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Can Main Group Systems Act as Superior Catalysts 

for Dihydrogen Generation Reactions? A 

Computational Investigation 

Nishamol Kuriakose, and Kumar Vanka*  

The protolytic cleavage of the O-H bond in water and alcohols is a very important reaction, 

and an important source for producing dihydrogen. Full quantum chemical studies with density 

functional theory (DFT) reveal that germanium based complexes, such as HC{CMeArB}2GeH 

(Ar = 2,6-iPr2C6H3), with the assistance of silicon based compounds such as SiF3H, can 

perform significantly better than the existing state-of-the-art post-transition metal based system 

for catalyzing the dihydrogen generation from water and alcohols through the protolysis 

reaction. 

 

 

Introduction  

The replacement of existing fossil fuels with an efficient 

alternative energy resource is essential to meet growing energy 

demands. A promising candidate for this purpose is dihydrogen, 

a fuel which is known to have the highest energy density per 

unit of mass compared to the other known fuels. Furthermore, 

dihydrogen is also non-toxic and green. Therefore, many 

attempts have been made through important chemical reactions 

such as the steam reforming processes,1 the water gas shift 

reaction2-4 (WGSR), as well as through the biomass conversion 

of hydrocarbons5, 6 and alcohols7-11 to improve dihydrogen 

production. However, the handling of hydrogen fuel for 

practical applications is still difficult, since it requires better 

storage and transport facilities. Therefore, there is considerable 

interest in the possibility of the chemical storage of hydrogen. 

Significant efforts have been made in this area, including the 

dehydrogenation of ammonia borane,12-16  alcohols8, 9, 11 and 

formic acid,17-19 the protolysis of organosilanes20-26 with water 

or alcohols and the use of organic heterocycles27, 28 as storage 

materials. This approach has traditionally involved the use of 

transition metal based catalyst systems for the necessary small 

molecule activation. 

 However, recent studies have focused on the replacement of 

transition metal based catalysts with compounds belonging to 

the main group, which are often observed to be less toxic and 

cheaper than transition metal complexes. In this regard, some of 

the important developments include frustrated lewis acid-base 

pairs,29, 30 molecular cages,31, 32 carbenes33 and their higher 

analogues.34-41 An important class of compounds in this 

category are the Group 14 compounds. The alkyne and the 

alkene analogues of Group 14 compounds show reactivity 

towards small molecules,40, 42 via the activation of C-C, C=C, 

C=N and N=N bonds, and play an important role in various 

metathesis processes. The synthetic difficulty involved in 

making these compounds has been resolved either by the use of 

sterically encumbered ligands,43, 44 or by the formation of 

donor-acceptor complexes with BH3 or metal carbonyl 

complexes.45-49 Low-valent Group 14 hydrides, in particular, 

have been shown to be significant in small molecule 

activation.44, 50-54 The monomeric terminal hydrides LMH [M = 

Ge or Sn, L = CH{N(Ar)(CMe)}2, Ar = 2, 6-iPr2C6H3] (GeH-1) 

activate small molecules such as CO2, ketones, alkenes, as well 

as azo and diazo compounds.55-59 Here, the reaction gives the 

corresponding formate, alkoxide, vinyl and hydrazone 

derivative of the Ge(II) hydride, denoted as GeH-1 in Figure 1 

below. 

 
Figure 1. The Ge (II) hydrides, GeH-1 and GeH-2. 

 

 It is important to note, though, that computational 

investigations by Sakaki and co-workers53 have shown that, due 

to the presence of a strong Ge-O bond in alkoxide and formate 

intermediates, a complete catalytic cycle is not possible with 
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GeH-1 through the oxidative addition of the H2 molecule, as is 

the case with transition metal complexes. A solution to this 

problem has been obtained through the use of the 

hydrosilylation process using silanes,53 a process that 

regenerates the Ge-H species, thereby completing the catalytic 

cycle. In place of silanes, HBpin has also been employed54 

along with germanium (II) and tin (II) hydride compounds to 

convert carbonyl compounds to their hydroborated analogues, 

with efficiencies rivalling the most active catalysts presently 

available for such reactions.  

 However, a catalytic cycle has not yet been reported for 

dihydrogen generation by the protolytic cleavage of O-H bond 

in water or alcohols using Ge (II) hydride compounds. Most of 

the reported catalytic cycles for this reaction involve transition 

metal based systems, employing precious metals such as 

rhodium, rhenium, platinum and gold.21-23, 60-65 Recently, Parkin 

and co-workers have reported a catalytic cycle with the zinc 

hydride catalyst: [Tris(2-pyridylthio)methyl]zinc hydride ([κ3-

Tptm]ZnH) for the hydrolysis and alcoholysis of 

phenylsilanes.26 A computational study by Sakaki and co-

workers on [κ3-Tptm]ZnH has shown that various hydrosilanes 

can be effective in this reaction, since the reaction requires a 

small activation energy.66 Experimental and theoretical 

calculations by Shubina and co-workers have shown that the 

proton-transfer and H2-elimination reactions in the presence of 

alcohols can also be performed by main group Group 13 

hydrides.67, 68 They have also provided a detailed mechanistic 

investigation on the reaction process.  

 The focus of the current work is to computationally explore 

the possibility of main group systems, specifically Ge (II) 

hydrides, catalyzing the protolytic cleavage of the O-H bond in 

water and alcohols, followed by the reaction with hydrosilanes, 

leading to the formation of dihydrogen and completing the 

catalytic cycle. Employing a full quantum chemical approach 

with density functional theory (DFT), we have proposed a new 

Ge (II) hydride compound (GeH-2) (shown in Figure 1), which 

is a modification of GeH-1, that can cleave the O-H bond in 

water, methanol and ethanol efficiently to provide dihydrogen. 

We have proposed the regeneration of GeH-2 with the 

assistance of the hydrosilane, SiF3H. Our aim is to explore the 

potential of Ge (II) hydrides in important catalytic processes, by 

employing a theoretical, predictive approach – showing how 

modifications to existing Ge (II) hydrides can lead to 

significant improvement in activity. It is expected that such an 

approach will provide insight for both experimental and 

computational groups working in the area of developing new 

main group catalysts for dihydrogen generation and other 

reactions, like the work of Sakaki and coworkers.53 As will be 

demonstrated in the Results and Discussion Section, the 

proposed Ge (II) hydride compound would not only be 

considerably more efficient than GeH-1, it would rival and, 

indeed, be an improvement on the state-of-the art zinc based 

system in catalyzing the important protolytic cleavage reaction, 

for all the three substrates that have been considered.  

 

 

Computational Details 

All the calculations have been done with Turbomole 6.4,69 

using the TZVP basis set70 and the PBE functional.71, 72 

Dispersion corrections73-75 using DFT-D3 has been included in 

all the geometry optimization calculations. Solvent effects have 

been incorporated through single point calculations with 

COSMO,76 with THF (epsilon = 7.5) as the solvent. The 

resolution of identity (RI),77 along with the multipole 

accelerated resolution of identity (marij)78 approximations have 

been employed for an accurate and efficient treatment of the 

electronic Coulomb term in the DFT calculations. The values 

reported are ∆G values, with zero point energy, internal energy 

and entropic contributions included through frequency 

calculations on the optimized minima and transition state 

structures, with the temperature taken to be 298.15 K. The same 

thermodynamic treatment has been done for the free energy 

values reported in the Schemes 1-4, 6, S1 and S2. All the 

obtained transition states were confirmed to have only a single 

negative frequency corresponding to the correct normal mode. 

In addition, Intrinsic Reaction Coordinate (IRC)79 calculations 

were done with all the transition states in order to further 

confirm that they were the correct transition states, yielding the 

correct reactant and product structures. In order to obtain the 

frontier molecular orbitals of the Ge (II) hydride complexes 

shown in Figure S1 of the Supporting Information file, the 

structures of the complexes were optimized with Gaussian 09.80  

 In order to estimate the level of accuracy of our calculations 

using PBE/TZVP, we have also performed single point 

calculations with the B3LYP functional and the QZVP basis set 

for the case of the Ge (II) hydride reaction with water. The 

results show that the trend in the potential energy surface 

obatined at the PBE/TZVP level of theory is also found when 

the potential energy surface is obtained at the B3LYP/QZVP 

level of theory (see Scheme S1 of the Supporting Information 

file). Please note that the reported gas phase free energy values 

at the B3LYP/QZVP level of theory includes zero point energy, 

internal energy and entropic contributions taken from frequency 

calculations on the optimized minima and transition state 

structures obtained at the PBE/TZVP level of theory. 

Validation of this approach has been provided through full 

optimization of selected small molecules at the B3LYP/QZVP 

level and the subsequent comparison of the thermodynamic 

parameters with the PBE/TZVP level of calculations (See Table 

S1). The values in Table S1 suggest that the entropy values 

vary less than only 0.004 kcal/mol for the considered systems 

between PBE/TZVP and B3LYP/QZVP//PBE/TZVP level of 

calculations. The same procedure has been employed for the 

singlet and triplet state calculations for GeH-2 (see Figure S2). 

 It is also to be noted that quantum mechanical (QM) 

softwares employ the Sackur–Tetrode equation to estimate the 

translational entropy, which leads to overestimation, sometimes 

by more than 10.0 kcal/mol, of the calculated free energy. This 

is because the volume is calculated by assuming an ideal gas 

approximation for the system, leading to an incorrect evaluation 

of the volume term in the Sackur-Tetrode equation. Therefore, 
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the enthalpic potential energy surfaces have also been provided 

for all the cases in the Supporting Information file (see scheme 

S2-S4. The results of the enthalpy profiles and the 

corresponding free energy profiles have been compared and 

discussed in the Results and Discussion section.  

 

Results and discussion 

(A) Dihydrogen production with a reported germanium (II) 

hydride 

As discussed in the Introduction, the Ge (II) hydride compound 

HC{CMeArN}2GeH (Ar = 2,6-iPr2C6H3) (GeH-1) (see Figure 

1) has been reported to react with many substrates such as CO2, 

ketone, alkene, azo and diazo compounds.55-59 However, the 

reaction of GeH-1 with H2O and alcohols such as CH3OH and 

C2H5OH has not yet been reported. Since water and alcohols 

are an important feedstock to provide dihydrogen through 

protolysis, it is necessary to consider the dihydrogen generation 

through the protolytic cleavage of O-H bond in these molecules 

using the Ge (II) hydride. Therefore, in the current work we 

have considered the hydrogen generation from water, methanol 

and ethanol using GeH-1. As also mentioned in the 

Introduction, we will investigate the same protolysis reaction 

using a modified version of GeH-1: GeH-2 (see Figure 1). 

 The optimized geometry of GeH-1 is shown in Figure 2. 

The calculated geometrical parameters at the PBE/TZVP level 

were found to be in very good agreement with the 

experimentally reported values.55 The reaction energy profile of 

GeH-1 with one molecule of water, methanol and ethanol 

leading to the corresponding alkoxide compound and H2 

molecule is shown in Scheme 1 (A). 

 
Figure 2. The optimized geometry of the Ge (II) hydride 

HC{CMeArN}2GeH (Ar = 2,6-iPr2C6H3) (GeH-1); the 

experimental values are given inside the parenthesis. 
 
 The reaction of GeH-1 with R-OH (R=H, CH3, C2H5) was 

found to be thermodynamically favourable by 6.2 kcal/mol, 6.4 

kcal/mol and 7.3 kcal/mol respectively. However, as seen in 

Scheme 1 (A), each of the reactions requires a high barrier:  the 

energy barriers corresponding to the three reactions are 38.4 

kcal/mol, 34.2 kcal/mol and 35.0 kcal/mol respectively. 

However, it is to be noted that, as Scheme 1 (A) illustrates, the 

reaction involves a four membered transition state, GeH-1-

4MTS. Since a four membered transition state is more strained, 

a six membered transition state (GeH-1-6MTS) can be 

considered for the same reaction by having two participating 

ROH (R=H, CH3, C2H5) molecules. A similar six membered 

transition state has been reported for the Zn based catalyst with 

the water and methanol substrates by Sakaki and co-workers66. 

The free energy profile for the reaction of GeH-1 with two R-

OH (R=H, CH3, C2H5) molecules is shown in Scheme 1(B). 

The results indicate that the energy barrier decreases slightly 

for the reaction involving the six membered transition state in 

comparison to the four membered transition state pathway: the 

corresponding barriers for the reactions are 37.4 kcal/mol, 34.1 

kcal/mol, and 34.4 kcal/mol respectively. The high barriers 

obtained suggest that the reaction is not feasible at room 

temperature. Furthermore, as will be shown later, the values are 

significantly higher than those for the zinc–based system.  

   

 
 
 
Scheme 1. The free energy profile for the reaction of GeH-1 

with R-OH (R=H, CH3, C2H5). 

 As discussed in the Computational Details section, an error 

in the activation energy calculations is possible due to the 

overestimation of entropy, due to the ideal gas approximation 

made in determining the translational entropy. This will be 

large in the case of six membered TS which includes three 
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reacting species, as is the case here, with two ROH molecules 

and one GeH-1 molecule. The comparison of the free energy 

profile with the corresponding enthalpy profile (see Scheme S2 

of the Supporting Information file) gives an energy difference 

of 13.5 kcal/mol, 12.4 kcal/mol and 12.7 kcal/mol for the four 

membered TS barriers and 23.6 kcal/mol, 25.2 kcal/mol, 25.2 

kcal/mol for the six membered TS barriers, respectively, for the 

H2O, CH3OH and C2H5OH cases. However, since the entropic 

contribution is overestimated, roughly by a factor of two, the 

actual energy differences between the enthalpy and free energy 

values are likely to be about 6.8 kcal/mol, 6.2 kcal/mol and 6.4 

kcal/mol respectively for the four-membered transition state 

cases, and 11.8 kcal/mol, 12.6 kcal/mol and 12.6 kcal/mol 

respectively for the six membered transition state cases. Similar 

reduction in the differences between the enthalpy and free 

energy values can be expected for all the other profiles that 

have been calculated and discussed here. 

 However, since the reaction shows a thermodynamical 

favourability and since Ge (II) hydride systems are generally 

known to have very good reactivity towards a variety of small 

molecules, 44, 50-54,55-59 we have considered the modification of 

GeH-1 to create a system that can cleave the O-H bond 

efficiently in water and alcohols. This will be discussed in the 

next section. 

 

(B) On demand hydrogen generation by the new Ge (II) hydride, 

GeH-2, from water, methanol and ethanol 

 

Recent studies have shown that the boron based ligands are 

very good in stabilizing main group compounds. Aldridge and 

co-workers have synthesized acyclic silylene complexes 

stabilized by boryl ligands.82 Also, recently they have shown 

that boryl ligands can even stabilize Group 13 radical 

compounds.83 The unusual stability of these compounds has 

been achieved by the strong σ donating ability of the boryl 

ligands.84 Moreover, such ligands were found to help reduce the 

HOMO-LUMO gap in some of these compounds, which were 

observed to activate small molecules even under ambient 

conditions.37,82,85 Therefore, in our current study, we have 

considered the modification of GeH-1 by replacing the two 

nitrogen atoms coordinated to the germanium atom in the ring 

with two boron atoms. The optimized geometry of the predicted 

Ge (II) hydride compound HC{CMeArB}2GeH (Ar = 2,6-
iPr2C6H3) (GeH-2) is shown in Figure 3 below. Compared to 

GeH-1, the germanium atom in GeH-2 is seen to project out of 

the ring plane to a greater extent. The frontier molecular 

orbitals of GeH-1 and GeH-2 are shown in Figure S1 of the 

Supporting Information File and the natural charges obtained 

from the NBO analysis are given in Table 1. The calculations 

show that, for GeH-2, the singlet is more stable, with the 

singlet-triplet energy gap being 1.3 kcal/mol, which is 

considerably smaller than that of GeH-1, where the value 

obtained was 39.2 kcal/mol. However, subsequent single point 

calculations with B3LYP/QZVP shows the triplet ground state 

for the GeH-2 system: the gas phase free energy value obtained 

at B3LYP/QZVP//PBE/TZVP as shown in Figure S2 (a) of the 

Supporting Information file indicates that the triplet state is 

stable by 3.8 kcal/mol over the singlet. However, as will be 

discussed below when the free energy profiles of the reaction of 

GeH-2 system with water are described, it is likely that the 

reactions with the GeH-2 system will occur through the singlet 

pathway. 

 
Figure 3. The optimized geometry of the Ge (II) hydride, 

HC{CMeArB}2GeH (Ar = 2,6-iPr2C6H3) (GeH-2). 

 

Table 1. NBO charges for GeH-1 and GeH-2. 

 
GeH-1 GeH-2 

Ge 
H 
N1 
N2 

0.686 
-0.247 
-0.603 
-0.604 

Ge 
H 
B1 
B2 

0.519 
-0.163 

0.428 

0.287 

  

 We have investigated the generation of the dihydrogen 

molecule from water, methanol and ethanol through the 

protolysis reaction by singlet GeH-2. The free energy profile 

for the reaction pathway involving a six membered transition 

state (GeH-2-6MTS) is shown below in Scheme 2. The 

formation of the corresponding alkoxide and the H2 molecule 

was found to be thermodynamically favourable by 5.1 kcal/mol, 

5.7 kcal/mol and 3.8 kcal/mol respectively. The corresponding 

barriers were calculated to be 15.3 kcal/mol, 14.5 kcal/mol and 

12.5 kcal/mol respectively for water, CH3OH and C2H5OH. The 

activation barrier was found to be decreased considerably with 

respect to the pathway involving a four membered transition 

state (GeH-2-4MTS), where the corresponding barriers are 25.3 

kcal/mol, 22.5 kcal/mol and 22.1 kcal/mol respectively (see 

Scheme S5 in the Supporting Information file). This suggests 

the feasibility of employing GeH-2 over GeH-1 in the cleavage 

of the O-H bond and subsequent dihydrogen generation from 

substrates of the type R-OH. As mentioned in the previous 

section, here, too, the free energy profile shows a large energy 

variation with respect to the corresponding enthalpy profile in 

the case of 4MTS and 6MTS (see Scheme S3). The energy 

differences are 8.6 kcal/mol, 9.3 kcal/mol, 9.3 kcal/mol for the 

four membered transition state case and 20.7 kcal/mol, 22.8 

kcal/mol, 21.1 kcal/mol for the six membered transition state 

case. As done earlier, the differences are likely to be roughly 

the half of the calculated values, due to the overestimation of 

the translational entropy in the calculations. It is also to be 
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noted that the enthalpy values for the 6MTS is negative with 

respect to the free reactant species (see Scheme S3). This 

suggests the possibility of an adduct reactant complex, which 

we have not considered in the present calculations. However, 

after the inclusion of the entropy (correctly to roughly half, as 

mentioned earlier), the barriers are eventually found to be 

positive, even when compared to the starting reactant species.  

 It is to be noted that all the results reported in the previous 

paragraph consider the singlet pathway, even though, as 

mentioned earlier, the ground state of the GeH-2 system at the 

B3LYP/QZVP//PBE/TZVP level is a triplet. The reason for this 

is that the barriers for the process are significantly higher if it 

goes through a triplet pathway. We have considered the triplet 

state calculations of the barrier for both the four and six 

membered transition states, GeH-2-4MTS and GeH-2-6MTS, 

for the case of the reaction with water. As shown is Figure 

S2(b) and S2(c) of the Supporting Information file, the 

calculations at PBE/TZVP, as well as 

B3LYP/QZVP//PBE/TZVP show a higher barrier for the triplet 

transition state. The difference in the gas phase singlet and 

triplet free energy barriers for the 4M and 6M transition states 

in the case of water is 9.9 kcal/mol and 12.9 kcal/mol 

respectively at the PBE/TZVP level; and 10.2 kcal/mol and 

14.8 kcal/mol at the B3LYP/QZVP//PBE/TZVP level, thereby 

eliminating the possibility of a triplet pathway. Similar 

observations have been reported by Apeloig and co-workers for 

the intramolecular C−H bond insertion reaction involving the 

triplet silylene.86 Based on these observations, we have 

considered the reaction of singlet GeH-2 in further calculations. 

 In order to understand the difference in reactivity of GeH-2 

in comparison with GeH-1, we have analyzed the HOMO-

LUMO gap of these two systems. The HOMO-LUMO gap 

corresponding to GeH-1 and GeH-2 are 54.5 kcal/mol and 34.5 

kcal/mol respectively for the singlet state and 27.5 kcal/mol and 

15.5 kcal/mol respectively for the triplet case. As pointed out 

by Sakaki and co-workers, donation and back-donation between 

the frontier orbitals of a germanium hydride and the incoming 

substrate both play a role in bond cleavage reactions.53  Hence, 

having a small HOMO-LUMO gap (analogous to transition 

metal systems) would be particularly advantageous in such 

systems, and explains the significant improvement in the barrier 

heights when going from GeH-1 to GeH-2. It is also reported 

that lower HOMO-LUMO gap is essential for many small 

molecule activation processes, such as the activation of 

dihydrogen by silylenes.37,82,85 

 It is notable that while the HOMO-LUMO gap is 34.5 

kcal/mol in singlet GeH-2, the singlet is more stable than the 

triplet by only 1.3 kcal/mol. This is because the nature of the 

orbitals is altered considerably for GeH-2 upon going singlet to 

triplet. As shown in Figure S3 in the Supporting Information 

file, the HOMO and the LUMO in singlet GeH-2 is 

considerably different in shape in comparison to the HOMO 

and the LUMO in triplet GeH-2 (see Figure S3). 
 

 
Scheme 2. The free energy profile for the reaction of GeH-2 

with R-OH (R=H, CH3, C2H5). 
 
(C) Protolysis in ROH (R=H, CH3, C2H5) molecules: a 

comparative study of GeH-2 with an experimentally 

reported system 

 

Parkin and coworkers have experimentally shown that the zinc 

based catalyst, [Tris(2-pyridylthio)methyl]zinc hydride ([κ3-

Tptm]ZnH), is an efficient, multifunctional post-transition 

metal catalyst capable of catalyzing the rapid release of 

dihydrogen from water and methanol with the aid of the 

protolytic cleavage of phenyl silane under ambient conditions.26 

In order to understand the efficiency of the newly proposed 

compound, GeH-2, we have determined the free energy profile 

for the first step of the reaction: the protolytic cleavage of O-H 

bond in ROH molecules to yield H2 (see Scheme 3 below), by 

employing this existing, state-of-the-art post-transition metal 

based catalyst system. The reason we have focused on the first 

step is because Sakaki and coworkers have shown that the first 

step leading to the generation of H2 is the rate-determining step 

and the subsequent reaction with various silanes to complete 

the catalytic cycle required a smaller barrier.66 
 

 
Scheme 3. The reported catalytic cycle for the reaction of [κ3-

Tptm]ZnH with R-OH (R=H, CH3) and phenyl silane. 

 

 Shown in Scheme 4 is the free energy profile for the 

protolysis of ROH (R=H, CH3, C2H5) with the zinc catalyst [κ3-

Tptm]ZnH. Here, the first step involves a metathesis reaction 
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between the O-H bond of the ROH (R=H, CH3, C2H5) molecule 

and the ZnH bond of the catalyst to generate the dihydrogen 

and the zinc alkoxide. This reaction is thermodynamically 

favourable by 3.8 kcal/mol, 4.0 kcal/mol and 5.5 kcal/mol for 

water, methanol and ethanol respectively.  

 

 
Scheme 4. The free energy profile for the reaction of [κ3-

Tptm]ZnH with R-OH (R=H, CH3, C2H5). 

 The barriers corresponding to this metathesis step, involving 

a six membered transition state, are 22.1 kcal/mol, 19.2 

kcal/mol and 18.3 kcal/mol (See Scheme 4). The corresponding 

barriers for a four membered transition state are 22.5 kcal/mol, 

20.4 kcal/mol and 20.4 kcal/mol respectively (see Scheme S6 

the Supporting Information file). For the same reaction, the 

barrier heights with the proposed GeH-2 catalyst were found to 

be lower by 5.8 kcal/mol, 4.7 kcal/mol and 5.8 kcal/mol 

respectively for the water, methanol and ethanol cases (the 

more feasible six-membered transition states are compared 

here). This indicates that GeH-2 would be significantly better 

than the zinc-based complex for the on-demand dihydrogen 

generation through the O-H bond cleavage in water and 

alcohols. This also highlights the potential of main group 

compounds to compete with, and even be superior to, post-

transition metal complexes in the protolytic cleavage of the O-

H bond in water and alcoholic substrates. 

 A comparison of the free energy profile with the 

corresponding enthalpy profiles (see Scheme S4) gives the 

energy difference of 11.2 kcal/mol, 11.6 kcal/mol and 11.7 

kcal/mol for 4MTS and 22.0 kcal/mol, 23.2 kcal/mol and 21.3 

kcal/mol for 6MTS and the correction to these values can be 

considered as mentioned earlier. Here, too, the possible adduct 

reactant complex leading to the 6MTS has not been considered 

in the present calculation. 

 

(D) The full catalytic cycle for the formation of H2 from ROH 

(R=H, CH3, C2H5) by the GeH-2 catalyst 

 

For the zinc catalyst [κ3-Tptm]ZnH, the complete catalytic 

cycle has been reported, with the catalytic cycle being 

completed with the aid of hydrosilanes.66 Sakaki and coworkers 

have shown that the reaction of the [κ3-Tptm]ZnOR complex, 

formed as the intermediate during the catalytic cycle, with 

hydrosilanes requires only a small barrier and various silanes 

can be utilized for this purpose.66 This would lead to the 

completion of the catalytic cycle and regenerate the [κ3-

Tptm]ZnH species. In case of main group compounds, the 

reaction of the Ge (II) hydride, GeH-1 with CO2, ketone or azo 

compounds has been reported to form the corresponding 

formate alkoxide or hydrazine compounds.55-59 Previously, in 

order to regenerate the Ge (II) hydride from the Ge (II) formate 

complex formed by the activation of CO2, the reaction was 

carried out under conditions separate from the reaction 

conditions required for CO2 activation.56, 58, 59 However, 

subsequent studies have stated that a complete reaction cycle 

can be generated for the Ge (II) hydride under the same 

reaction conditions, with the help of hydrosilanes.53 Not just for 

CO2 activation, this has also been shown to be true for ketones 

and imines.53 The complete catalytic cycle for the case of a 

ketonic substrate is shown in Scheme S7 of the Supporting 

Information file. The reason a complete catalytic cycle is 

feasible is because, in order to regenerate the Ge (II) hydride 

from the germanium alkoxide complex, the reaction has to be 

thermodynamically favorable, and employing hydrosilanes 

makes it so. This is due to the fact that the Ge-O bond is weaker 

than the Si-O bond, and hence the formation of the Ge-H and 

the Si-O bonds upon the reaction of germanium intermediate 

with the hydrosilane present in the system is a 

thermodynamically favorable process. Sakaki and coworkers 

have shown through computational studies that, in the presence 

of a silane, the Ge (II) hydride can be regenerated, along with 

the alcoholic product in the form of a silyl ether, with the 

reactions being energetically favorable.53 This reaction step 

involves a four membered transition state, where the Ge-H 

bond formation and the Si-H bond dissociation takes place 

simultaneously (see Scheme S7). It is known that the 

dissociation of the Si-H bond is a facile reaction in silanes, 

especially when the reaction is done in conjunction with the 

formation of the Si-O bond.56, 58, 59 The silyl ether formed can 

be further hydrolyzed easily to the required alcoholic product. 

 In the current study, in order to complete the catalytic cycle, 

we have considered the silane, SiF3H. This silane has also been 

employed by Sakaki and coworkers in their computational 

studies mentioned above.53  We have analysed two pathways 

leading to the formation of the silyl alkoxy ether product and 

the catalyst GeH-2 (see Scheme 5 below). As shown in Scheme 

5, a planar tetra coordinated germanium intermediate P1-I is 

formed in Pathway 1. The subsequent dissociation of the Ge-O 

bond in P1-I leads to the corresponding silyl alkoxy ether 

products of R-OH (R=H, CH3, C2H5OH) and the regenerated 

catalyst GeH-2. Pathway 1 involves two transition states, P1-

TS1, which leads to the intermediate P1-I, and P1-TS2, which 

gives the products through the Ge-O bond dissociation of P1-I. 

Pathway 2 has a non-planar germanium alkoxide-silane adduct: 
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P2-I, as the intermediate with the corresponding transition state 

P2-TS1. The subsequent step involves a metathesis reaction 

between the Si-H bond and the Ge-O bond in the adduct P2-1 

through the transition state P2-TS2, regenerating the catalyst 

GeH-2 (see Scheme 5). 

 
Scheme 5. The reaction pathways for the catalytic activation of 

ROH molecules with GeH-2 in presence of the silane, SiF3H. 
 
 The free energy profile for the complete catalytic cycle for 

GeH-2, employing SiF3H to complete the cycle and ROH (R = 

H, CH3 and C2H5) as the substrate, is shown in Scheme 6. For 

the first step, as also observed and noted in the previous 

sections, the six membered transition state (6MTS) is lower in 

energy in comparison to the four membered transition state 

(4MTS). Furthermore, the energy profile shows that, similar to 

the zinc catalyst, [κ3-Tptm]ZnH, case,66 the rate determining 

step is the formation of alkoxide intermediate through the 

protolytic cleavage in ROH molecules, for R = H and R = CH3. 

The further reaction of the alkoxide intermediate with the 

silane, SiF3H, requires a small barrier. In all ROH substrates, 

the formation of the tetra coordinated germanium intermediate 

in Pathway 1 (P1-I) is found to be lower in energy in 

comparison to the germanium alkoxide-silane adduct obtained 

in Pathway 2 (P2-I). P1-I is more stable by 8.4 kcal/mol, 8.9 

kcal/mol and 9.1 kcal/mol (∆G values) in comparison to the 

reactant species and P2-I is more stable by 3.7 kcal/mol, 1.3 

kcal/mol and 1.8 kcal/mol (∆G values), respectively for water, 

methanol and ethanol. However, in all systems, the energy 

barrier for the formation of P1-I is higher than the barrier for 

P2-I formation. The barrier corresponding to the transition state 

P1-TS1 is 16.2 kcal/mol, 13.3 kcal/mol and 10.8 kcal/mol 

respectively, and 4.7 kcal/mol, 4.8 kcal/mol and 4.7 kcal/mol, 

respectively for P2-TS1. As mentioned earlier, in Pathway 1, 

the third step is the dissociation of the Ge-O bond in P1-I, 

which requires a very small barrier and the corresponding 

values for the transition state P1-TS2 from the intermediate P1-

I are 2.4 kcal/mol, 1.2 kcal/mol and 1.5 kcal/mol respectively. 

In Pathway 2, the third step is a metathesis process involving 

the transition state P2-TS2, having a higher energy barrier 

compared to P1-TS2, and the obtained values are 12.8 

kcal/mol, 9.7 kcal/mol and 11.4 kcal/mol. 

 

 
 
Scheme 6. The free energy profile for the catalytic reaction of 
GeH-2 with R-OH (R=H, CH3, C2H5), with SiF3H employed to 
complete the cycle. 
 

 Essentially, the free energy profiles suggest that Pathway 1 

is the thermodynamically favoured pathway, and would be 

operational if the reaction was to take place over a long period 

of time. On the other hand, Pathway 2 is the kinetically 

controlled route, with the barriers corresponding to P2-TS1 

being lower for all the three cases studied, in comparison to the 

competing barrier for Pathway 1, corresponding to P1-TS1. 

Hence, Pathway 2 would be likely to be operational if the 

reaction were to occur over a shorter length of time. Since 

catalysis processes generally occur over a short period of time, 

the results indicate that Pathway 2 would be predominant 

during the catalysis process. All the optimized transition state 

geometries are shown in Figure 4 below. 
 

Page 7 of 11 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

 
  

Figure 4. Optimized geometries of all the transition states 

discussed in the manuscript. 

 

 What is heartening to note is that the barrier for the slowest 

step over the entire cycle, employing GeH-2, is lower than the 

barrier for the slowest step for the state-of-the-art zinc based 

catalyst system, discussed earlier. This shows the potential of 

main group complexes to rival or be better than existing 

transition metal based systems in doing important chemical 

transformations such as the catalytic generation of dihydrogen 

molecule from water and alcohols. 

Conclusions 

There is a need to investigate new catalytic systems that can do 

important chemical transformations, such as the catalytic 

generation of the dihydrogen molecule from water and 

alcohols. While the post-transition metal based system, [κ3-

Tptm]ZnH, has been shown to be an effective catalyst for this 

process under ambient conditions,66 what the current study 

demonstrates, with full quantum chemical calculations with 

density functional theory (DFT), is that main group systems can 

be designed that would be significantly more effective at 

catalyzing the same reaction. Specifically, a new germanium 

complex has been proposed in the current work, with a 

coordinating bidentate diboryl ring system: 

HC{CMeArB}2GeH (Ar = 2,6-iPr2C6H3), denoted as GeH-2. 

For three different substrate cases: water, methanol and ethanol, 

it has been shown that the complete catalytic cycle employing 

GeH-2 leads to barriers that are significantly lower than the 

barrier for the slowest step in the catalytic cycle involving the 

zinc based catalyst system. This has added significance, 

considering the need to substitute transition metal based 

systems with main group based alternatives.  

 As such, the current work reveals the potential of main 

group systems to catalyze important chemical transformations, 

and should, therefore, serve as a guide to researchers in this 

important area of research. 
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