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4. Preparation of dihydrogen complexes - HBF4 
reversibly protonates [IrH5(PCy3)2] to give [IrH2(η2 
H2)2(PCy3)2]BF4.

  

Ir

PCy3

H

H

H

PCy3

H

H

Ir

PCy3

PCy3

H

H

H
H
H

H

HBF4 BF4

   

Problems

1. Suggest the product(s) formed from the following 
reactions.

 (i) [(η5-C5Me5)ZrHCl] + HC≡CH →

 (ii) [(η5-C5Me5)WH(CO)3] + HBF4 →

 (iii) [Fe(CO)5] + KOH →

 (iv) [RhEt(CO)3] → (heat) 

 (v) [Co2(CO)8] + H2 → 

 (vi) [(η5-Cp)Co(PMe3)2] + HBF4 →

2. [(PhCH2CH2)Pt(OCH2CH3)(dppe)] gives an alkane 
(A), alkene (B), alcohol (C) and aldehyde (D) when 
it is heated in toluene at 100 oC. Identify (A), (B), 
(C) and (D). dppe = Ph2PCH2CH2PPh2 is a bidentate 
ligand. 
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 Hydrogenation of olefins is one of the simplest 
reactions, where two hydrogen atoms add across a 
carbon-carbon double bond to give an alkane. 
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The ease of this reaction decreases with the increasing 
steric hindrance at the olefin as shown below.
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Heterogeneous hydrogenation catalysts 

 They are present in a phase different from that 
of the reactants. Here, the reaction takes place at the 
surface of an insoluble solid catalyst. Some examples 
are 1% platinum on activated carbon or alumina, 5% 
ruthenium on activated carbon, and Raney nickel. When 
homogeneous catalysts are chemically attached to a solid 
surface, they are called heterogenized homogeneous 
catalysts.

Homogeneous hydrogenation catalysts 

 The activity of homogeneous catalysts can be adjusted 

by changing the type and size of the ligands around 
the metal. Some simple homogeneous hydrogenation 
catalysts or precursors include: [M2(cod)2Cl2] (M 
= Rh, Ir), [Ir(cod)(pyridine)(PPh3)]PF6, [RhClL3], 
[RuHClL3] and [RhH(CO)L3], where L = PPh3 and cod 
= cyclooctadiene. 

 Asymmetric hydrogenation can be achieved by 
using chiral ligands such as DIOP, binaphthyl (BINAP), 
ferrocenyl (PPFA), phosphinooxazoline (PHOX) 
ligands etc. Some commercial processes of asymmetric 
hydrogenation are the synthesis of (i) L-Dopa (dihydroxy 
phenylalanine), used in the treatment of Parkinson’s 
disease; (ii) the pain reliever Naproxen; (iii) N-acetyl L 
phenylalanine, the synthetic precursor to the sweetener 
aspartame etc. 

Sources of hydrogen

 Hydrogenation is one of the most extensively studied 
reactions using homogeneous catalysts. Dihydrogen 
(H2), BH4

-, HX and HCO2H are the sources of hydrogen. 
Here, we will consider reduction reactions of olefins with 
dihydrogen in the presence of a suitable catalyst. 

 Dihydrogen can be activated via three methods. They 
are, (i) oxidative addition (ii) heterolytic activation & 
(iii) homolytic activation. General reactions for these 
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methods (i), (ii) and (iii) are given below. You should 
be able to determine the change in oxidation state of M; 
B is an external base and X is an internal monoanionic 
ligand. 

(i)   LnM  +  H2 LnM H

H

(ii)  (a)  LnM  +  H2  +  B LnM H  +  HB+

(b) LnM X  +  H2 LnM H  +  HX

(iii)  2 [LnM]  +  H2   2 [LnMH]
 

 In ii(b), the heterolytic activation of H2 occurs 
in a single step without oxidising the metal. One can 
argue that this process involves oxidative addition of H2 
followed by the reductive elimination of HX.

Hydrogenation via oxidative addition

 Hydrogenation of an olefin using the well-known 
‘Wilkinson's catalyst’ [RhCl(PPh3)3] proceeds via this 
route as shown in scheme 1. (L = PPh3)
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Scheme 1 A possible mechanism for the hydrogenation 
of ethene by [RhCl(PPh3)3]. Note that other mechanisms/
pathways exist.

 It is believed that the initial cis addition of H2 to 
the Rh(I) centre (step-a) gives the Rh(III)-dihydride 
(2). Dissociation of PPh3 and coordination of ethene 
(step b) gives (3). Insertion of ethene (step c) gives the 
alkyl derivative (4). Irreversible reductive elimination of 
ethane and coordination of PPh3 (step-d) regenerates the 
catalyst (1).

Generation of other intermediates such as [RhCl(PPh3)2], 
the dimer [Rh(μ-Cl)(PPh3)2]2 and [RhH2Cl(PPh3)2] are 
also possible as shown below. 
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Hydrogenation via heterolytic activation

 It is found that [RuCl2(PPh3)3] (5) activates H2 
heterolytically as shown below.

[RuCl2(PPh3)3]
H2 RuCl(PPh3)3Cl

H H

-HCl

[RuHCl(PPh3)3]

(5)

(6)
 

 (5) is a coordinatively unsaturated complex; H2 
coordination to (5) and the cleavage of H-H bond takes 
place rapidly to give the monohydride, [RuHCl(PPh3)3] 
(6). During this process, the oxidation state of Ru does 
not change and remains as +2. 

 The active catalyst (6) is also a coordinatively 
unsaturated complex and it catalyzes the hydrogenation of 
olefin as shown in scheme 2. The square (□) corresponds 
to a vacant site or a weakly coordinated solvent molecule.
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Scheme 2 A possible mechanism for the hydrogenation 
of ethene by [RuHCl(PPh3)3]. 
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 An atom consists of a very small (about 10–10 m 
in radius), dense and positively charged nucleus and 
negatively charged electrons. The nucleus consists of 
protons (p) and neutrons (n); these two particles are 
collectively known as nucleons. An element (X) with 
the atomic number (Z) and the mass number (A) is 
represented as  XA

Z , e.g. uranium-238 =  238U =  U238
92 . 

 Chemical reactions occur by transferring electrons 
between atoms, ions or molecules. Some unstable 
nuclei radiate energy and/or small particles to form 
a new element(s); these are called nuclear reactions. 
During these reactions A and/or Z of an element may 
change. Emission of particles is a nuclear property and 
it is not affected by the physical state of the element, 
its chemical composition, temperature or pressure of 
the system. Henry Becquerel noticed this phenomenon 
of spontaneous disintegration and named it as 

radioactivity.

 Radioisotopes or radionuclides are the unstable 
nuclei (mainly with Z > 83) which emit radiation and 
undergo spontaneous decay or disintegration. The three 
main types of radiation are α, β and γ. Charge and mass 
of particles are given below. 

Name and Symbol Charge Mass (amu)

α (Alpha) ( He4
2 ) +2 4.0015

β (Beta) ( e0
-1 ) -1 0.00055

Neutron ( n1
0 ) 0 1.0089  

Proton ( p1
1  or H1

1  ) +1 1.0074  

Deuterium ( H2
1 ) +1 2.014

Positron ( e0
1 ) +1 0.00055

γ (Gamma)                                                     0 -

 The first step involves coordination of ethene to the 
vacant site of the catalyst (6) to give the alkene-complex 
(7). Migratory insertion of ethene gives the ethyl-complex 
[RuCl(Et)(PPh3)3] (8). Coordination of H2 gives the η2-
H2 complex (9). This complex undergoes a heterolytic 
cleavage of H2, eliminating ethane and regenerating the 
active catalyst (6). 

Hydrogenation via homolytic activation

The 17e Co(II)-complex [Co(CN)5]
3- activates 

dihydrogen homolytically to give the Co(III) complex 
[CoH(CN)5]

3-.

2 [Co(CN)5]��� +  H2          2 [HCo(CN)5]��  

 This 18e-complex [CoH(CN)5]
3- does not have 

a vacant site. However, it can transfer a hydrogen 
atom (H•) to an activated olefin, cinnamate (trans 
PhCH=CHCO2

-), giving a moderately stable benzyl 
radical, Ph•CHCH2CO2

- which abstracts another 
hydrogen radical (H•) to give 3 phenyl propionate ion, 
PhCH2CH2CO2

-.

2 [HCo(CN)5]��� +   trans-PhCH=CHCO2
��

     
    2 [Co(CN)5]���������PhCH2CH2CO2

�

 

Problems

1. The catalyst [MCl(PR3)3] reacts with H2 to give 
the octahedral M(III) dihydride (A). Replacement 
of PR3 by MeCH=CH2 in (A) gives the olefin-
complex (B). In the presence of PR3, (B) undergoes 
migratory insertion to give the octahedral alkyl-
complex (C). (C) reductively eliminates the alkane 
(D) to regenerate the catalyst [MCl(PR3)3]. Write the 
molecular formulae of (A), (B), (C) and (D).      

2. The active catalyst [RuHBr(PPh3)3] coordinates 
with MeCH=CH2 to give the olefin-complex (P). 
(P) undergoes migratory insertion to give the 
alkyl-complex (Q). (Q) reacts with H2 to give the 
dihydrogen- complex (R) which eliminates (S) to 
regenerate [RuHBr(PPh3)3]. Identify (P), (Q), (R) 
and (S).                               


