be decreased. The hydro-
genation of isolated alkene would become unfavorable and the high selectivity to
form dienes from myrcene is observed for this Pd/SiO2 heated at 1100°C. The ratio
of the E/Z isomer (compound 6 and 7) is 0.176.

3. Semi-heterogeneous nanoscale catalysts

3.1 Semi-heterogeneous colloidal nanoparticles in ionic liquids

Colloidal nanoparticle catalysts are considered semi-heterogeneous due to their
homogeneous characteristics (kinetic efficiency) accompanied by their heteroge-
neous surface property. Semi-heterogeneous catalyst can be benefited from the
advantages that both homogenous and heterogeneous catalysts have. Nanoparticle
catalysts can have a higher catalytic activity than their bulk and heterogeneous
counterparts, especially with nano-effects of high surface area to volume ratio.
They can also be easily separated from the products and recycled similar to other
heterogeneous catalytic systems.

Semi-heterogeneous nanoparticle catalysts used for the hydrogenation of dienes
show the relatively good selectivity and reactivity even compared to the traditional
homogeneous catalysts. Ionic liquid-stabilized Pd nanoparticle catalyst shown in
Figure 10 is one of those examples used for diene hydrogenation [26]. The thin film
of ionic liquid with the hydrophobic anion PF6

� on the Pd nanoparticle surface
(Pd/sgPF6) enhances the solubility in methylene chloride and the selectivity of the
catalyst. The ionic liquid on the surface acts like a cage to control which substrate
would pass through the liquid ion film and reach the particle surface for catalytic
reaction. The liquid ion film on catalyst creates the non-equilibrium environment,
so that the rate determining step could easily be observed.

Several conjugated and isolated diene compounds are tested for the catalytic
hydrogenation using Pd/sgPF6, the hydrophobic ionic liquid nanoparticle catalyst
(Table 7). The results show that the conjugated cyclodienes (Entries 1 and 3) are
much more reactive than the isolated cyclodienes (Entries 2 and 4). The catalytic
reactions of cyclohexa-1,3-diene 8 and cycloocta-1,3-diene 13 produce mono-
hydrogenation products almost quantitatively. Once the monoene is formed, the
further hydrogenation does not take place due to the weaker adsorption of
monoenes on Pd nanoparticle surface. The adsorption of dienes on Pd nanoparticle
surface by two π bonds coordination is much more preferred because Pd atom is
electron deficient. In addition, the mono-hydrogenation products have lower
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solubility in ionic liquid than diene reactants, which readily transfer through the
liquid ion film. This makes monoene to be evicted out from the ionic liquid
inhibiting the second hydrogenation. For isolated cyclohexa-1,4-diene 12 and
cycloocta-1,5-diene 16, the reactivity and selectivity to generate monoene are sim-
ilar, but the overall conversion yields are extremely low. The low reactivity of
monoene compounds is confirmed from the catalytic reactions of cyclohexene
(Entry 5) and cyclooctene (Entry 6). Both substrates are unreactive for hydrogena-
tion condition. The reaction of unsymmetrical cyclohexa-1,3-diene 17 (Entry 7)
results in high conversion yields for mono-hydrogenation products with a prefer-
ence for the hydrogenation of less hindered alkene group. Due to the steric hin-
drance of methyl and isopropyl groups, the 1,4-hydrogenation product is not
formed. For the lager-conjugated dienes, the catalytic reactivity decreases with
increased steric hindrance of alkyl substituent groups (Entries 9–11). However, the
opposite trend for selectivity toward internal alkene is observed. As the number of
alkyl substituents around C=C bonds increases, the yield for thermodynamic 1,4-
hydrogenation product also increases. Moreover, the deuterium gas studies also
show the actual mechanism for the cyclohexa-1,3-diene hydrogenation by ionic
liquid catalyst. The conversion from cyclohexa-1,3-diene to cyclohexene is mainly
through the 1,2-hydrogenation reaction with 92% selectivity and the ratio of 1,2-
addition/1,4-addition around 1.7.

3.2 Semi-heterogeneous dendrimer-encapsulated metal nanoparticles

The catalytic property of polypropylenimine (PPI)-Pd nanoparticle hybrids is
examined by the hydrogenation of isoprene substrate (Table 8) [27]. The reaction
generates 2-methyl-2-butene (1,4-addition product) as the major product and 3-
methyl-1-butene and 2-methyl-1-butene (1,2-addition products) as the minor
products. The selectivity of the catalytic reaction is dependent upon the pressure of
applied hydrogen gas and the ratio of substrate and catalyst. Higher hydrogen
pressure and low substrate/catalyst ratio would result in decreased selectivity for
monohydrogenation product. PPI dendrimer would enhance the catalytic selectivity
to form monoene because it would limit the adsorption of the primary monoene

Figure 10.
Synthesis of ionic liquid hybride palladium nanoparticle by sputtering-deposition. Reproduced from [26] with
permission from the American Chemical Society.
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product on the Pd surface and minimize the further hydrogenation to
2-methylbutane.

Other possible reasons for the high selectivity toward 1,4-addition product are
also proposed. First, the initially produced 1,2-addition products could be isomer-
ized to 1,4-addition product due to the higher stability of 2-methyl-2-butene.
Second, the methyl group on isoprene would affect the stability of π-allyl inter-
mediate (Figure 11) [6]. The intermediate A would generate two different prod-
ucts, 3-methyl-1-butene or 2-methyl-2-butene. In regards to the steric effect of
intermediate A at C2 and C4, C4 has less substituted groups around C=C com-
pared to C2. Therefore, it is easier for the second hydrogen to add on C4, and
increase the yield of 2-methyl-2-butene. For the intermediate B, it is also easier for
hydrogen atom to transfer to C1 since C3 is relatively more hindered than C1,
which results mostly in 2-methyl-2-butene. The steric hindrance also directly
influences the relative yield of 3-methyl-1-butene (higher) compared to that of 2-
methyl-1-butene (lower).

Entry Diene TOF (Conv.)a Products (Selectivity/%)

1
8

3.0 (>99)
9 (97) 10 (2) 11 (1)

2
12

0.1 (<2)
9 (>99) 11 (<1)

3
13

13.0 (>99)
14 (>99) 15 (<1)

4
16

0.3 (<4)
14 (>99) 15 (<1)

5
9

�(<1) —

6
14

�(<1) —

7

17

6.2 (>99)

18 (67) 19 (33)

9 20 11.6 (>99) 21 (36) 22 (54)
23 (10)

10
24

3.7 (>99)
25(18) 26 (7) 27 (75)

11
28

0.7 (>99)
29 (19) 30 (81)

Conversion determined by GC.
aTOF = mol substrate converted/(mol Pd surface ∙ s).
Data reproduced from [26].

Table 7.
Selective hydrogenation of dienes by Pd/sgPF6 catalyst under optimized conditions (Reaction condition: Pd/
sgPF6 catalyst (0.1 μmol Pd), substrate/Pd = 5000, 10 mL of CH2Cl2, 4 bar H2, 40

°C and 250 rpm).
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Ornelas et al. also studied the semi-heterogeneous catalysis by using dendrimer-
passivated palladium nanoparticle as a catalyst for the hydrogenation of dienes [28].
They synthesized the 1,2,3-triazole heterocycles-capped palladium nanoparticle
catalyst that exhibits the higher reactivity to diene hydrogenation compared to the

Figure 11.
Reduction pathway for isoprene to form monoene product. Reproduced from [6] with permission from the
American Chemical Society.

Entry

Product distribution

P,

MPa

t, h Sub/

Pda

Conv.,

%

Selec. on

alkene, %

1 1 1 3680 100 96 16.5 22 58 4

2 3 1 3680 100 95 17.5 23.5 53 5

3 1 0.25 3680 100 95.5 20 26 51 4.5

4 1 0.25 7360 91.5 99 9 64.5 25.5 1

5 3 0.25 7360 100 91 16.5 24 50.5 9

6 3 0.25 14,720 100 93.5 20.5 25 48 6.5

7 3 0.25 22,080 100 94 22 24.5 47.5 6

8 3 0.25 66,240 83 98.5 19 30 49 2

aMol/mol ratio.
Data reproduced from [27].

Table 8.
The catalytic reactions of isoprene with Pd nanoparticle composite in 2 mL toluene at 70°C and under
3 MPa H2.
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PAMAM dendrimer-encapsulated Pd nanoparticle catalyst. Depending on the gen-
eration of the triazole dendrimer, the catalyst could develop into different mor-
phologies that control the activity and selectivity. When the G0 dendrimers
are used, the interdendrimer-stabilized palladium nanoparticle (DSN) is formed
(Figure 12). For the higher generation dendrimers, the intradendrimer-
encapsulated palladium nanoparticle (DEN) is produced. Due to the smaller size of
the G0 dendrimer, the Pd nanoparticle cannot be encapsulated by dendrimer and
needs to be stabilized by several G0 dendrimer. This makes the overall size of DSN
relatively larger than the other higher generation dendrimer-capped catalysts.

When the higher generation dendrimer is used, the large size of dendrimer
allows enough Pd ions to be encapsulated in the interior of dendrimer and the
following reduction generates dendrimer-encapsulated Pd nanoparticles. Unlike
PAMAM-stabilized metal nanoparticle, 1,2,3-triazoleferrocenyl dendrimer-
stabilized Pd nanoparticle would have higher stability during the catalyst reaction
[28]. The nature of the reducing agent and the generation of dendrimer are found to
have noticeable influence on the reactivity and stability of each catalyst. DEN-G1

reduced by methanol has the best reactivity for the mono-hydrogenation of diene,
which indicates that the smaller size of the Pd nanoparticle increases the reactivity.
Moreover, the unique structure of 1,2,3-triazoleferrocenyl dendrimer is also found
to be the another reason for catalyst to have higher reactivity. Table 9 shows DEN-
G1 has higher reactivity to small dienes for mono-hydrogenation. However, the
catalytic reactions of large dienes with steric bulkiness are slightly slower. Hydro-
genation of trienes mostly results in the formation of monoene compounds indicat-
ing the high activity of diene intermediate after mono-hydrogenation. More
substituted dienes tend to have a lower catalytic reactivity. Moreover, the isomeri-
zation of terminal monoenes and the trace amount of the 1,4-hydrogenation prod-
uct from highly substituted dienes are also observed in the reaction.

3.3 Well-defined small organic ligand-capped palladium nanoparticles
as semi-heterogeneous catalysts

Many ligand-passivated nanoparticles have been used as semi-heterogeneous
catalysts. Since the surface ligands that stabilize nanoparticles from aggregation can
have either hydrophobic or hydrophilic property, they can be soluble in various
solvents including organic and aqueous solutions. Shon group has developed the
thiosulfate protocol using alkanethiosulfate as a ligand precursor to passivate and

Figure 12.
(a) Generation 1, dsn, and (b) generation 1, den, Pd nanoparticle encapsulated by PAMAM. Reproduced
from [28] with permission from the Royal Society of Chemistry.
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stabilize the catalytically active palladium nanoparticle surface [29–33]. The hydro-
phobic alkanethiolate ligand gives the nanoparticle high solubility in nonpolar
organic solvent. Since alkanethiosulfate offers slower passivation activity, the sur-
face ligand density of alkanethiolate on Pd nanoparticles can be controlled. There-
fore, the alkanethiolate-capped Pd nanoparticles generated from alkylthiosulfate
exhibit good catalytic activity and selectivity toward various organic reactions
including isomerization and hydrogenation. Hexanethiolate- and dodecanethiolate-
capped Pd nanoparticles show unique catalytic properties for the reaction of allyl
alcohol under the atmospheric pressure of hydrogen gas at room temperature
[30, 31]. Allyl alcohol can undergo either hydrogenation to 1-propanol or isomeri-
zation to propanal.

Octanethiolate-capped Pd nanoparticle (C8 PdNP) with average core size of
�2.3 nm is synthesized and its composition and structure are confirmed by various
instruments. Alkanethiolate-capped Pd nanoparticles are investigated for the cata-
lytic reaction of 1,4-pentadiene [32]. The mechanistic studies show that mono-
hydrogenation of isolated dienes would take place on one of the terminal C=C bond
(Figure 13). The di-σ-bonded Pd intermediate A would form after the di-π-bond
adsorption on Pd, which leads to the mono-hydrogenation and the formation of
1-pentene. The further isomerization via mono-σ-bonded Pd intermediate
converts 1-pentene to the isomerized product, 2-pentene.

Figure 13.
The proposed mechanism (from A to E) for 1,4-pentadiene catalytic reaction under H2 environment.
Reproduced from [32] with permission from the Royal Society of Chemistry.

Substrate Product (yield) TOFa

(78%)

810

(22%)

230

(100%)
1150

(100%)

530

aTOF were determined by the yield of formation and final product.
Data reproduced from [28].

Table 9.
Hydrogenation of olefins catalyzed by methanol reduced DEN-G1 (Reaction condition: 25°C, 1 atm H2, and
substrate/Pd ratio is 1000 in mixed solvent CHCl3/MeOH = 2).
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The C8 PdNP is used as the catalyst for the hydrogenation of various conjugated
diene and triene substrates as shown in Table 10 [33]. The catalytic reactions of
conjugated dienes with different substitution patterns around C=C bonds produce
almost exclusively the mono-hydrogenation products (Table 10, Entries 1–5). In
addition, the hydrogenation of trienes (Entries 6 and 7) also results in the high
yields of isolated dienes, the mono-hydrogenation products. This reactivity con-
firms the important role of alkanethiolate ligands on controlling the activity of Pd
catalyst surface. With its surface passivated by organic ligands, nanoparticle could
maintain a good stability, so that it could avoid aggregation and keep the large
surface area intact. The surface ligand could block the more active site (terrace
surface) for hydrogenation and promotes selective hydrogenation of dienes. The
analysis of final monoene compositions showed that the major product is the 1,4-
addition product and the minor product is the 1,2-addition product. The kinetic
study of diene to monoene proved that the high selectivity for the 1,4-addition
product is the result of both initial 1,4-addition reaction and the subsequent isom-
erization of terminal alkene, the 1,2-addition product, into internal alkene.

After the first hour of reaction, the conversion of diene in entry 1 reaches over
50% with the ratio of 1,4-/1,2-addition products at 3.43. The consumption of reac-
tant is almost complete after 5 h reaction with the ratio of 1,4-/1,2-addition products
at 4.90. The yield of the 1,4-addition product is continuously increasing after 5 h
reaction with the ratio of 1,4-/1,2-addition products increasing to 10.30 at the 24 h
reaction. This clearly indicated that the isomerization of the terminal alkene to the
internal alkene is the reason for the high selectivity of 1,4-addition product. The
selectivity between the 1,4- and 1,2-addition products are also summarized for
other diene and triene substrates as shown in Table 10. C8 PdNP clearly showed
high selectivity for the 1,4-addition product, the thermodynamically more stable
product. C8 PdNP clearly exhibits excellent selectivity to form internal alkene, the
mono-hydrogenation and 1,4-addition product, compared to other reported cata-
lytic systems. Not only the conversion yields and selectivity are superior but also
the reaction condition (room temperature and atmospheric pressure) is much

Entry Substrate Reaction condition Major product (%)

1 C8 PdNP

24 h (91% 1,4-) + (9% 1,2-)

2 C8 PdNP

24 h
(93% 1,4-) + (7% 1,2-)

3 C8 PdNP

24 h
(92% 1,4-) + (8% 1,2-)

4 C8 PdNP

24 h
(90% 1,4-) + (7% 1,2-)

5 C8 PdNP

24 h
(90% 1,4-) + (5% 1,2-)

6 C8 PdNP

24 h (59% 1,4-) + (41% 1,2-)

7 C8 PdNP

24 h (69% 1,4-) + (23% 1,2-)

Data reproduced from [29].

Table 10.
Catalysis results of various dienes and trienes with 5 mol% of octanethiolate-capped Pd nanoparticle in CDCl3
at 1 atm H2 after 24 h.
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friendlier than other homogenous and heterogeneous catalysts tested for diene
hydrogenation.

4. Conclusions

This chapter reviewed the use of various catalysts including metal complexes,
supported metals and metal nanoparticles, colloidal nanoparticles for
selective hydrogenation of polyunsaturated olefins, mostly dienes and
trienes. Selective hydrogenation of polyenes has been considered as an important
process in many chemical and pharmaceutical industries. By controlling chemical
environments around active catalytic sites using organic ligands, inorganic dopants,
ionic liquids, dendrimers, secondary metals, etc., the catalytic activity and selectiv-
ity of various catalysts for partial hydrogenation of polyenes could be improved.
Especially, nanocatalyzed selective hydrogenation represents a rapidly growing
field, but there is still much work to be done to generate industrially viable
nanocatalysts that can be operated under many catalytic cycles with acceptable
integrity. In addition, more in-depth understanding of critical structure–function
relationships should be obtained for the development of optimized nanocatalysts
with high chemoselectivity and stereoselectivity.
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