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Abstract 
 

Small molecule activation has been an important area of research since the 

emergence of catalytic processes. It has been relevant both industrially and biologically 

due to the scope and opportunities related to the substrates and the concerned pathways. 

The wide variety of bond strength, polarity, reactivity and the availability of suitable 

orbitals has made it possible to explore a wide range of catalysts for the activation 

processes. A rational design and computational screening of such catalysts to observe the 

activation mechanisms can prove fruitful for practical syntheses of such catalysts and for 

testing their activity in small molecular activation. 

Discussed in chapter 1 are different systems for small molecule activation and 

their distinction based on their nature (i.e., metallic or non-metallic), reactivity, operating 

conditions and respective pathways or mechanisms. Beginning with transition metal 

catalysts, the chapter then describes the evolution to more effective forms of metal ligand 

cooperativity. The subsequent discussion has focused on main group catalysts, such as 

carbenes, silylenes and frustrated Lewis pairs (FLPs), which are the greener alternatives 

to the transition metal catalysts. 

Chapter 2 focuses on the computational details of the methods that have been used 

throughout the calculations. The fundamental concepts and equations, such as the 

Schrödinger equation and the Born-Oppenheimer approximation have been discussed. In 

the following sections, the Thomas-Fermi model, the Hohenberg-Kohn theorems, the 

Kohn-Sham approach, concepts of functionals and the Møller–Plesset (MP2) theory have 

been discussed. Furthermore, the RI-J and MARI-J approximations and the COSMO 

model for solvent correction, which have been implemented in Turbomole software, have 

been elucidated.  

In Chapter 3, it has been shown that late transition metals that can cooperate with 

ligands (bearing phosphines as pendant groups) can work as metal analogues to frustrated 

Lewis pairs (FLPs) and participate in a variety of important reactions. A suitably adapted 

palladium complex has been studied as a specimen of a potential late transition metal 

based FLP and explored with detailed quantum mechanical calculations. Calculations 

indicate that this complex would be an effective catalyst for the ammonia borane 

dehydrogenation reaction. The chances of competing side reactions, for example, the 

reductive elimination process, have also been taken under consideration. It has been 

observed that such processes would also yield stable products that could also act as a FLP 

in the catalytic dehydrogenation process of ammonia borane, thereby expanding the 
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horizon of metal based FLPs having late transition metals (Dalton Trans., 2013, 42, 

13866-13873). 

In Chapter 4, new zero dimensional cage structures have been identified for the 

ammonia borane dehydrogenation reactions. The basic cage (containing four phenyl rings 

separated by imine connectors) has been synthesized recently. By using detailed 

computational investigations with the help of density functional theory (DFT), it has been 

shown that the modification of such cages by replacing the 2, 4, 6 carbon atoms in the phenyl 

rings with phosphorous or germanium yields new rings having interesting prospects for small 

molecule activation. Also demonstrated is that the replacement of the imine moiety in the 

connector by other electronegative atoms (such as phosphorous in place of nitrogen) can also 

be efficient in catalyzing reactions such as the dehydrogenation of ammonia borane. 

Interestingly, the predicted phosphorus-nitrogen pairs (phosphorus in the 2, 4, 6 positions in 

the ring, nitrogen in the linker position), germanium-nitrogen and germanium-phosphorus 

pair combinations can generate Lewis pairs that would work in tandem to dehydrogenate 

ammonia borane. (Chem. Commun., 2011, 47, 11417-11419 and Phys. Chem. Chem. 

Phys., 2013, 15, 20857-20867.) 

In Chapter 5, it has been demonstrated that contrary to the conventional bond 

weakening process, the bond-strengthening back-donation to a π-diborene (recently 

discovered for transition metal systems by Braunschweig and co-workers, Nat. Chem., 

2013, 5, 115-121) would be similarly favored for main group silylene complexes. These 

results have been performed by full quantum chemical calculations with density 

functional theory (DFT), and have expanded the range and applicability of the bond-

strengthening back-bonding interaction. Calculations also demonstrate the potential of 

main group complexes to perform new and exciting chemistry, for example, the 

cooperative activation of carbon monoxide and carbon dioxide. (Chem. Commun., 2014, 

50, 8522-8525.) 

Presented in chapter 6 is an exciting constrained, “flat”, phosphorus based complex 

and its use to catalyze reactions such as the dehydrogenation of ammonia borane and the 

activation of the N-H bond in primary amines. This development in main group chemistry 

has been exploited to show that when properly designed, such compounds can be as 

efficient as transition metal complexes for performing different chemical transformations. 

The detailed computational studies employing density functional theory (DFT) reveals 

that a common, general mechanism exists to account for the behavior of the flat 

phosphorus compound in different reaction conditions that have been observed 

experimentally to date. The proposed mechanism shows a base as a proton transfer agent 

that is simpler and energetically more favorable than the previous mechanisms that have 
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been proposed for the same reactions in the literature. The mechanism provides important 

new insights into phosphorus chemistry. (Inorg. Chem., 2016, 55, 558–565) 

Finally, in chapter 7, a summary and conclusion of the overall work presented in 

this thesis has been provided. 
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1.1 Introduction 

Environmental problems have become a very significant issue today because of the 

continuous and ever increasing burning of non-renewable fossil fuel resources over 

several decades. This has led to the generation of large amounts of greenhouse gases such 

as CO2 and other pollutants. This has spurred the search for new, greener fuels for energy 

generation and their use in on-board applications such as transportation. Furthermore, this 

has also led to strategies to convert the harmful gases into an environmentally benign 

form. The chemistry community holds enormous responsibility for developing clean and 

green energy alternatives for the global community. In this regard, hydrogen has attracted 

much attention in recent years for being potentially the cleanest of fuels, as it emits only 

water as the by-product. However, the key roadblock towards using hydrogen as a fuel is 

its storage, and the lack of effective and realistic methods for its extensive use, as it is 

almost non-compressable and highly flammable. Thus, the current worldwide goal is to 

implement safe and practical methods for the on-board storage of hydrogen. Several 

groups have investigated diverse approaches in the past decade to make hydrogen an 

effective fuel source, including the problem of its storage1-6. One potential solution to this 

problem is to use a compound that can chemically store hydrogen so that one can easily 

produce hydrogen from the compound via a reversible chemical reaction7-9. In this 

regard, ammonia borane (AB) is one of the promising candidates for the chemical storage 

of hydrogen, as it contains 19.6 weight % of hydrogen10-12.  Furthermore, it is a solid 

species as well as moisture stable at ambient temperatures, which is an important aspect 

for the ease of storage and transportation.  

Another important issue is the chemical conversion of several important small molecules 

such as H2O, CH4, CO2, CO, N2 and O2 - molecules that have profound biological and 

industrial relevance. For example, methanol production by the activation of CO, CO2 and 

CH4 helps to reduce the greenhouse gases13-194. The splitting of water is also an 

important reaction that generates O2 and H25
20-26. All these processes need efficient 

catalysts for the overall conversion, which has promoted the search for catalysts that can 

effectively activate important small molecules.  
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1.2 Transition Metal Based Systems 

Several transition metal complexes are known to successfully catalyze the 

dehydrogenation reaction of ammonia borane7, 9, 27-34 and activate small molecules35-45. In 

general, three types of strategic approaches have been employed in transition metal 

systems: 1) single site catalysts31, 46-50, where only the central transition metal is involved 

in the chemical transformation of the substrate (see Figure 1, Ia); 2) metal-ligand 

cooperativity, where the central metal atom can cooperate with the attached ligands to 

facilitate the reaction24, 32, 51-56(see Figure 1, IIa); 3) metal-metal cooperativity57-62, where 

two or more metal atoms can interact in the same or different complexes in order to 

catalyze the chemical reactions. In this chapter, only the first two types of reactivity in 

transition metal complexes will be discussed for several chemical conversions and small 

molecule activations.        

 

Figure 1. The different strategies in transition metal systems for small molecule 

activation. 

1.2.1 Single Site Activation by the Transition Metal Complexes 

Ammonia borane (AB) and related amine boranes are species that are isoelectronic with 

alkanes. As a result, the previously known efficient homogeneous catalysts for alkane 

dehydrogenation can be thought to also be applicable for the AB dehydrogenation 

reaction. In this regard, Goldberg and coworkers have synthesized the iridium based 

pincer complex (POCOP)Ir(H)2  (POCOP = [η3-1,3-(OPtBu2)2C6H3]), which is an active 

single site catalyst for the AB dehydrogenation reaction31. When the catalyst is employed 

in an inert environment to a THF solution of ammonia borane, vigorous evolution of 
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hydrogen is observed. Within 14 minutes, the quantitative conversion of AB with the 

release of one equivalent of dihydrogen is observed with respect to an initial AB 

concentration of 0.5 M and a catalyst loading of 0.5 mol%. After complete AB 

consumption, a dehydrogenated product (white precipitate) is formed that resembled the 

data reported for the cyclic pentamer having the formula [H2NBH2]5
31. The fast rates of 

the dehydrogenation reaction and the rapid catalyst regeneration have overcome the 

formation of the dormant species by the reaction of BH3 with the iridium pincer complex. 

In addition, Manners et al. have reported a rhodium catalyst [Rh(COD)(Cl)]2 (COD = 1,5 

cyclooctadiene) for the dehydrogenation of a number of amine boranes at ambient 

temperature63. Later, they have extended the idea and showed that the same catalyst could 

dehydrogenate the amine boranes and ammonia borane to form borazine and other spent 

fuel64, 65.  However, they have also showed that the heterogeneous rhodium cluster of 2 

nm size was responsible for the catalysis process66. Thus, the iridium pincer system is a 

very important report of homogeneous transition metal catalysts for the AB 

dehydrogenation reactions.  

 

Figure 2. The dehydrogenation of AB by the iridium pincer complex.  

 

Figure 3. The structure of the dormant species that formed by the reaction of free BH3 

with the iridium pincer complex. 



 

6 

 

Another study has focused on the development of cationic Pd(II) complexes for the 

dehydrogenation reaction of AB30. They have investigated a series of palladium 

complexes such as [Pd(allyl)][BF4], [Pd(allyl)(2,4-hexadiene)][BF4] and 

[Pd(MeCN)4][BF4]2. The catalysts show excellent dehydrogenation kinetics for the 

dehydrogenation reaction of ammonia borane. The [Pd(allyl)][BF4] shows the best 

performance among them  to release 2 equivalent of H2 in 20 s. On the other hand, 

complex [Pd(MeCN)4][BF4]2 is used to release H2 from AB and alkylated amine boranes. 

However, the dehydrogenation product precipitated with the Pd, and did not catalyze the 

dehydrogenation of a second batch of AB due to the heterogeneity for this case. 

Interestingly, the amount of H2 released depends on the number of hydrogen atoms at the 

boron center, as the spent fuels contain no B-H bond. They have computationally 

proposed the possible mechanism for this process, where they have demonstrated that the 

α-agostic interaction is responsible for the binding between the palladium atom and the 

hydrogen attached to the boron of AB. The direct evidence supports the fact that the 

boron-hydrogen bond that forms the agostic interaction is nearly 0.2 Å longer than the B-

H bond in free AB. Also, one of the isocyanide (MeCN) ligands is replaced by the AB 

molecule that forms a hydrogen bond with a protic hydrogen atom of NH3BH3. Thus, the 

palladium complexed with AB is 30.2 kcal/mol exothermic in comparison to the 

separated species. The hydridic hydrogen then transfers to the palladium atom and forms 

the hydrogen molecule by the interaction with the second hydrogen attached to the boron 

of AB. The explanation of the hydrogen transfer to the palladium center has been given 

by the natural charge and molecular orbital analysis. The feasibility of both the electron 

transfer from the filled B-H bonding orbital to the empty metal orbital and the filled 

metal orbital to the empty antibonding B-H orbital is primarily responsible for the 

weakening of the B-H bond. Thus, the proton transfers to the palladium center and 

hydrogen forms in the next step. The overall cycle was found to be a barrierless process.  

 

Figure 4. The dehydrogenation reaction by the palladium catalysts. 
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1.2.2 Activation by the Transition Metal-Ligand Cooperativity  

In the aforementioned section, we have discussed some typical examples related to the 

small molecule activation by single site transition metal catalysts. In this section, we will 

discuss the metal–ligand cooperativity in various transition metal systems. Noyori et al. 

have first introduced the concept of cooperativity between the amino ligands and the 

transition metals in bifunctional catalysts for the reactions of hydrogenation and transfer 

hydrogenation (TH) of polar double bonds67-69. Similarly, Schneider and coworkers have 

reported that the ruthenium (II) compound bearing the PNP ligand undergoes reversible 

hydrogenation-dehydrogenation reactions32. They have also demonstrated a Noyori–

Morris-type70 concerted mechanism where the hydride and a proton of AB transfer from 

the AB to the catalyst. The amido chelate ligand cooperates by using its backbone 

nitrogen that is connected with the alkene of the ligand system (see Figure 5a). The 

alkene of the ligand system can also take part in the hydrogenation reaction via a 

reversible reaction with hydrogen. The active catalyst has been employed in the THF 

solution, and Schneider et al. have demonstrated that it can spontaneously evolve 

hydrogen from AB at room temperature. They have also checked that the high catalytic 

activity also remains unaltered with a small catalytic loading. Thus, under mild 

conditions, the amido complex shows excellent activity and high turnover numbers for 

the AB dehydrogenation reaction. DFT calculations show that the enamido complex is a 

distorted square-pyramidal structure while the amido complex is trigonal-bipyramidal 

with a Y-shaped distortion (see Figure 5a). Such a distortion indicates that the π 

interaction between the nitrogen of the enamido ligand and the ruthenium metal is very 

weak, whereas the electron lone pair of the nitrogen is delocalized into the vinylene 

group, which also supports the experimental structure of the compounds.  
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Figure 5. a) The equilibria for the hydrogenation-dehydrogenation reaction by the 

ruthenium complexes; b) the dehydrogenation reaction of AB.  

Baker et al. have demonstrated the first example of a long-lived, Ni-NHC complex that 

dehydrogenates ammonia borane (AB) and releases hydrogen to an exceptional extent7 

(2.5 equiv). They have explored the use of NHC as an alternative to phosphines in order 

to avoid the decomposition problem and synthesized an active catalyst in situ by the 

reaction between Ni(cod)2 and 2 equiv of NHC, which immediately evolved H2 by AB 

addition at 60˚C.  

 

 

Figure 6. The dehydrogenation reaction of AB by the nickel-NHC complex. 
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In another account, Manners et al.71 have synthesized titanium metallocene catalysts for 

dehydrogenating Me2HNBH3 to form the cyclic dimer (Me2NBH2)2. They have also 

explored the Wilkinson’s catalyst, RhCl(PPh3)3
72, 73 for the same reaction, where the 

dehydrogenation process took 19 hrs to complete74. Later, they have reported rhodium 

and iridium analogues of Wilkinson’s catalyst connected by the secondary phosphine 

PHCy2 (Cy = cyclohexyl) ligand. Those complexes are not effective for the AB 

dehydrogenation; however with various amine and phosphine boranes, they exhibit 

different rates of hydrogen loss. They have also demonstrated that the rate of 

dehydrogenation is commonly enhanced by the addition of B(C6F5)3 as a co-catalyst.  

Fagnou and coworkers have demonstrated that the ruthenium catalyst, which was initially 

developed for alcohol redox processes68, 70, 75-77, released 1 equiv of H2 from AB within 5 

min at room temperature when only a small concentration of the ruthenium complex was 

employed28. Interestingly, a higher concentration of MeAB rapidly liberated 2 

equivalents of H2 at 22 °C. Moreover, they have also shown that the evolution of 

hydrogen increases by introducing an AB/MeAB mixture at 50 °C with small catalytic 

loading. The precatalysts are activated through the treatment with KOtBu in THF under 

inert atmosphere to produce the active ruthenium amide species, which reacts with AB in 

the reaction vessel. It is to be noted here that the insoluble precipitate of a polymeric 

aminoborane species has been found in these cases as well. Interestingly, no insoluble 

precipitate was observed for the dehydrogenation reaction of methyl ammonia borane 

(MeAB) even with highly concentrated conditions (11 M [MeAB]). In addition to that, 

the hydrogenated intermediate can easily hydrogenate the carbon-oxygen and carbon-

nitrogen double bonds. The DFT calculations indicate that the ruthenium cooperates with 

the nitrogen atom of the ligand and thus dehydrogenates AB. 
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Figure 7. The ruthenium catalysts for the dehydrogenation reaction of ammonia borane 

and the hydrogenation of carbon-oxygen and carbon-carbon double bonds.  

1.3 Activation of Metal Free Main Group Systems  

Although the reactivity of the transition metal complexes towards the homogeneous 

catalytic dehydrogenation of AB and other small molecule activations are found to show 

promising activities, the metal free greener systems are also necessary for large scale 

productions as the transition metals are non-renewable, expensive and toxic. Therefore, 

metal free catalysis may be the only cost effective and environmentally benign route to 

the dehydrogenations of AB and related amine boranes, as well as other small molecule 

activations. In this regard, the carbene78-81, silylene82-86 and higher analogues87-91 are 

important as they effectively imitate the single site reactivity of the transition metal 

complexes. The novel concept of frustrated Lewis pairs92-96 developed by Douglas 

Stephan and coworkers has expanded the field of cooperativity in main group chemistry. 

In the following sections, we will be discussing the reactivity of such main group systems 
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for different types of small molecule activation. Very recently, phosphorus based 

planner97, 98, distorted planner99 and pyramidal100 systems have also gained significant 

attention for their important role in small molecule activation reactions.       

1.3.1 Carbenes 

Since their discovery in 1950, carbenes have played an extraordinary role in the vast area 

of both organic and organometallic chemistry. The carbon atom in carbenes is divalent 

with six valence electrons, among which two are nonbonding, with either paired (singlet) 

or unpaired (triplet) configurations. The singlet carbenes are nucleophilic as well as 

electrophilic in nature because of the presence of a vacant orbital and a lone pair of 

electrons, whereas the triplet carbenes resemble radicals in terms of reactivity.  

For quite some time, carbenes were thought to be the reactive intermediate in various 

chemical processes. However, the discovery and the enormous applications of stable 

carbenes as an exceptional ligand in organic synthesis and catalysis, as well as in 

organometallic reactions, have led to the classification of carbenes as a separate class of 

compounds79, 101-103. The N-heterocyclic carbenes (NHCs) are the new set of carbenes 

where the carbon atom of the NHC is flanked by two nitrogen atoms that are attached by 

a ring system104-115. Several research groups, such as those of Wanzlick 116-118, Arduengo 
79, 101, 119, Enders 81, 103, 108 and others80, 102, 120 have contributed to the understanding of the 

stability and reactivity of carbenes and N-heterocyclic carbene (NHC) complexes78, 105-107, 

109, 111-115. Bertrand and coworkers have reported the splitting of hydrogen and ammonia 

by carbenes121, a reaction that had been previously in the domain of transition metal 

systems.    

  

1.3.2 Silylenes 

After carbon, silicon is the next most abundant element in the earth’s crust, and exists 

mostly in the form of silica and silicates. Its elemental form is non-toxic and exhibits 

semi-metal character. This has led to its utilization as the basic material for energy 

storage and information technologies. In addition, organosilicon compounds have been 

known for their biocompatibility and are widely used in cosmetic and food industries. 

Thus, the chemical usefulness of the silicon compounds can be further tuned to expand 



 

12 

 

the horizons of sustainable technologies. For example, the rational design of subvalent 

silicon compounds could be useful for developing similar or higher activity in 

comparison to expensive transition metal catalysts for the small molecule activation 

processes83, 84, 122-126. However, such silylene (R2Si:) species exist mostly under cryogenic 

conditions and are short-lived and very reactive. In 1994, West and coworker reported the 

first example of a stable N-heterocyclic silylene (NHSi) under ambient temperatures 

having sterically hindered substituents at the nitrogen ends127. Later, Kira and co-workers 

synthesized the first cyclic silylene system by the reaction of dibromo silane with 

potassium graphite85. The electronic stability of such NHSi systems is presumed to be 

because of the π-lone pair donation from the nitrogen atoms to the empty 3p orbital of the 

silicon. Interestingly, although such silylenes are monomeric in dilute solution, some of 

them exhibit oligomerization in the concentrated state. Enormous synthetic progresses 

have been performed on the stability of silylene compounds and their potential for the 

activation of important small molecules such as O2
124, 126, CO2

128, 129 and H2O
125, 130. 

Several research groups have shown interest towards the structure and reactivity of 

silylene compounds86, 122, 123, 131-138. For example, in 2006, Matthias Driess and coworkers 

introduced the modified β-diketiminate ligand for the synthesis of stable N-heterocyclic 

silylenes88, 139. They have described that the exocyclic methylene group can cooperate 

with both the lone pair and the empty 3p orbital of the silicon center, which enables the 

silylenes to behave in a particularly reactive manner towards electrophiles as well as 

nucleophiles. For example, the reaction between H2O and the silylene leads to the 

formation of a mixed-valent siloxy silylene that activates the small molecules such as 

N2O and CO2 to generate the corresponding silanoic silyl esters136, 139. The NHSi also 

exhibits excellent propensity for C-H131, 133, 135 and N-H135, 136 bond activation, for 

example, when dry NH3 and NH2NH2 are passed over NHSi a 1,1 insertion reaction at the 

N-H center takes place136. A similar reaction happens when PH3 and AsH3 are employed. 

However, for the AsH3 case, a tautomerism is observed. In the same year, the group of 

Roesky has reported the amidinate backbone stabilized NHSi, which has an interesting 

terminal Si(II)-Cl bond123. The bis-NHSi is also emerged as prospective candidates with a 

Si(I)-Si(I) bond that exhibits interesting chemistry in small-molecule activation132. In 
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2013, Kato et al. have explored the unique reactivity of cyclic silylene by using a 

silacyclopropylidene that is stabilized by the coordinating base140. The silylene generates 

sila-β-lactone upon reaction with dioxygen, which further reacts with the protic solvent 

ethanol to afford silanoic acid, an unprecedented analogue of carboxylic acid. Further 

DFT calculations pinpoint the role of the backbone for stabilizing the silanoic acid 

without modifying its acidity. 

In this regard, Simon Aldridge’s group has reported the first two-coordinate acyclic 

silylenes, Si{B(NDippCH)2}{N-(SiMe 3)Dipp} by using strong σ-donors and a highly 

sterically crowded B(NDippCH)2 group where Dipp = 2,6-iPr2C6H3. Such species exhibit 

high thermal stability in the solid state (up to 130 °C)14139. The acylic silylene species 

display high reactivity with a low singlet−triplet gap (103.9 kJ mol−1) and undergo 

oxidative addition reactions in the presence of dihydrogen at lower temperatures. 

Interestingly, intramolecular activation of one of the methine C−H bonds of the Dipp 

substituents by the silylene compound efficiently mimics the ortho metalation reaction of 

the transition metal systems. Rekken and coworkers have synthesized another stable 

silylene complex Si{S(C6H3-2,6(C6H2-2,4,6-Me3)2)} 2 that is attached to two sulphur 

groups138. However, it does not activate the hydrogen molecule. A few examples of other 

acyclic silylenes are also known in the literature25, 135, 142-144. 

 

Figure 8. The examples of acyclic silylene systems with different reactivity towards the 

hydrogen activation reaction. 
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1.3.3 Frustrated Lewis Pairs  

In 1923 G. N. Lewis described Lewis acids and bases as a class of compounds that can 

accept and donate an electron lone pair to and from another molecule respectively to 

make a stable adduct145. The molecular orbital analysis shows that Lewis acids have 

lowest unoccupied molecular orbitals (LUMOs) that can accept the lone electron-pair 

from the highest occupied molecular orbital (HOMO) of the Lewis bases. As a result, the 

interactions between the HOMO of one molecule and the LUMO of the other are used to 

rationalize various reactions of Lewis acids and bases. 

In the late 2000s, Douglas Stephan and co-workers demonstrated that the classical Lewis 

adduct formation can be precluded by introducing the steric hindrance between the Lewis 

acid and the Lewis base95. Thus, these pairs are known as frustrated Lewis pairs (FLPs). 

They have reported the phosphino-borane species (C6H2Me3)2P(C6F4)B(C6F5)2 where the 

electron donating phosphorus atom and the electron deficient boron atom are separated 

by the phenyl ring. This is the very first example of FLP systems that can rapidly split the 

hydrogen molecule and form a zwitterionic species where the protic hydrogen is attached 

to the phosphorus atom and the hydridic hydrogen is bonded with the electron deficient 

Lewis acidic boron atom (as shown in Figure 9). The zwitterionic species is air and 

moisture stable to a fair degree even under ambient conditions. However, above 150 °C, 

it stoichiometrically looses hydrogen. Thus, the remarkable concept of metal free systems 

for the activation of hydrogen molecule has opened up a whole new research area based 

on the main group elements. 

 

Figure 9. The first example of hydrogen activation by the frustrated Lewis pairs. 
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 As discussed above, the idea of FLP has generated novel and potential strategies towards 

reactivity and catalysis93, 94, 96, 146-154.  The wide applicability of such a concept has been 

observed for a range of various sterically precluded combinations between the electron 

donating groups (containing N, P as the electron donor atom)94, 96, 106, 148-153 and the 

electron deficient groups (containing B, Al as the electron acceptor atom)94, 96, 147, 151, 152, 

155-158.  

1.3.4 Varieties of Frustrated Lewis Pair (FLP) Systems  

According to the structure and the nature of the interaction between the Lewis acidic and 

basic components, the FLPs can be classified into two parts:  

1) The intramolecular FLP92, 155, 159, where the acidic and basic sites are incorporated in 

the same molecule, i.e., one molecule has both the charged fragments.  

2) The intermolecular FLP93, 147, 160, 161, where both the acidic and the basic sites are part 

of different molecules, which are sterically separated from each other. Shown in Figure 

10A below is an example of an intramolecular FLP and shown in Figure 10B is the 

example of an intermolecular type of FLP. 

 

Figure 10. A. The example of an intramolecular FLP; B. the example of an 

intermolecular FLP. 

1.3.4.1 Phosphorus-Boron FLPs 

The Phosphorus-boron FLPs are one of the most widely studied systems in the area of 

FLPs, where the phosphine and the borane systems are separated by conjugated aromatic 

or aliphatic159 moieties. Stephan and coworkers have demonstrated that the 

intermolecular type of phosphine borane where the Lewis basic phosphine [P(tBu)3, 
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P(C6H2Me3)3] and Lewis acidic borane B(C6F5)3] are separated due to the steric 

congestion can also be very effective for the heterolytic cleavage of the hydrogen 

molecule96. The successful combination of tBu2P(C≡CCH3) as the phosphine and 

HB(C6F5)2 as the borane unit - the “Piers borane”, is another example of phosphorus-

boron FLPs. The FLP is formed by the hydroboration reaction of the phosphine and the 

borane96. However, the system is inactive towards dihydrogen activation under ambient 

conditions. This arguably indicates that the reactivity of such systems is low. However, 

the dihydrogen splitting is achievable at a much higher pressure (60 bar), which generates 

the zwitterions where the phosphonium cation is next to the hydridoborate anion 

separated by conjugated species.  However, increasing the bulk around the reactive 

centers ((C6H2Me3)2PC≡CPh) and subsequent formation of FLPs with the “Piers borane” 

would lead to complete inactivation of the species towards dihydrogen activation96. The 

activity can be restored by adding any reactive conjugated phosphonium hydridoborate in 

a catalytic amount (10%) which would accelerate rapid proton and hydride transfer 

through dihydrogen splitting to generate the hydrogenated species in a near quantitative 

yield96. 

 

Figure 11. The reaction of the alkyne phosphine with borane and the hydrogenation 

product. 
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In addition to the aforementioned systems, an intermolecular type of FLP has been 

synthesized by combining 1-8-bis(diphenylphosphino)-naphthalene and B(C6F5)3 in an 

equimolar ratio162. This system exhibits characteristic Lewis acid base pair separation and 

can also perform dihydrogen activation through the formation of an asymmetric 

zwitterionic species. 

 

Figure 12. The hydrogen activation by the phosphino-naphthalene and borane FLP. 

 

Another example of a phosphorus based frustrated Lewis pair is the family of the 

phosphino-metallocene based compounds that have also emerged as an interesting class 

of sterically hindered Lewis pairs163.  For example, the reaction of the 

mono(phosphino)ferrocene [(C5H4P
tBu2)Fe(C5H5)] with (C6F5)3B forms an FLP that can 

conveniently activate H2
163. Dimeric phosphido-borane FLPs have been synthesized by 

reacting secondary lithium phosphides with (C6F5)2BCl164.  This interesting 

intermolecular FLP has bulky substituents such as Cy and tBu and is capable of activating 

H2
164. There are several examples of other phosphorus base FLPs in the literature, which 

have showed the unique reactivity towards the small molecule activation reactions165-168.   

 

 

Figure 13. The hydrogen activation by the phosphino-metallocene and borane FLP. 
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The phosphorus boron FLPs are readily accessible for the dehydrogenation and the 

transfer hydrogenation reaction. Stephan and coworkers have demonstrated the reduction 

of imines, nitriles, and aziridines by the phosphorus boron based FLPs148. The first step 

of the reaction is the formation of the zwitterionic species by the heterolytic cleavage of 

hydrogen. Then, the salt is stoichiometrically treated with the respective aldimines to 

form the desired amine adducts by the protonation of the imine centre (Figure 14). The 

next step is the borohydride transfer to the carbon of the iminium intermediate comleting 

the reduction. A similar catalytically reductive ring opening reaction of the N-aryl 

aziridine to produce the corresponding amine can also be achieved under mild reaction 

conditions. A similar reduction mechanism for nitriles gives the corresponding amine-

B(C6F5)3 products in excellent yields using a phosphonium-borate catalyst. However, a 

slightly higher temperature or pressure of H2 or higher concentration of the catalysts is 

required for the reduction of the bulky electron withdrawing imines and nitriles. In a 

similar manner, the activation of a variety of aldehydes can also be achieved148. 

Furthermore, the findings showcase the novel chemical root to the main group 

alternatives of metal systems that are important for both the academic as well as 

industrial processes. The reduction process is catalytic in nature for the metal free 

systems that replace the stoichiometric behaviour for the metal systems. Moreover, it 

largely reduces the waste production cost. 

 

Figure 14. The cycle for the hydrogen activation and simultaneous hydrogenation of 

imine by FLP. 
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1.3.4.2 Nitrogen-Boron FLPs 

The rational replacement of the phosphorus atom in FLP by the nitrogen atom as the 

donor group has extended the field of main group catalysis169-171. The reaction between 

imines and B(C6F5)3 produces the amine-borane in the presence of dihydrogen (Figure 

15), which implies the temporary formation of a hydrogenated zwitterionic species - the 

iminium hydridoborate intermediate, followed by the hydride transfer to the iminium 

carbon atom to form the amine146. This adduct affords the heretolytic cleavage of H2 

upon heating at 80 °C for 1 h under H2 atmosphere and a high pressure of 4–5 

atmospheres (Figure 15). 

 

Figure 15. The reduction of imine by borene and hydrogen to form a FLP. 

Similar to the phosphino-metallocene, Erker and co-workers have shown that an 

aminomethyl-substituted zirconocene can be treated as a Lewis base in a frustrated 

amine-B(C6F5)3 complex and can activate more than one equivalent of H2 under ambient 

conditions172. Another example of nitrogen-boron FLPs is the lutidine and B(C6F5)3 

combination. It is well known that the lutidine does not make any Lewis acid-base adduct 

with B(C6F5)3
160. Stephan’s group has managed to make a lutidine-boron combination 

that can act as an intermolecular FLP. Also, the treatment of the lutidine-B(C6F5)3 adduct 

with THF was found to yield a zwitterionic species (Figure 16)160. 
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Figure 16. The reaction of lutidine and boranes with hydrogen and THF. 

1.3.4.3 Nitrogen-Phosphorus FLPs 

Stephan’s group has synthesized an amidophosphorane (Ph2PF(o-C6H4NMe) where the 

phosphorus was seen to have a distorted trigonal bipyramidal geometry, which is 

constrained within the four-membered ring (Figure 17)150. As shown below, here the 

phosphorus, being less electronegative than the nitrogen, acts as an acid, while the Lewis 

base is the nitrogen counterpart for the FLP. 

 

Figure 17. The reaction of amino phosphine FLP with CO2. 

1.3.4.4 Carbon-Boron FLPs 

The N-heterocyclic carbenes (NHCs) do not react with H2 under ambient conditions121. 

However, the monoaminocarbene is capable of heterolytically breaking the H-H and N-

H bond of H2 and NH3 respectively121. The moderately bulky N-heterocyclic carbenes 

form a conventional Lewis acid-base adduct with B(C6F5)3 
147, 161, 173. Tamm and co-

workers have shown that the more sterically congested NHC backbone facilitates the 

formation of a frustrated Lewis pair that conveniently generates the imidazolium 
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hydridoborate zwitterion upon H2 exposure (Figure 18)161. Such a system can also 

afford the ring opening reaction of THF (Figure 18).  

 

Figure 18. The H2 and the THF activation reactions by carbene and borane FLP. 

1.3.5 Catalytic Dehydrogenation of Ammonia Borane by FLPs 

The frustrated Lewis pairs can also dehydrogenate the ammonia borane (AB)155, 158, 174. 

Bercaw and coworkers have reported the dehydrogenation reaction of AB with the bulky 

tertiary phosphine-borane Lewis pairs PtBu3/B(C6F5)3 at 25o C175. They have also shown 

that the FLPs are effective as catalysts for the dehydrogenation of AB as well as of 

relative amine boranes. It is to be noted here that at high temperatures, the B(C6F5)3 itself 

can dehydrogenate AB but in the presence of the bulky phosphine, the reactions become 

highly feasible at nearly room temperature. Moreover, B(C6F5)3 does not react with 

Me2NHBH3 even at elevated temperatures. Thus, the formation of the bulky phosphine-

borane FLP is essential for the dehydrogenation reactions of AB and Me2NHBH3. 

Similarly, the Al-phosphine pair has been employed by Uhl and coworkers for the same 

dehydrogenation reaction, where they have shown that the reaction of free ammonia and 

the free borane BH3 with FLP readily forms adducts with FLP155. However, the treatment 

of FLP with AB does not form any adduct - it effectively dehydrogenates AB at room 

temperature. They have also demonstrated by DFT calculations that the N-H bond in AB 

is first activated, followed by the hydride transfer to form the hydrogen molecule.    
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Figure 19. The dehydrogenation of ammonia borane by FLP. 

1.3.6 Activation of CO2 by FLPs:  

The development of new processes for the activation of CO2 is increasingly drawing 

attention. There are a large number of reactions reported for the activation of CO2 with 

both the metal based or main group reagents16, 19, 37, 39, 128, 129, 150, 157, 176, 177. Similarly, CO2 

also reacts with frustrated Lewis pairs. For example, the reaction of CO2 with the tBu3P-

B(C6F5)3 pair forms two new P–C and O–B bonds at room temperature153 65. Upon 

heating to 70 °C, the CO2 evolves, which suggests that the CO2 addition reaction to FLP 

is reversible. Similar to the intermolecular frustrated Lewis pair, the intramolecular FLP 

also reacts with CO2 (2 bar), which results in the formation of the stoichiometric FLP-

CO2 adduct153. Besides the stoichiometric activation of CO2, there are other examples 

reported for the catalytic activations of CO2. The research groups of O’Hare and Ashley 

have demonstrated the first example of such catalytic processes176. They have described 

that the reaction of CO2 and H2 with the tetramethylpiperidine (TMP)/B(C6F5)3 FLP 

reduces CO2 catalytically.  

 

Figure 20. The activation of CO2 by the FLPs. 
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1.3.7 Metal Based FLPs   

The concepts of frustrated Lewis pairs have also expanded into the metal based systems, 

where the metal and the main group ligand cooperate to mimic the role of FLPs. There 

are several examples of such metal based systems for various small molecule activation 

reactions178-181. For example, Wass and coworkers have synthesized the zirconium based 

FLP to dehydrogenate AB and activation of other small molecules182, 183. Stephan and 

coworkers have synthesized another late transition metal based FLP system, which also 

activates CO2 in presence of excess boranes177. Thus, the metal based FLPs also serve as 

effective catalysts for small molecule activations.     

1.4 Conclusion 

In this chapter, at first we have discussed the key problems of hydrogen storage and their 

possible solutions, focusing mainly in terms of ammonia borane dehydrogenation 

reactions. In this regard, we have elaborated the role of traditional single site metal 

catalysts and the metal-ligand cooperativity in different ammonia borane 

dehydrogenation pathways. Later, diverse metal free systems have emerged as greener 

alternatives towards toxic and costly metal catalysts. We have pinpointed their 

advantages and role in important activation reactions. The main group systems such as 

carbenes and N-heterocyclic carbenes (NHCs) emerged as very effective catalysts for 

various organic transformations. On the other hand, silylenes displayed a wide range of 

reactivity. Although silylenes are thought to be unstable, scientists are able to stabilize 

them incorporating various functionalities that also add to the tenability of the reactivity 

of such systems. Last but not the least, the frustrated Lewis pairs (FLPs) are a useful class 

of main group molecules that can exhibit similar reactivity compared to the metal 

catalysts due to internal (intramolecular or intermolecular) frustration. Different types of 

FLPs have been discussed in terms of their structure and reactivity in terms of activating 

dihydrogen, ammonia borane and other important molecules. 
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Chapter 2 

Theoretical Methods  

  

Abstract 

In the previous chapter, we have discussed about the different organometallic and non-

metallic main group catalysts and their use in the small molecule activation reaction.  In 

this chapter, we will try to demonstrate the theoretical background that forms the basis of 

the state of the art computational methods that have been employed in our calculations. 

We have first started the chapter by discussing the Schrödinger equation and the Born-

Oppenheimer approximation. In the subsequent sections, we have discussed the Thomas-

Fermi model, the Hohenberg-Kohn theorems, the Kohn-Sham approach and the concepts 

of functional and the Møller–Plesset (MP2) theory. Furthermore, we have discussed the 

RI-J and MARI-J approximations and the COSMO model for solvent correction that have 

been implemented in the Turbomole software.  
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2.1 The Time Independent Schrödinger Equation 

The Schrödinger equation deals with the determination of the N-electronic atomic or 

molecular system, which can be presented in the form of standing waves. They are also 

called stationary states as the Hamiltonian does not depend on time.  Thus, the time 

independent, non-relativistic Schrödinger equation1 for any atomic or molecular systems 

can be represented as, 

Ĥ EΨ = Ψ                                                              (2.1) 

Where Ĥ = Hamiltonian operator for a system of nuclei and electrons, 

1 2( , ,......, )Nx x xΨ = Ψ is the wave function which does not depend on time and E= 

electronic energy. The Hamiltonian operator for any system can be expressed as Equation 

2.2 (in atomic units). 

 

   

2 2

1 1 1 1 1 1

1 1 1ˆ
2 2

N M N M N N M M
A A B

i A
i A i A i j i A B AA iA ij AB

Z Z Z
H

m M r r R= = = = = > = >
= − ∆ − ∆ − + +∑ ∑ ∑∑ ∑∑ ∑∑

                       
(2.2)

 

The first term of the Equation 2.2 is the kinetic energy operator of the electrons of mass 

m. The second term indicates the operator for the kinetic energy of the nuclei having 

mass MA. The third term illustrates the coulombic attraction force between the electrons 

and the nuclei and the distance between them is r iA. The fourth and fifth term represents 

both the repulsive force between each of the the electrons and the nuclei themselves.  The 

electrons are separated by the distance of r ij i.e the distance amongst the ith and jth 

electron. Similarly, the nucles are separated by the distance of RAB (where A and B are 

the nuclei). Thus, the contributions from all the terms make the Hamiltonian operator for 

our systems of interest, which can eventually provide the energy of the systems once the 

wave function is known.  

2.1.1 The Born-Oppenheimer Approximation 

In the above section, we have discussed the Schrödinger equation, which cannot be 

solved exactly for multi-electron systems. Thus simplification of the Equation 2.2 is 
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needed to reach nearly the exact energy values for the systems. In this context, the Born-

Oppenheimer approximation was postulated in order to decouple the motion of the 

electrons from the motion of the nucleus, as it is well known that the mass of the nucleus 

is 1836 times the mass of the electron2. By this approximation, for a given position of the 

nuclei, all the electrons move in the fixed nuclei field as the electronic wavefunction only 

depends on the position of the nuclei. Thus, according to the Born-Oppenheimer 

approximation, the overall Schrödinger equation can be written in a simpler form where 

the nuclei are assumed to be fixed. Therefore, only the electronic Hamiltonian, which 

depends parametrically on the nuclear coordinates, is the Hamiltonian that we have to be 

concerned with. The modified form of the electronic Hamiltonian is written in Equation 

2.3. Thus, for the fix nuclei, the total energy is equal to the sum of the electronic energy 

and the nuclear repulsion energy. Essentially, in this way, one calculates the kinetic and 

potential energy in the electrostatic field of nuclei along with the electron-electron 

repulsion energy. 

2

1 1 1 1

1 1ˆ
2

N N M N N
A

ele i
i i A i j iiA ij

Z
H

r r= = = = >
= − ∆ − +∑ ∑∑ ∑∑

                                                   
(2.3)                                       

                           Etot  = E(electron) + E(nucler repulsion)                                             (2.4) 

 

Now, the electronic Schrödinger equation for the many-electron systems needs to be 

solved. In this regard, it is well known that any solution for the many-electron system is 

the approximation to the true solution for the system. Various approaches with diverse 

approximation and computational cost have been reported for solving the electronic 

Hamiltonian. The simplest approach in this regards is the Hartree-Fock approximation. 

To improve the accuracy of the electronic energy, several other approximations have 

been studied. The configuration interaction (CI)3, the coupled cluster (CC)4 and the many 

body Møller-Plesset (MP)5 perturbation theory are the well established methods for 

solving the electronic Schrödinger equation. However, the huge computational cost 

makes these methods practically impossible to apply for the large, practical system of 

interest. In this context, density functional theory (DFT) is very useful, where the ground 

state properties can be determined from the electron density of many-electron systems. In 
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addition to this, the DFT methods are computationally less expensive and versatile for 

many-body systems. 

2.2 Density Functional Theory  

The density functional theory (DFT)6 has addressed the major drawback of the ab initio 

mathods, i.e., the energy depends on the determination of the N-electron wave function, 

which is not a physical observable. In DFT, the ground state properties of the molecules 

can be determined by the determination of the electron density ( )rρ of that particular 

molecule.  

2.2.1 Thomas Fermi Model 

In 1920s, Thomas7 and Fermi8,9 approximated the electron distribution in an atom by the 

statistical approach. They postulated that the electrons are uniformly distributed along the 

six-dimensional phase space and the kinetic energy of the non-interacting electrons in a 

homogeneous gas can be written as the functional form of the local density. The energy 

term for the Thomas-Fermi model in terms of electron density is expressed in Equation 

2.56,  

 

5
1 23

1 2
1 2

( ) ( )( ) 1
[ ( )] ( )

2TF F

r rr
E r C r dr Z dr drdr

r r r

ρ ρρρ ρ= − +
−∫ ∫ ∫∫                                (2.5) 

where CF is the Thomas-Fermi coefficient.  

Equation 2.5 contains three terms. The first one is the electronic kinetic energy as a 

function of the density ( )rρ , the second term is the electron-nucleus attraction energy 

and the third term is the electron-electron repulsion energy. The second and third terms 

are the classical electrostatic energies without any exchange or correlation contributions. 

Now to minimize the energy functional with respect to the density, the constraint N needs 

to be incorporated by the method of Lagrange undetermined multipliers, where N is the 

total number of electrons present in the atom and can be written as, 
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[ ( )] ( )N N r r drρ ρ= = ∫                                         
(2.6) 

The constrained variation method for the minimization of the Thomas-Fermi kinetic 

energy by the method of Lagrange undetermined multipliers can be written as Equation 

2.7, followed by the Euler-Lagrange Equation 2.8 to calculate the constant µTF where 

( )rφ  is the electrostatic potential at point ‘r’ due to the nucleus and the entire electron 

distribution.  

 

( ){ }[ ] ( ) 0TF TFE r dr Nδ ρ µ ρ− − =∫                                                     
(2.7) 

2
3[ ] 5
( ) ( )

( ) 3
TF

TF F

E
C r r

r

δ ρµ ρ φ
δρ

= = −
                                                    

(2.8) 

2
2

2

( )
( )

rZ
r dr

r r r

ρφ = −
−∫

                                                                 
(2.9) 

The electron density obtained by solving the Euler-Lagrange Equation 2.8 in conjunction 

with the constraint Equation 2.6 can be put into the main Equation 2.5 of the energy 

functional to get the total kinetic energy for the atom. However, the Thomas-Fermi model 

failed to predict the kinetic energy for the molecule. Furthermore, the oversimplified 

approximation caused low accuracy even for the atoms with respect to the other methods.  

2.2.2 Hohenberg-Kohn Theorem 

In the year 1964, Hohenberg and Kohn postulated a landmark theorem where they 

proposed that the Thomas-Fermi model can be an approximation of the exact density 

functional theory for the ground state. The two Hohenberg-Kohn theorems10 are regarded 

as the beginning of modern density functional theory. 

Hohenberg and Kohn have postulated the first theorem as “the external potential is 

determined, within a trivial additive constant, by the electron density( )rρ ”. The electron 

density is related to the total number of electrons. Hence, the ground state wave function 
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and other electronic properties can be easily determined by the electron density( )rρ . 

This theorem demonstrates that there cannot be two different external potential which 

give the same density for the ground state. Thus, according to this theorem, the nuclear 

electron attraction term can be rewritten as a function of density with the external 

potential6.    

Hence, the total energy equation can be expressed as 

 

[ ] [ ] [ ] [ ]ne eeE T V Vυ ρ ρ ρ ρ= + +  ( ) ( ) [ ]HKr r dr Fρ υ ρ= +∫                                    (2.10) 

Where            [ ] [ ] [ ]HK eeF T Vρ ρ ρ= +                                                            (2.11) 

The last term i.e. the electrostatic repulsion term in Equation 2.11 can be written as the 

summation of the classical repulsion term and the nonclassical term. The exchange-

correlation energy is mainly involved in the nonclassical term. 

  

[ ] [ ] nonclassical termeeV Jρ ρ= +
                                                            

(2.12) 

 

The second Hohenberg-Kohn theorem is very similar to the conventional variation 

principle6. They postulated it as, “for a trial density( )rρ% , such that ( ) 0rρ ≥% and

( )r dr Nρ =∫ % ” , 

0 [ ]E Eν ρ≤ %
                                                                         (2.13) 

where E0 is the ground state exact energy and [ ]Eν ρ% is the energy functional. 

Now, again, the constrained minimization process for the ground state energy equation by 

the method of the Lagrange undetermined multipliers forms  

{ }[ ] ( ) 0E r dr Nυδ ρ µ ρ − − = ∫                                                  
(2.14) 

[ ] [ ]
( )

( ) ( )
HKE F

r
r r

υδ ρ δ ρµ υ
δρ δρ

= = +
                                                    

(2.15) 
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whereµ is the chemical potential and [ ]HKF ρ is an universal functional of ( )rρ . It is very 

difficult to get an explicit form for the [ ]HKF ρ functional. Thus, the best possible solution 

of Equation 2.15 for energy minimization is very important towards the ground state 

energy of a system.      

2.2.3 Kohn-Sham Equations 

As in the above section, we have seen that the Thomas-Fermi model is an approximation 

for the kinetic energy [ ]T ρ  and the electron-electron repulsion potential[ ]eeV ρ . However, 

to overcome the difficulties of the oversimplified model, the kinetic energy part must be 

taken care of carefully. Kohn and Sham11, in this regard, introduced the orbitals in such a 

way that the kinetic energy can be computed with good accuracy. 

Kohn and Sham invoked the noninteracting reference system moving in an effective 

potential υ(r) for every interacting problem of interest. The Hamiltonian of such systems 

bears no electron-electron repulsion terms and the ground state electron density is exactly 

equal to the ρ. 

The kinetic energy and the electron density for a non-interacting electronic system can be 

written as the following equations6, 

 

21
2[ ]

N

s i i
i

T ρ ψ ψ= − ∆∑
                                                       

(2.16) 

2( ) | ( , ) |
N

i
i s

r r sρ ψ=∑∑
                                                         

(2.17) 

The energy functional can be written as Equation 2.18 and by introducing the N orbitals it 

can be rewritten as Equation 2.19 below. The term Ts[ρ] is not the exact kinetic energy 

functional but its component. 

[ ] [ ] [ ] [ ] ( ) ( )s xcE T J E r r drρ ρ ρ ρ υ ρ= + + + ∫                                    
(2.18) 

* 21
2( )( ) ( ) [ ] [ ] ( ) ( )

N

i i xc
i s

x x dr J E r r drψ ψ ρ ρ υ ρ= − ∆ + + +∑∑∫ ∫
                 

(2.19) 
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The first term in Equation 2.19 is the kinetic energy of electrons for the model for a non-

interacting system. The second term is the classical Coulomb interaction between the 

electrons and the third term is the exchange-correlation energy. This exchange-

correlation energy also takes care of the difference in the kinetic energy between the 

noninteracting and the interacting systems ([ ] [ ]sT Tρ ρ− ) and the nonclassical part, i.e. 

[ ]eeV ρ . The fourth term represents the electron-nucleus attraction energy. Thus, for a 

known external potential [υeff(r)], N one electron equations can be constructed (see 

Equation 2.20, where iε are eigenvalues, iψ are the Kohn Sham (KS) orbitals). Then, the 

density ρ(r) will be obtained from the Equation 2.21. 

21
2[ ]eff i i iυ ψ ε ψ− ∇ + =

                                                      
(2.20) 

2( ) | ( , ) |
N

i
i s

r r sρ ψ=∑∑
                                                      

(2.21) 

The term, υeff(r), i.e. the KS effective potential can be defined as shown in Equation 2.22 

and 2.23 below. The third term, ( )xc rυ  in Equation 2.23 is the exchange-correlation 

potential. Thus. the KS non-linear equations have to be solved iteratively. This process is 

called the self consistent field (SCF) method.  

[ ][ ]
( ) ( )

( ) ( )
xc

eff

EJ
r r

r r

δ ρδ ρυ υ
δρ δρ

= + +
                                           

(2.22) 

( ')
( ) ' ( )

| ' | xc

r
r dr r

r r

ρυ υ= + +
−∫

                                            
(2.23) 

The total energy that is not equal to the sum of the orbital energies can be expressed as 

Equation 2.24 below.  

1 ( ) ( ')
' [ ] ( ) ( )

2 | ' |

N

i xc xc
i

r r
E drdr E r r dr

r r

ρ ρε ρ υ ρ= − + +
−∑ ∫ ∫

                      
(2.24) 

Better approximations to [ ]xcE ρ  would give better values forρ  and E.  
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2.2.4 Exchange-Correlation Functional 

As shown in the previous section, the total energy depends on the exchange-correlation 

functional ( [ ]xcE ρ ). The better approximation of the Exc, the better will be the energy. 

However, the great   challenge is to make an accurate estimation of Exc. In this regard, the 

local density approximation (LDA) is the best for estimating the exchange-correlation 

energy. The energy functional for the exchange-correlation contribution is easily 

computed by the assumption of the homogeneous electron gas, by which one can obtain 

the exchange-correlation energy for a non-uniform system by simply applying the 

uniform electron gas model. Thus, the local exchange-correlation energy can be written 

as, 

 

[ ] ( ) [ ( )]LDA
xc xcE r r drρ ρ ε ρ= ∫                                          

(2.25) 

where ( )xcε ρ  is the exchange and correlation energy per particle of a uniform electron 

gas of density[ ( )]rρ . Now, knowing the exchange-correlation energy contribution, one 

can easily construct the corresponding exchange-correlation potential and the KS 

equations to estimate the exchange-correlation included energy value6. 

( )
( ) ( ( )) ( )

( )

LDA
LDA xc xc
xc xc

E
r r r

r

δ δε ρυ ε ρ ρ
δρ δρ

= = +
                               

(2.26) 

21 ( ')
( ) ' ( )

2 | ' |
LDA
xc i i i

r
r dr r

r r

ρυ υ ψ εψ − ∆ + + + = − 
∫

                           
(2.27) 

Thus, again Equation 2.27 has to be solved iteratively by the SCF method to provide the 

Kohn Sham-local density approximation (LDA method). This method is well defined for 

the system with slowly varying densities, but is inaccurately described for the highly 

inhomogeneous systems such as atoms and molecules. Further modification is needed to 

compute the exchange energy accurately because it is the most difficult part of the total 

energy expression. The generalized gradient approximation (GGA) provides a modified 

model to improve the accuracy of the exchange and correlation functional. In this model, 
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the gradient of the electron density is used in place of the density. Thus, the exchange-

correlation energy functional in GGA6 can be expressed as,  

 

[ ( )] ( ) [ ( ), ( )]GGA
xcE r r F r r drρ ρ ρ ρ= ∇∫                                             

(2.28) 

Thus, the challenge is to estimate the exchange-correlation energy contribution 

accurately. In this regard, several functionals with different approximations have been 

developed to calculate the exchange- correlation energy.  

In 1986, Perdew (P86)12 proposed the correlation contribution for the gradient corrections 

approach and in 1988, Becke (B88)13 proposed the exchange part of [ ( )]GGA
xcE rρ  by 

involving the gradient of the density along with the Slater exchange. The functional 

composed of the Becke exchange and the Perdew correlation contribution is called BP86 

functional. Later, Lee, Yang and Parr (LYP)14 in 1988 came up with a correlation 

functional which involved both the local and non-local parts. In 1991, Perdew and Wang 

(PW91)15 and in 1996 Perdew, Burke and Ernzerhof (PBE)16 have proposed another 

gradient-corrected correlation energy functional.  

Another type of functional is the hybrid functional, where the exact exchange energy 

from the Hartree-Fock method mixes with that obtained from the DFT. B3LYP17 is one 

of the well known hydrid functionals, which consists of a mixture of exchange energy 

with Becke exchange and Lee, Yang and Parr (LYP) correlation functional. The form of 

the exchange-correlation functional can be written as 

EXC = 0.2*EX(HF) + 0.8*EX(LSDA) + 0.72*DEX(B88) + 0.81*EC(LYP) + 

0.19*EC(VWN)                                                                                                           (2.29) 

The group of Prof. Donald Truhlar at the University of Minnesota has developed another 

very popular family of functionals, which are called the Minnesota Functionals (Myz)18. 

These functionals follow the hybrid generalized gradient approximation where the 

electron spin density, density gradient, kinetic energy density and the Hartree-Fock 

exchange are involved. For example, the M06-2X functional has 54% HF exchange. This 

functional is very useful for predicting the thermochemistry, kinetics and the non-

covalent interactions for main group systems. 



 

42 

 

2.3 Møller–Plesset Perturbation Theory 

The concept of the perturbation theory is to transform the exact Hamiltonian of the 

Schrödinger equation to an effective Hamiltonian where an external perturbation is 

added. The effective Hamiltonian Heff can be written as, 

                                            H = H0 + λV                                                                    (2.30) 

Where, V is the external perturbation and λ is the arbitrary perturbation parameter. In the 

Møller–Plesset perturbation theory5 what is considered is the Hartree-Fock Hamiltonian 

as the zeroth order Hamiltonian that can be written as, 

                              
0 ( ) [ ( ) ( )]HF

i i

H f i h i iυ= = +∑ ∑
                                                    (2.31) 

                 

1 1 ( )HF HF
ij ij

i j i j i

V r V r iυ− −

< <

= − = −∑ ∑ ∑
                                              (2.32) 

The perturbation here comes from the correlation potential where the perturbation 

operator can be expressed as, 

                                                        V= H - H0                                                             (2.33) 

Thus, by applying the correlation perturbation, the first order energy correction is  

(1) 1
0 0 0 0 0 0

1 1
( )

2 2
HF HF

o ij
i j i ab a ab

E V r i ab ab a a ab abυ υ−

<

= Ψ Ψ = Ψ Ψ − Ψ Ψ = − = −∑ ∑ ∑ ∑ ∑

                                                                                                                                    (2.34) 

which suggests that the MP1 energy is equal to the Hartree-Fock energy. Thus, the 

second order energy correction is the first energy correction to the Hartree-Fock energy6. 

The second order MP2 energy can be written as, 

                                                     

2

(2)
0 (0) (0)

0

0

n n

V n
E

E E
=

−∑
                                                                     

(2.35) 
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Due to Brillouin’s theorem and the two particle nature of the perturbation, the double 

excitation only contributes to the energy correction. Therfore, the second order energy 

can be expressed as 

                                   

2

1
20

(2)
0

rs
ij ab

i j

a b a ba b r s a b r s
r s r s

r
ab r s

E
ε ε ε ε ε ε ε ε

−

<

< <
< <

Ψ Ψ
= =

+ − − + − −

∑
∑ ∑

                               

(2.36) 

where the “ab” represents the occupied orbitals and the “rs” represents the unoccupied 

orbitals. Therefore, for the ground state problems, the second order Møller–Plesset 

perturbation theory predicts more accurate geometries and energies. 

In this regard, the spin component scaled MP2 method (SCS-MP2)19-21 is another 

correction to the MP2 energy. In the MP2 method, both the parallel and the anti-parallel 

spin contribute equally to the energy. However, by applying different contributions for 

the parallel and the antiparallel spin, better performance can be achieved from the MP2 

calculations. Although the scaling components are optional, Grimme and co-workers 

have recommended the scaling factors for parallel and antiparallel spins as 6/5 (ps) and 

1/3 (pt). Thus, the electronic correlation energy can be written as, Ec = psEs + ptEt. 

2.4 RI-J and MARI-J Approximation 

Other approximations to reduce the computational costs and accelerate the computational 

process are the RI-J22-27 (resolution of identity) and MARI-J28 (multipole accelerated 

resolution of identity) approximations. The use of auxiliary basis functions helps to 

reduce the conventional computation time. The MARI-J method divides the Coulomb 

interaction into two components; the near field and the far field parts. The near field part 

includes the four-centre electron repulsion integrals and the long range interactions that 

are expressed by the multipole expansions that represent the far field component. The RI 

approximation reduces the four centre electron repulsion integrals into the three centre 

integrals by using the density fitting method, where the electron density ρ  can be 

expressed as a linear combination of auxiliary basis functionsα ,  
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( ) ( ) ( )r r c rα

α
ρ ρ α≈ =∑%

                                                          
(2.37) 

The cα is the expansion coefficient, which can be calculated by the expression,  

                           
[ ( ) ( )] ( , ')[ ( ') ( ')] 'c r r g r r r r drdrα ρ ρ ρ ρ= − −∫∫ % %

                               
(2.38) 

 

Where, ‘g’ is the positive definite two-electron operator. Thus, by using the particular 

value of ‘g’ the convergence can be obtained for the Coulomb integrals. 

2.5 Solvent Correction 

Like other approximations, which have been taken care of during the geometry 

optimization process, the solvent effects have also been included through the calculations 

with the Conductor Like Screening Model (COSMO)29,30. The model is called continuum 

solvation model (CSM), where the solvent is represented by the dielectric continuum 

with the permittivity ε, by which the solute molecules are surrounded. Therefore, the 

charge distribution of the solute and the polarization of the dielectric medium generate 

the screening charges on the solute cavity surface. For an ideal solution (  ε = ∞ ), the 

screening charges vanish at the cavity surface. However, for a solvent with a finite 

dielectric constant, the screening charges can be represented as, 

 

                                            
*q ( ) qf ε=                                                              (2.39) 

                                                
1
2

1
( )f

εε
ε

−=
+                                                              

(2.40) 

where the screening charges are scaled by the factor. The dielectric energy can be 

calculated easily from the interaction at the cavity surface as it is half of the solute-

solvent energy. Thus, for the solvated molecule, the absolute free energy can be 

calculated by the summation of the energy that is obtained from the solvated wave 

function and the dielectric energy. 

                                          ( )solv
dielE E Eψ= +                                                       (2.41) 
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Chapter 3 

Proposing Late Transition Metal Complexes as 

Frustrated Lewis Pairs  

 

Abstract 

There has been considerable interest in recent times to develop transition metal complex 

systems that can demonstrate metal-ligand cooperativity. It has recently been shown 

(Wass et al.J. Am. Chem. Soc., 2011, 133, 18463) that early transition metals can 

cooperate with ligands carrying phosphines as pendant groups, working as metal 

analogues to frustrated Lewis pairs (FLPs) to mediate in a variety of important reactions. 

What the current work attempts to do is to show how this concept of metal containing 

FLPs can be expanded to include late transition metal complexes as well: complexes that 

have been modified from existing systems that serve as efficient catalysts for 

homogeneous polymerization. A modified palladium complex has been considered in this 

regard as an example of a potential late transition metal FLP and studied with full 

quantum mechanical calculations. The calculations indicate that this complex would be 

effective at catalyzing ammonia borane dehydrogenation. The possibility of competing 

side reactions such as reductive elimination have also been considered, and it has been 

found that such processes would also yield stable products which could act as an FLP in 

catalyzing reactions such as the dehydrogenation of ammonia borane. The current work 

therefore expands the scope of metal containing FLPs to include late transition metals 

and demonstrates computationally the potential of such complexes for exhibiting metal-

ligand cooperativity.  
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3.1 Introduction 

Non-metal complexes possessing a combination of sterically separated Lewis acidic and 

Lewis basic sites, termed as “frustrated lewis pairs” (FLPs), have recently become a 

subject of much research owing to their ability to perform interesting solution phase 

chemistry in a catalytic1, 2, as well as in a stoichiometric fashion3-5. FLPs have been found 

to mediate successfully in a variety of different chemical transformations, including the 

reversible activation of dihydrogen5, reactivity towards alkenes6
 as well as to alkynes7 

and imines8, enamines1 and nitriles8, 9. Diverse intermolecular and intramolecular 

combinations have been made in order to expand the concept of FLPs into the domain of 

small molecule activation, with boron/carbene10, 11, boron/amine12
 and 

phosphorus/nitrogen13
 pairs proving to be particularly effective. Theoretical studies have 

also contributed to the understanding of FLP chemistry14-18. 

Thus, the discovery of FLPs has opened up the door to cooperativity in non-metal 

systems. Recently, Douglas Stephan’s group7 has shown how the concept can be 

extended to include metal systems, employing an aluminium-phosphorus system as a 

frustrated Lewis pair. This has been further extended recently by Duncan Wass and co-

workers19, 20
 to include transition metal systems, by making FLPs with cationic 

zirconocene-phosphinoaryloxide complexes. These complexes were found to exhibit the 

same ditopic activation that is present in the main-group FLPs but had the advantage of 

exhibiting significantly higher reactivity than their non-metal counterparts. Moreover, the 

zirconium based FLPs also showed the ability to mediate in reactions for which main 

group FLPs have been ineffective19. Their work therefore demonstrates that the concept 

of FLPs can be employed as a means of developing new avenues for metal-ligand 

cooperativity. Other zirconium based FLP systems have also been developed2,21. New 

developments in metal-ligand cooperativity hold great significance22, since this has led to 

the facilitation, under mild conditions, of the catalysis of an array of important reactions. 

The group of David Milstein, for instance, has exploited metal-ligand cooperativity via 

aromatization-dearomatization of pincer type pyridinic or acridinic moieties with several 

transition metals23. These complexes can readily cleave the O-H bond in water as well as 



 

50 

 

the N-H bond in amines at room temperature24. Several types of hybrid25, hemi-labile25
 or 

non-innocent25 ligands have “cooperated” with metals in mediating in a variety of 

different reactions. Cooperation between ruthenium and nitrogen of the coordinated 

pincer ligand, for instance, has been found to lead to the very efficient catalysis of 

important reactions such as the dehydrogenation of ammonia borane26. Hence, given the 

importance of the field of metal-ligand cooperativity, the true significance of the work of 

Duncan Wass’s group in designing a system exploiting metal-ligand cooperativity 

through a metal-nonmetal FLP combination (zirconium and phosphorus19, 20, mentioned 

earlier), may lie in its showcasing of the possibilities of designing new metal-nonmetal 

FLP combinations that can exhibit interesting chemical reactivity, especially for catalytic 

transformations. 

In this context, it is interesting to note that the cationic active species in the Wass FLP 

complexes bear a resemblance to the active species employed in the solution phase 

homogeneous olefin polymerization catalysts27, 28. The cationic zirconocene-

phosphinoaryloxide species prepared by Wass and co-workers can be considered a 

modification of the cationic zirconocene complex (known to be an active olefin 

polymerization catalyst27, 28), with the addition of a phosphine group that can bind weakly 

to the metal (see Figure 1 below). It is therefore pertinent to consider the possibility of 

other transition metal systems also having the potential to act as FLPs, if they can be 

modified from analogous complexes that have been found to be efficient homogeneous 

olefin polymerization catalysts. This idea has significance because one could then 

conceivably expand the concept of highly efficient FLPs to late transition metal complex 

systems, since late transition metal complexes have been known to be good catalysts for 

homogeneous olefin polymerization catalysis. In this regards, another example of a late 

transition metal complex that could function as an FLP is a ruthenium based complex 

employed by Douglas Stephan’s group29. 

With regard to the idea proposed above, of designing late transition metal FLPs based on 

a comparison to effective, existing homogeneous olefin polymerization catalyst, one 

potential candidate is the diimine ligand-based palladium complex30, denoted as I  in 
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Figure 1 below. There are several examples known of labile bonds between phosphines 

(both aromatic and aliphatic) and late transition metals31-34. One can envisage a cationic 

palladium species with a weak metal-phosphorus linkage (denoted as II ), which is a 

modification of I . It is likely that the Pd-P bond in II  would be labile, since the complex 

is isolobal to the neutral, square planar rhodium complex,[(PEt3)3Rh(NHAr) (Ar=p-

tolyl)] which is known to have a labile rhodium-phosphorus bond35. Calculations 

comparing the ease of separation of the rhodium phosphorus bond in (PEt3)3Rh(NHAr) 

(Ar=p-tolyl) with that of the palladium phosphorus bond in II , shown in Figure 2, 

indicate that the energy of metal-P separation in the two cases is quite comparable. 

 

Figure 1. The concept behind the proposed palladium based frustrated Lewis pair: 

analogy to olefin polymerization catalysts; the colour scheme is as follows: carbon – 

pink, nitrogen – light blue, palladium, zirconium (TM center) – green, phosphorus – blue, 

oxygen – yellow, the tertiary butyl groups – red. 
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Figure 2. Comparison of the energy required to displace the phosphorus atom from the 

metal centre for the Rh,[(PEt3)3Rh(NHAr) (Ar=p-tolyl)] and the proposed palladium 

based FLP complex II , discussed in the manuscript (see Figure 1); the values along the X 

axis are in A0, and along the Y axis are in kcal/mol. 

Hence, based on the ideas discussed here, we postulate that a cationic palladium species 

of the type II shown in Figure 1 can serve as an example of a very effective late-

transition metal containing FLP. This will be demonstrated by full quantum chemical 

calculations with density functional theory (DFT) calculations, exploring the FLP 

behaviour of II for the dehydrogenation of ammonia borane (AB), an important candidate 

for the chemical storage of hydrogen. It is noted here that II  is used primarily as an 

example to highlight how the concept of FLPs can be extended to late transition metals. 

Since palladium complexes are easy to handle and do bench-top chemistry with36, the 

work discussed here opens up new possibilities in the field of metal-ligand cooperativity 

using late transition metal based FLPs.  
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3.2 Computational Details 

The DFT calculations have been done with the Turbomole suite of programs, using 

Turbomole 6.037. The TZVP basis set38-40(triple-z basis set augmented by a polarization 

function) and the PBE functional41-44 have been employed in all the calculations. The 

resolution of identity (RI)45, along with the multipole accelerated resolution of identity 

(marij)46 approximations were employed for an accurate and efficient treatment of the 

electronic Coulomb term in the DFT calculations. Furthermore, single point MP247-50 

calculations (also with the RI approximation) have been done with the optimized minima 

and transition state structures for all the species along the potential energy surface for the 

catalytic pathways for AB dehydrogenation. Solvent effects have been included for the 

solvent dichloromethane (ε = 9.08) through single point calculations with the Conductor 

Like Screening Model – COSMO51. Frequency calculations have been done at the DFT 

level in order to obtain the zero point energy, the internal energy and entropic 

contributions (calculated at 298.15 K). Care was taken to ensure that the obtained 

transition state structures possessed only one imaginary frequency corresponding to the 

correct normal mode. Hence the numbers reported are ∆G values.  

3.3 Results and Discussion 

The proposed precursor to the cationic diimine palladium complex II , shown in Figure 1, 

is likely to be easily synthesized by following the same route30 as that employed 

experimentally to synthesize the analogous α-diimine ligand-Pd (II) system I . The 

diimine cationic complex II  can then be formed in situ in solution by the addition of a co-

catalyst such as MAO, as is commonly done in homogeneous olefin polymerization 

catalysts52. Shown in Figure 3 is the reaction pathway for the dehydrogenation of 

ammonia borane (AB) using complex II . Ammonia borane (AB), it is noted, is one of the 

most promising compounds for the chemical storage of hydrogen53,54, and the efficient 

catalysis of its dehydrogenation has been an important area of work in the field of 

hydrogen storage research55. The three barriers involved in dehydrogenating AB are 

calculated to lie in the range 4.0-25.0 kcal/mol (first barrier = 25.0 kcal/mol, second 
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barrier = 7.3 kcal/mol and third barrier = 4.0 kcal/mol, all values are solvent corrected 

∆G values; see Figure 3), which is comparable to barriers obtained for existing, state-of-

the-art AB dehydrogenation catalyst systems56. The first, rate determining step, involves 

the dissociation of the phosphorus from the palladium centre, as well as the extraction of 

two hydrogens from AB: the hydridic hydrogen, coordinated to boron being taken by the 

palladium centre in the catalyst and the protic hydrogen, coordinated to the nitrogen, 

being extracted by the phosphorus atom (see Figure 3). This would lead to a 

phosphonium cationic species that can coordinate to the metal center. Examples of 

complexes where a phosphonium cation coordinates to the metal center are known57-59. 

Thus, the metal-phosphorus bond distance is increased in this transition state. This leads 

to the intermediate, indicated as II-H 2 in Figure 3. It is to be noted that the competing 

alternate possibility: the oxidative addition of two hydrogens directly to the palladium (II) 

center, is unlikely. This is because the product for this competing process has been 

calculated to be 6.2 kcal/mol higher in energy than II-H 2. 

After the formation of II-H 2, the next step involves the transfer of the phosphorus bound 

hydrogen to the palladium center via a three-membered transition state involving 

palladium, phosphorus and hydrogen, followed by the removal of H2 from the metal, thus 

completing the cycle. Like rhodium in hydroformylation60, palladium shows here the 

ability to increase its coordination number by two units. The angle between the two 

hydrogen atoms with palladium (81.2°) is comparable with the P(OPh)3 modified 

rhodium hydroformylation catalyst (79.2°) described by Sparta et al60. The low barriers 

for the successive steps indicate that the cycle would be catalytic, since the intermediates 

formed would proceed to yield the products. Also, the value of the barriers obtained 

suggests that the catalysis would be possible at room temperature. 
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Figure 3. The schematic representation of the free energy surface for the catalysis of the 

dehydrogenation of ammonia borane (AB) using the proposed palladium based FLP; only 

the hydrogens of AB are shown, the rest have been removed for the purpose of clarity; all 

the values are in kcal/mol. 

Figure 3 discuss the free energy (∆G) values for the catalytic pathway for the AB 

dehydrogenation process. The corresponding enthalpy (∆H) values have also been shown, 

in Figure 4 below. (However, all the other reaction pathway figures shown below in the 

chapter indicate the free energy surface.) A perusal of the corresponding ∆H values 

shows that the barrier heights are not different: the slowest (first) step of the reaction has 

a ∆G barrier of 25.0 kcal/mol (see Figure 3), while the ∆H value for this step is 23.9 

kcal/mol (see Figure 4). The chief difference occurs in the overall thermodynamics of the 

reaction: while the calculated free energy surface, indicated above, is shown to be 
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exergonic by 12.4 kcal/mol, (see Figure 3), it is calculated to be endergonic by 6.7 

kcal/mol when ∆H is considered (see Figure 4). This indicates that there is significant 

entropic gain in the elimination of dihydrogen from the vicinity of the catalyst, which 

makes the overall reaction exergonic in ∆G. A similar trend is observed in the case of all 

the free energy and enthalpy surfaces that have been discussed in the other reactions 

pathways below: the barrier heights calculated are about the same in both ∆G and ∆H, but 

the overall exergonicity of the reaction is significantly helped by the inclusion of entropy 

(in the ∆G values). 

 

Figure 4. The schematic representation of the reaction enthalpy (∆H) surface for the 

catalysis of the dehydrogenation of ammonia borane (AB) using the proposed palladium 

based FLP; all the values are in kcal/mol. 

While the reaction shown in Figure 4 indicates the reaction to be favourable, it is to be 

noted that there is a competing reaction to this catalysis pathway. This is outlined in 

Figure 5 below: after the formation of the II-H 2 species, it is possible that the methyl 

group attached to the palladium center can combine with the hydride that is now present 
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at the metal center, thereby forming methane, CH4, and leading to a new complex 

denoted as III  in Figure 5 below. Palladium complexes have shown the propensity to 

undergo such a reductive elimination process61. The energetics of this process is indicated 

to be quite favourable: both kinetically and thermodynamically. While the slowest step 

for the pathway from II-H 2 to II  is 7.3 kcal/mol, the reductive elimination step from II-

H2 to III  is 4.9 kcal/mol. Moreover, while the final product complex is found to be stable 

by 12.4 kcal/mol in the catalysis pathway, it is stable by 36.3 kcal/mol in the reductive 

elimination pathway. These results indicate that while the palladium complex II  might be 

successful at catalyzing the dehydrogenation of ammonia borane, it is more likely that 

ammonia borane would serve to provide II  with hydrogens to convert it to the reduced 

complex III .    

 

Figure 5. The schematic representation of the free energy surface showing the possibility 

of dehydrogenation of ammonia borane followed by a reductive elimination step leading 
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to the loss of methane from the palladium complex; only the hydrogens of AB are shown, 

the rest have been removed for the purpose of clarity; all the values are in kcal/mol. 

However, the fact that this reductive elimination reaction is so thermodynamically 

favorable also indicates that the resultant complex would be a very stable species, and 

therefore likely to exist for a long time in the reaction mixture. Since II  would only be 

present in catalytic amounts in comparison to the substrate AB, only a small amount of 

AB would have been expended in order to create the complex III . Since III  also 

possesses a labile palladium-phosphorus bond (see Figures 5 and 6), it can also act as an 

FLP. This possibility has been investigated, with the results being indicated in Figure 6 

below. It is seen that III  would also be a very effective catalyst for the dehydrogenation 

of ammonia borane: the slowest step of the reaction has a barrier of 27.5 kcal/mol. It is to 

be noted that the reactant in this case lies 36.3 kcal/mol lower in energy than the 

beginning reactant species, as seen from the previous Figure 5. Hence, the process 

yielding the final, regenerated species III , with the elimination of H2, is seen to be highly 

exergonic, by 57.1 kcal/mol (see Figure 6 below). Similar exergonic profiles will also be 

observed for other processes that will be described subsequently. 

As opposed to the three step AB dehydrogenation catalysis by II , III  achieves the AB 

dehydrogenation catalysis in only two steps, with the second step having a barrier of only 

2.1 kcal/mol. Hence, it is quite possible that, were II  to be employed as a potential 

catalyst for AB dehydrogenation, it would serve primarily as a pre-catalyst, creating the 

FLP III , which would act as the actual active catalyst in solution. 
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Figure 6. The schematic representation of the free energy surface for the catalysis of the 

dehydrogenation of ammonia borane (AB) using FLP (III ) formed during the catalysis; 

only the hydrogens of AB are shown, the rest have been removed for the purpose of 

clarity; the colour scheme is the same as used in Figure 1; all the values are in kcal/mol. 

It is to be noted that AB dehydrogenation catalysis has been demonstrated in the past 

with cationic palladium complexes62. The novelty in the current approach lies in the 

exploitation of metal ligand cooperativity between the palladium and the phosphorus 

atom in the original FLPII , as well as in the FLP formed in situ, III , in order to effect the 

catalysis.  

A further reaction that has been considered is the hydrogenation of alkenes such as 

ethylene. This would occur if ethylene were to be present in the reaction vessel in high 

concentrations, allowing the species II-H2 , formed as the intermediate in the 

dehydrogenation processes discussed above, to transfer the hydrogens to the alkene, 

thereby forming the corresponding alkane. This is illustrated in Figure 7 below. The ∆G 
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value for the transfer process was found to be 32.8 kcal/mol. While this barrier is higher 

than the AB dehydrogenation barriers discussed earlier, it is likely that the process could 

occur at elevated temperatures. Reactions having a barrier of 35.0-40.0 kcal/mol have 

been known to occur at temperatures of about 50°C63-66. 

 

Figure 7. The schematic representation of the free energy surface for the hydrogenation 

of ethylene with the hydrated palladium based FLP-II-H 2; all the values are in kcal/mol. 

Furthermore, as discussed above, since II  would be likely to yield the new FLP III  in 

solution, the possibility of III  effecting the hydrogenation of alkenes has also been 

considered. As shown in Figure 8 below, this, too, is a process that would be favourable 

at temperatures slightly higher than ambient temperatures, having a barrier of 31.5 

kcal/mol, with the product laying a very stable 74.3 kcal/mol on the free energy surface. 
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Figure 8. The schematic representation of the free energy surface for the hydrogenation 

of ethylene with the hydrated palladium based FLP-III-H 2 formed during the catalysis; 

all the values are in kcal/mol. 

One can also imagine variations to the proposed palladium based FLP complex II . As 

shown in Figure 9, a simpler system can be envisaged, with a palladium phosphorus 

bond, but with no connection between the phosphorus and the diimine ligand system. 

Such a complex can also act to dehydrogenate ammonia borane (Figure 9), hydrogenate 

ethylene (Figure 12) with barriers comparable to the analogous reactions with II . The 

possibility that the new FLP, III-s , would be formed in situ, and also serve as a catalyst 

has also been studied. The results, indicated in Figure 9 and 10 below, show that III-s , 

too, would be quite effective as an FLP. 
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Figure 9. A simpler palladium based FLP system: no linkage between the phosphorus and 

the diimine ligand; shown above is the free energy surface for the catalysis of the 

dehydrogenation of ammonia borane; all the values are in kcal/mol. 

The only potential drawback in employing simpler FLP analogues to II  is that the 

possibility exists that the coordinating phosphine, not being bound to the diimine ligand, 

can be completely displaced from the metal coordination sphere by solvent molecules, or 

other species in solution, thereby not allowing the metal-ligand cooperativity to occur 

effectively. Nevertheless, in the presence of phosphine as an extra reagent in the reaction 

mixture, FLPs of the type shown in the Figures 9 to 13 may also be effective at small 

molecule activation and catalysis. 



 

63 

 

 

Figure 10. The schematic representation of the free energy surface showing the 

possibility of dehydrogenation of ammonia borane followed by a reductive elimination 

step leading to the loss of methane from the simple palladium complex; only the 

hydrogens of AB are shown, the rest have been removed for the purpose of clarity; all the 

values are in kcal/mol. 
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Figure 11. The schematic representation of the free energy surface for the catalysis of the 

dehydrogenation of ammonia borane (AB) using FLP (III-s ) formed during the catalysis; 

with the simple palladium based FLP; all the values are in kcal/mol. 

 

Figure 12. The schematic representation of the free energy surface for the hydrogenation of 

ethylene to ethane with the hydrogenated simple palladium based FLP; all the values are in 

kcal/mol. 
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Figure 13. The schematic representation of the free energy surface for the hydrogenation of 

ethylene with the hydrated simple palladium based FLP-III-H 2-sformed during the 

catalysis; all the values are in kcal/mol. 

3.4 Conclusions 

In summary, by analogy to homogeneous olefin polymerization catalysts, late transition 

metal frustrated Lewis pairs (FLPs) have been proposed, based on the design of an α 

diimine ligand having a labile phosphorus bond with the metal (palladium) centre.This 

complex has been investigated as an example to illustrate the potential of late transition 

metal containing FLPs at mediating in important chemical transformations. Calculations 

with DFT/MP2 methods indicate that such late transition metal containing FLPs would be 

effective at catalyzing the dehydrogenation of ammonia borane (AB), as well as 

facilitating the hydrogenation of ethylene at high concentrations of the substrate. The 

possibility of side reactions occurring during the catalysis has been investigated, and it 
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has been found that, while competing reactions such as the reductive elimination of 

alkanes, would be possible, the resulting products can also serve as equally effective or 

even better FLPs for catalysis processes. As such, the current work opens up exciting new 

possibilities in the area of metal-ligand cooperativity and small molecule activation. 

 
3.5 References 

1. P. Spies, S. Schwendemann, S. Lange, G. Kehr, R. Fröhlich, G. Erker, Angew. Chem., 
Int. Ed., 2008, 47, 7543–7546.  

2. K. V. Axenov, G. Kehr, R. Fröhlich, G. Erker, Organometallics, 2009, 28, 5148–5158. 

3. G. Ménard, D. W. Stephan, J. Am. Chem. Soc., 2010, 132, 1796–1797.  

4. C. M. Mömming, E. Otten, G. Kehr, R. Fröhlich, S. Grimme, D. W. Stephan, G. Erker, 
Angew. Chem., Int. Ed., 2009, 48, 6643–6646.  

5. D. W. Stephan, G. Erker, Angew. Chem., Int. Ed., 2010, 49,46–76.  

6. J. S. J. McCahill, G. C. Welch, D. W. Stephan, Angew. Chem., Int. Ed., 2007, 46, 
4968–4971. 

7. M. A. Dureen, D. W. Stephan, J. Am. Chem. Soc., 2009, 131, 8396–8397. 

8. P. A. Chase, T. Jurca, D. W. Stephan, Chem. Commun., 2008, 1701–1703.  

9. P. A. Chase, G. C. Welch, T. Jurca, D. W. Stephan, Angew. Chem., Int. Ed., 2007, 46, 
8050–8053.  

10. P. A. Chase, D. W. Stephan, Angew. Chem., Int. Ed.,2008, 47, 7433–7437.  

11. D. Holschumacher, T. Bannenberg, C. G. Hrib, P. G. Jones, M. Tamm, Angew. 
Chem., Int. Ed., 2008, 47, 7428–7432.  

12. V. Sumerin, F. Schulz, M. Atsumi, C. Wang, M. Nieger, M. Leskelä, T. Repo, P. 
Pyykkö, B. Rieger, J. Am. Chem. Soc., 2008, 130, 14117–14119.  

13. L. J. Hounjet, C. B. Caputo, D. W. Stephan, Angew. Chem., Int. Ed., 2012, 51, 4714–
4717.  

14. T. A. Rokob, A. Hamza, A. Stirling, T. Soós, I. Pápai, Angew. Chem., 2008, 120, 
2469–2472. 

15. S. Grimme, H. Kruse, L. Goerigk, G. Erker, Angew. Chem., Int. Ed., 2010, 49, 1402–
1405. 

16. G. Lu, H. Li, L. Zhao, F. Huang, Z.-X. Wang, Inorg. Chem., 2009, 49, 295–301.  



 

67 

 

17. Y. Guo, X. He, Z. Li, Z. Zou, Inorg. Chem., 2010, 49, 3419–3423. 

18. A. Pal, K. Vanka, Chem. Commun., 2011, 47, 11417– 11419.  

19. A. M. Chapman, M. F. Haddow, D. F. Wass, J. Am. Chem. Soc., 2011, 133, 18463–
18478.  

20. A. M. Chapman, M. F. Haddow, D. F. Wass, J. Am. Chem. Soc., 2011, 133, 8826–
8829.  

21. G. Bender, T. Wiegand, H. Eckert, R. Fröhlich, C. G. Daniliuc, C. Mück-Lichtenfeld, 
S. Ndambuki, T. Ziegler, G. Kehr, G. Erker, Angew. Chem., Int. Ed.,2012, 51, 8846–
8849. 

22. C. Gunanathan, D. Milstein, Acc. Chem. Res., 2011, 44, 588–602.  

23. S. W. Kohl, L. Weiner, L. Schwartsburd, L. Konstantinovski, L. J. W. Shimon, Y. 
Ben-David, M. A. Iron, D. Milstein, Science, 2009, 324,74–77.  

24. E. Khaskin, M. A. Iron, L. J. W. Shimon, J. Zhang, D. Milstein, J. Am. Chem. Soc., 
2010, 132, 8542–8543.  

25. H. Grützmacher, Angew. Chem., Int. Ed.,2008, 47, 1814– 1818.  

26. N. Blaquiere, S. Diallo-Garcia, S. I. Gorelsky, D. A. Black, K. Fagnou, J. Am. Chem. 
Soc., 2008, 130, 14034– 14035.  

27. T. Koch, S. Blaurock, E. Hey-Hawkins, M. Galan-Fereres, D. Plat, M. S. Eisen, J. 
Organomet. Chem., 2000, 595, 126–133.  

28. A. V. Firth, J. C. Stewart, A. J. Hoskin, D. W. Stephan, J. Organomet. Chem., 1999, 
591, 185–193.  

29. M. J. Sgro, D. W. Stephan, Angew. Chem., Int. Ed., 2012, 51, 11343–11345.  

30. D. H. Leung, J. W. Ziller, Z. Guan, J. Am. Chem. Soc., 2008, 130, 7538–7539.  

31. A. W. Holland, R. G. Bergman, J. Am. Chem. Soc., 2002, 124, 14684–14695. 

32. J. K. MacDougall, D. J. Cole-Hamilton, J. Chem. Soc., Chem. Commun., 1990, 165–
167.  

33. J. K. MacDougall, M. C. Simpson, M. J. Green, D. J. Cole-Hamilton, J. Chem. Soc., 
Dalton Trans., 1996, 1161–1172.  

34. P. Cheliatsidou, D. F. S. White, D. J. Cole-Hamilton, Dalton Trans., 2004, 3425–
3427. 

35. P. Zhao, C. Krug, J. F. Hartwig, J. Am. Chem. Soc., 2005, 127, 12066–12073.  



 

68 

 

36. S. E. Denmark, R. A. Stavenger, A.-M. Faucher, J. P. Edwards, J. Org. Chem., 1997, 
62, 3375–3389. 

37. R. Ahlrichs, M. Bär, M. Häser, H. Horn, C. Kölmel, Chem. Phys. Lett., 1989, 162, 
165–169.  

38. F. Weigend, Phys. Chem. Chem. Phys., 2002, 4, 4285–4291.  

39. F. Weigend, R. Ahlrichs, Phys. Chem. Chem. Phys., 2005, 7, 3297–3305.  

40. A. Schafer, H. Horn, R. Ahlrichs, J. Chem. Phys., 1992, 97, 2571–2577. 

41. P. A. M. Dirac, Proc. R. Soc. London, Ser. A, 1929, 123, 714–733.  

42. J. C. Slater, Phys. Rev., 1951, 81, 385–390. 

43. J. P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett., 1996, 77, 3865–3868.  

44. J. P. Perdew, Y. Wang, Phys. Rev. B: Condens. Matter, 1992, 45, 13244–13249.  

45. K. Eichkorn, O. Treutler, H. Öhm, M. Häser, R. Ahlrichs, Chem. Phys. Lett., 1995, 
240, 283–290.  

46. M. Sierka, A. Hogekamp, R. Ahlrichs, J. Chem. Phys., 2003, 118, 9136–9148. 

47. C. Hattig, J. Chem. Phys., 2003, 118, 7751–7761. 

48. C. Hattig, K. Hald, Phys. Chem. Chem. Phys., 2002, 4, 2111–2118. 

49. C. Hattig, A. Kohn, K. Hald, J. Chem. Phys., 2002, 116, 5401–5410.  

50. C. Hattig, F. Weigend, J. Chem. Phys., 2000, 113, 5154– 5161. 

51. A. Klamt, G. Schuurmann, J. Chem. Soc., Perkin Trans. 2, 1993, 799–805.  

52. S. D. Ittel, L. K. Johnson, M. Brookhart, Chem. Rev., 2000, 100, 1169–1204. 

53. A. Staubitz, A. P. M. Robertson, I. Manners, Chem. Rev., 2010, 110, 4079–4124.  

54. M. C. Denney, V. Pons, T. J. Hebden, D. M. Heinekey, K. I. Goldberg, J. Am. Chem. 
Soc., 2006, 128, 12048– 12049.  

55. T. B. Marder, Angew. Chem., Int. Ed.,2007, 46,8116– 8118.  

56. Y. Luo, K. Ohno, Organometallics, 2007, 26, 3597– 3600. 

57. N. Kuhn, G. Henkel, M. Göhner, Z. Anorg. Allg. Chem., 1999, 625, 1415–1416. 

58. J.,rieu, M. Azouri, P. Richard, Inorg. Chem. Commun., 2008, 11, 1401–1404.  

59. I. Abdellah, C. Lepetit, Y. Canac, C. Duhayon, R. Chauvin, Chem. Eur. J., 2010, 16, 
13095–13108. 



 

69 

 

60. M. Sparta, K. J. Børve, V. R. Jensen, J. Am. Chem. Soc., 2007, 129, 8487–8499. 

61. B. Kellenberger, S. J. Young, J. K. Stille, J. Am. Chem. Soc., 1985, 107, 6105–6107.  

62. S.-K. Kim, W.-S. Han, T.-J. Kim, T.-Y. Kim, S. W. Nam, M. Mitoraj, Ł. Piekoś, A. 
Michalak, S.-J. Hwang, S. O. Kang, J. Am. Chem. Soc., 2010, 132, 9954–9955. 

63. A. Berkessel, J. A. Adrio, J. Am. Chem. Soc., 2006, 128, 13412–13420. 

64. W. J. Shaw, J. C. Linehan, N. K. Szymczak, D. J. Heldebrant, C. Yonker, D. M. 
Camaioni, R. T. Baker, T. Autrey, Angew. Chem., Int. Ed., 2008, 47, 7493–7496. 

65. P. M. Zimmerman, A. Paul, Z. Zhang, C. B. Musgrave, Inorg. Chem., 2009, 48, 
1069–1081. 

66. M. T. Nguyen, V. S. Nguyen, M. H. Matus, G. Gopakumar, D. A. Dixon, J. Phys. 
Chem. A, 2007, 111, 679–690. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

70 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

71 

 

 

 

 

Chapter 4 

The Potentially Effective Porous Organic Cages With 

Different Lewis Pair Combinations For The 

Organocatalysis Of Ammonia Borane 

 

Abstract 

Zero Dimensional cage structure containing four phenyl rings separated by imine linkers 

have recently been synthesized. In the current work, a computational investigation using 

density functional theory (DFT), we demonstrate that modifying such cages by replacing 

the 2, 4, 6 carbon atoms in the phenyl rings to yield new rings, as well as replacing the 

imine moiety in the linker by other electronegative atoms, can yield interesting new cages 

that can be reactive in catalysing reactions such as the dehydrogenation of ammonia 

borane – an important reaction in hydrogen storage research. Specifically, it is predicted 

that phosphorus-nitrogen pairs (phosphorus in the 2, 4, 6 positions in the ring, nitrogen in 

the linker position), germanium-nitrogen and germanium-phosphorus pair combinations 

would lead to effective Lewis pairs that can work in tandem to dehydrogenate ammonia 

borane efficiently under room temperature conditions. 
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4.1 Introduction 

The possibility of using hydrogen (H2) as a fuel for transportation purpose has been 

receiving considerable attention in the last decade. The energy content of hydrogen per 

unit mass (120 MJkg–1) is more than double compared to the conventionally used 

petroleum based fuels (ca. 44 MJkg–1). Moreover, the potential environmental benefits of 

using hydrogen as a green fuel is the water, which is only the by product. However, a 

major bottleneck for its utilization is the current lack of a safe and practical method for 

the on-board storage of hydrogen. Hydrogen remains gaseous over a large range of 

temperatures and thus poses a hazard to its transportation in cylinders due to large 

volume. One possible solution involves storage of hydrogen in a chemical compound 

through a reversible chemical reaction1-5. In this respect, ammonia borane (NH3BH3, AB, 

solid at room temperature) and related amine boranes have emerged as attractive 

candidates for hydrogen storage materials. On account of their high percentage by weight 

(19.6 wt%) of available hydrogen, ammonia borane has been identified as a highly 

promising candidate for the chemical storage of hydrogen via the potential reversibility of 

the dehydrogenation reactions6, 7. However, such dehydrogenation reaction involves use 

of a catalyst, and till date there have been several potential transition metal catalysts are 

known which can effectively dehydrogenate ammonia borane8, 9.  

One approach to improve on the catalyst systems would be the use of efficient 

organocatalysts in place of the transition metal catalysts for AB dehydrogenation.The 

potential advantages of main-group catalysts over transition metal systems are many; the 

possibility of them being cheaper and more environmentally friendly makes the search 

worthwhile for the new main-group complexes that can catalyze important reactions such 

as AB dehydrogenation. Indeed, such a substitution may become necessary for ammonia 

borane, which is the large scale primary hydrogen storage material. In order to avoid 

dependence on expensive and non-renewable transition metals, strategies towards using 

organocatalysts with respect to hydrogen activation and storage have been explored in the 

literature10-15. 

The “frustrated Lewis pair” (FLP) concept, recently developed by Douglas Stephan’s 

group16, 17 involves the cooperation between two main group elements with differing 
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electronegativity, lying in close proximity in the same molecule17  or different 

molecules18. Such a pair of main-group elements contain latent Lewis acidity and 

basicity, because they are not able to bond together due to steric reasons – hence the term 

“frustrated” Lewis pairs (FLPs). Such FLPs can be exploited for the ditopic activation of 

different bonds. Frustrated Lewis pairs, such as the boron-phosphorus compound: 

(C6H2Me3)2P(C6F4)B(C6F5)2 and P(tBu)3 with B(C6F5)2R (where R is an alkyl group), 

have been employed to do solution phase chemistry in a stoichiometric18-21 as well as a 

catalytic fashion22, 23. To date, FLPs have been successfully employed for the C-C, C-O, 

C-H and N-O bond activations in small molecules18, 22, 24, 25.   

Miller et al.26 have used the aforementioned concept to catalyze amine-borane 

dehydrogenation using a tertiary phosphine borane Lewis pair. On the other hand, Guo et 

al.27 have shown through DFT calculations that FLPs can serve as an efficient 

organocatalysts for AB dehydrogenation reaction. In recent years, zero dimensional 

porous cage molecules have appeared as a new generation materials. In this regard, 

porous covalent organic cage molecule is shown in Figure 1, designed and 

experimentally synthesized by Tozawa et al. appears to hold considerable promise28. This 

is because the caged structure contains electronegative nitrogen atoms in close proximity 

to C-H bonds that can act as a potential “frustrated” Lewis pairs. Since AB (NH3BH3), 

unlike its iso-electronic counterpart CH3CH3, contains a protic N-H hydrogen and a 

hydridic B-H hydrogen, it is to be expected that the nitrogen and the proximal carbon 

atoms in the 0D cage molecule shown in Figure 1 can effectively extract the protic and 

hydridic hydrogens respectively from AB to give rise to N-H and C-H bonds and form 

NH2BH2: the first step to AB dehydrogenation. Furthermore, since such an extraction 

would distort the cage structure, an incentive would exist for the newly formed proximal 

N-H and C-H bonds to break and yield H2, thereby reconverting to the original 

undistorted, stable cage. This would complete the catalytic cycle and dehydrogenate AB. 

Now, since there are twelve nitrogen atoms in each cage, there is the possibility of 

several dehydrogenation reactions taking place at the same time, for each cage molecule, 

which would make for an efficient organocatalyst29.    
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Figure 1. The porous, organic cage structure synthesized by Tozawa and coworkers; the 

colour scheme is as follows: dark blue: carbon, violet: nitrogen; the hydrogens have been 

removed for the sake of clarity. 

 

The reported work therefore suggested that main-group FLPs could be designed that 

would be effective at catalyzing AB dehydrogenation. However, it was also clear from 

the work that the potential of the cages required further exploration, as new FLP 

combinations could be envisaged that could possibly be comparable or even better 

catalysts than the N-C cage. Shown in Figure 2 are other combinations that are possible: 

P-C (substitution of the nitrogens in N-C cage by the phosphorus), C-P (each of the imine 

nitrogens replaced by a carbon and the three carbons in each of the phenyl rings – in the 

2, 4 and 6 positions, replaced by phosphorus atoms), N-P, N-Ge and P-Ge cages. Like in 

the N-C and P-C cages studied earlier, these newly proposed cages would also contain 

twelve Lewis pairs and hence could potentially perform as multi-site catalysts for 

reactions such as AB dehydrogenation. 
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Figure 2. Different possibilities for Lewis pair combinations in porous zero dimensional 

cages. 

The current chapter attempts to study the possibility of the four proposed porous cage 

cases: the “C-P”, “N-P”, “N-Ge” and “P-Ge”cages, for catalyzing the dehydrogenation of 

AB, and compare them to the “N-C” and the “P-C” cages. The complete reaction cycles 

for the dehydrogenation have been considered for each case. Furthermore, alternative, 

undesired, reaction pathways that can occur during the dehydrogenation, such as the 

attack of the N-H and B-H bonds of AB on the double bond outside of the ring in the 

cages (shown as “Possibility 2” in Figure 3 below), instead of the preferred reaction with 

the Lewis pair (shown as “Possibility 1” in Figure 3), which would lead to a dormant 

species, have also been considered. Indeed, it has been shown that the newly proposed 

cages fare significantly better than the previously proposed caged structures, because 

such undesired side reactions are found to be the dominant pathways for the N-C and P-C 

caged complexes. Hence the current calculations provide a complete picture of the 

possibilities that would exist if AB were to approach and react with a cage containing 

FLPs, and makes predictions with regard to which Lewis pair combinations would be the 

most effective at catalyzing AB dehydrogenation. 
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Figure 3. Competing pathways for the reaction between ammonia borane and the zero 

dimensional cage. 

4.2 Computational Details 

All the reaction pathways have been investigated with full quantum mechanical (QM) 

density functional theory (DFT) calculations with the Turbomole software (version 6.0)30, 

employing the triple-ζ basis set augmented by a polarization function - the TZVP basis 

set31-33, and by employing the PBE functional34-37. Since it is possible that the geometry 

optimization procedure with DFT may be sensitive to the nature of the functional, a 

further test has been done to ensure the reliability of the obtained geometry optimized 

structures: all the minima and transition state structures were also optimized with the B-P 

8624-25 functional at the same, TZVP, basis set level. A comparison was then done 

between the corresponding structures obtained with the PBE and the B-P 86 functionals. 

The comparison showed very little difference in bond lengths, angles and dihedral values 

between the corresponding structures for all the cases. A further corroboration of the 

small difference between the structures obtained from the two functionals comes from 

comparison of the potential energy surfaces for the different reactions. The ∆E values 

obtained from the two separate set of DFT calculations are almost similar in most of the 

cases (see the Tables 1 below) thus providing further proof of the reliability of the PBE 

functional in obtaining the optimised geometries and transition states. The resolution of 

identity (RI)38, along with the multipole accelerated resolution of identity 
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(marij)39approximations were employed for an accurate and efficient treatment of the 

electronic Coulomb term in the density functional calculations. In order to further 

improve the quality of the energies obtained, dispersion corrections were included 

through single point calcations. Furthermore, single point calculations were done with the 

hybrid B3-LYP functional40, 41 on all the obtained minima and transition state structures, 

in order to obtain more reliable energy values for the potential energy surfaces for the 

different investigated reactions. Frequency calculations have been done at the DFT (PBE) 

level. The zero point energy, internal energy and entropy contributions were calculated 

following the frequency calculations, with the temperature taken to be 298.15 K. Thus, 

all the energies reported in the Figures of the paper are the ∆G values. The calculations 

were done using atom centred basis sets. This is because the structures are self-contained 

and zero dimensional (0D) without any framework linkages between the individual cages, 

thus not necessitating the use of plane wave basis sets. Care was taken to ensure that the 

obtained transition state structures possessed only one imaginary frequency 

corresponding to the correct normal mode. It is also to be noted that the caged structure 

that has been considered in every case has Td symmetry. Cooper et al.42 have also 

reported the possibility of the 0D cages having C3 symmetry. It is possible that the C3 

symmetry cages will also display FLP type behaviour. However, the focus of the current 

work has been on the Td symmetry cages. The possibilities with the C3 symmetry cages 

will be taken up in a future work. 

 Name of the Cages B-P 86 functional (kcal/mol) PBE Functional (kcal/mol) 
1 P-N cage case   

 Ts-1 2.1 6.3 

 Ts-2 31.0 32.2 

2 P-C cage case   
 Ts-1 40.1 39.8 
 Ts-2 31.0 31.4 
3 Ge-N cage case   
 Ts-1 3.2 2.6 
 Ts-2 31.5 31.6 
4 Ge-P cage case   
 Ts-1 6.6 6.8 
 Ts-2 22.8 22.8 
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Table1. The comparison between the ∆E values for the barrier heights corresponding to 

the transition states obtained with the PBE and the B-P 86 functionals; all the values are 

∆E values in kcal/mol. 

4.3 Results and Discussion 

4.3.1 Case 1-the “N-C” Cage: Shown in Figure 4 below is the free energy surface for 

the dehydrogenation of AB by the N-C cage. The first step – the extraction of the protic 

and hydridic hydrogen atoms from the nitrogen and boron atoms respectively in AB – is 

found to have a barrier of 33.4 kcal/mol. It is pertinent to note, in this regard, that the 

reactant species considered is an adduct complex, with the AB lying in the vicinity of the 

N-C cage; this is also true for all the other reactant complexes that will be discussed in 

the subsequent sub-sections. It is to be further noted that all the reaction pathways have 

been determined starting with the reactants having formed a complex, instead of 

beginning from the separated reactant species, a procedure that has also been followed by 

other groups43-49. This has been done because the entropic term is likely to be miss-

represented when the reactants are considered separately in a reaction pathway: it is well 

known that the translational entropy is artificially increased in such cases50.  The 

subsequent barrier for the dehydrogenation step was seen to have a barrier of 37.3 

kcal/mol (see Figure 4a). The height of the barriers suggests that the catalysis of the AB 

dehydrogenation reaction by the N-C cage would require elevated temperatures. 

However, a more significant issue could be the competing deactivation reaction, which, 

as shown in Figure 4b below, is both thermodynamically and kinetically more favorable 

than the desired AB dehydrogenation catalysis pathway. This intermediate is likely to be 

a dormant species because of two reasons: (i) the high stability of N-C-cage-H2-C-N 

suggests that it would require a high barrier for dehydrogenation (second step of the 

cycle) in order to recover the original C-P cage catalyst and complete the cycle, and (ii) 

the second step involves the formation of the H-H bond between the proximal hydrogen 

atoms that had been extracted from AB, and this would necessitate a four membered 

transition state, which is a sterically constrained transition state, and would thus lead to a 

high barrier reaction. This result suggests that the possibility of undesired side reactions 
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deactivating the cage is a significant issue for cages such as the N-C cage system. In the 

succeeding sub-sections, these competing possibilities are also discussed for the other 

cage systems mentioned in the Introduction. 

 

Figure 4a. The free energy surface for the dehydrogenation of ammonia borane by the N-

C cage; Figure 4b. The free energy surface for the dormant species formation by attack of 

ammonia borane on N-C cage; all values in kcal/mol. 

4.3.2 Case 2 - the “P-C” Cage: The “P-C” cage is a proposed modification to the 

existing “N-C” cage: where the nitrogen atoms in the linker groups have been replaced by 

phosphorus atoms. The possible reactions of this caged complex with AB are shown in 

Figure 5 below. What the results indicate is that, like in the N-C cage case, here, too, 

there is a likelihood of the deactivation reaction: the hydrogenation of the P-C double 

bond, taking precedence over the desired AB dehydrogenation pathway. Not only is the 

deactivation reaction much more kinetically facile (having a barrier of 23.1 kcal/mol as 

compared to the competing barrier of 46.5 kcal/mol), the formation of the dormant 

species is also a highly exergonic process, being more stable by 32.0 kcal/mol over AB 
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and the P-C cage complex. Hence, the current investigations indicate that this system, 

too, is unlikely to be a good catalyst for AB dehydrogenation. 

 

Figure 5a. The free energy surface for the dehydrogenation of ammonia borane by the P-

C cage; Figure 5b. The free energy surface for the dormant species formation by attack of 

ammonia borane on the P-C cage; all values in kcal/mol. 

 

4.3.3 Case 3 - the “C-P” Cage: The C-P cage is a proposed modification to the existing 

“N-C” cage28, with carbon atoms in place of the imine nitrogens in the linkers and 

phosphorus atoms in the 2, 4 and 6 positions in place of the carbons of the phenyl rings of 

the original cages. Modified rings with hetero atoms such as phosphorus in place of 

carbon have been reported in the literature51, 52.  

The first step – the extraction of the protic and hydridic hydrogens from the nitrogen and 

boron atoms respectively in AB – is found to have a barrier of 44.1 kcal/mol. As shown 

in Figure 6 below, the intermediate formed after the first transition state, denoted as “C-
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P-cage-H2”, is quite stable, lying 12.9 kcal/mol below the reactant species. The NH2BH2 

that has been formed, being labile, is assumed to be removed from the system. C-P-cage-

H2, however, requires a further 35.8 kcal/mol in energy in order to convert back to the 

original C-P cages structure and release hydrogen, thereby completing the catalytic cycle. 

The entire process is exothermic, leading to a release of 13.4 kcal/mol (see Figure 6), 

implying that the process would be thermodynamically feasible. However, the height of 

both the barriers (especially the first barrier of 41.1 kcal/mol) in the dehydrogenation 

process shown in Figure 6 indicates that the reaction would not be a favourable one at 

room temperature53-56. The other issue is illustrated in Figure 7 below: calculations 

investigating the alternate possibility of the attack of the N-H and B-H bonds in AB on 

the double bond present outside the ring, indicate that Possibility 2 would be more highly 

favoured than the competing attack of the N-H and B-H bonds on the carbon and 

phosphorus of the Lewis pair. The barrier for this alternative possibility is 35.8 kcal/mol, 

as opposed to the barrier of 41.1 kcal/mol for Possibility 1. Moreover, the intermediate 

formed along this alternative pathway: C-P-cage-H2-C-C (see Figure 7a), would also be 

highly stable: lying 28.1 kcal/mol below the reactant species (as opposed to the 

intermediate formed from the dehydrogenation pathway, which would lie 15.2 kcal/mol 

below the reactant species). Hence, from both a thermodynamic as well as a kinetic 

perspective, it is likely that the species, C-P-cage-H2-C-C, would be the one more likely 

to be formed in the reaction vessel during the AB dehydrogenation process by the C-P 

cage. It should also be noted that another possible pathway for deactivating the caged 

system - the hydrogenation of the P=C bonds in the ring – has also been considered. The 

results of these investigations are shown in Figure 7b below. As Figure 7b indicates, such 

an attack is the most favoured kinetically, with the barrier being lower by 9.0 kcal/mol 

over the competing hydrogenation of the C=C bond in the linker. Hence, the results 

indicate that there are multiple pathways by which such cages can become deactivated, 

thus making them less effective as catalyst candidates for reactions such as AB 

dehydrogenation. 
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Figure 6. The free energy surface for the dehydrogenation of ammonia borane by the C-P 

cage; all values in kcal/mol. 
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Figure 7a. The free energy surface for the dormant species formation by attack of 

ammonia borane on the C-P cage; Figure 7b. The free energy surface for the dormant 

species formation by attack of ammonia borane on the C-P cage leading to the 

hydrogenation of the P-C bond in the ring; all values in kcal/mol. 

Hence, the calculations investigating the competing pathways for the C-P cage case 

indicate that, like the N-C and P-C cage cases discussed earlier, it, too, would be unlikely 

to be an effective catalyst for AB dehydrogenation. Instead, it is likely that the presence 

of AB in the vicinity of the cage would lead to the hydrogenation of the double bonds 

present in the cage. While this indicates that AB would be an effective hydrogenating 

agent for this cage system, this also suggests that this C-P cage contains Lewis pairs that 

would be unsuccessful at catalyzing the dehydrogenation of AB.  

4.3.4 Case 4 - the “N-P” Cage: The C-P cage (Case 3) discussed in the previous sub-

section contained two drawbacks: the first barrier in the two step process of AB 

dehydrogenation catalysis was high (41.1 kcal/mol), and the competing pathway that 

would lead to a dormant species was more favoured, having a barrier of 35.8 kcal/mol. 

The reason for this is likely to lie in the relative difference in electronegativity between 

the phosphorus and the carbon atoms in the C-P cage. It is likely that the design of a more 

effective Lewis pair would involve increasing the electronegativity difference between 

the electropositive and electronegative atoms in the pair. Since nitrogen is more 

electronegative than carbon, an N-P pair would be likely to show greater effectiveness in 

comparison to a C-P Lewis pair. Hence, the case of an N-P cage is considered next (Case 

4), with the phosphorus atoms retained in the ring structure of the cage, but with 

nitrogens in the linker groups, that is, with the imine linkages present in the original cage 

structures synthesized by Tozawa et al.28, reinstated.  Shown in Figure 8 below is the free 

energy surface for the catalysis of the dehydrogenation of AB by the N-P Lewis pair. It is 

clear from Figure 8 that the cycle is much more catalytically feasible, from both a 

thermodynamic as well as a kinetic point of view. The first barrier is reduced to only 9.5 

kcal/mol, and the second barrier is an acceptable 32.8 kcal/mol for this case (see Figure 

8). Moreover, the intermediate species, N-P-cage-H2, is stable by 18.1 kcal/mol in 
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comparison to the reactant species, which suggests that it would be long-lived in the 

reaction vessel, thereby making the second, cycle completing step, highly feasible. Cases 

in AB dehydrogenation catalysis where the first barrier was found to be significantly 

lower than the second have been reported earlier in the literature57.  

 

Figure 8. The free energy surface for the dehydrogenation of ammonia borane by the N-P 

cage; all values are in kcal/mol. 

The reason the first barrier is reduced considerably in comparison to the C-P cage case is 

because of the facilitation of the proton transfer in the N-P cage case in comparison to the 

C-P cage. As illustrated in Figure 9, a comparison of the first transition states in the C-P 

and N-P cage cases shows that the distance between the protic hydrogen and the 

accepting carbon in the C-P cage is 1.39 Å, while the corresponding value in the N-P 

cage is 1.28 Å. This is because of the greater electronegativity of nitrogen in comparison 

to carbon. This, for the case of the N-P cage, leads to a lesser transfer of the hydridic 

hydrogen to the accepting phosphorus in the ring. The consequence of this is reduced 

distortion of the phosphorus containing ring in the transition state in the case of the N-P 

cage, and thus to a significant lowering of the barrier. For the N-P cage, the P-C-P-C 
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dihedral angle in the ring is only -2.6° in the first transition state, as compared to the 

significantly higher value of -17.4° for the C-P cage case. 

 

Figure 9. The optimized structures of the first transition states obtained along the 

ammonia borane dehydrogenation pathways, for the C-P cage and the N-P cage cases; the 

colour scheme is the same as in Figure 1, the additional atoms are boron: light brown and 

the hydrogens of ammonia borane: black.  

What is also important is that the competing pathway (Possibility 2), which would lead to 

the hydrogenation of the double bond outside the ring and form the dormant species, has 

a barrier of 23.1 kcal/mol (as shown in Figure 10a below). The alternate possibility of 

hydrogenating the P-C bond in the ring has also been considered (see Figure 10b below) 

and also found to be a less favoured pathway. This suggests that in the competition 

between the FLP of nitrogen and phosphorus, and the double bond in the ring and in the 

linker, for the hydrogens of AB, the FLP would succeed, and thereby make the catalytic 

dehydrogenation possible. Hence, overall, the calculations suggest that the N-P cage 

would be a significant improvement over its C-P counterpart in terms of successfully 

catalyzing the dehydrogenation of AB.  
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Figure 10a. The free energy surface for the dormant species formation by attack of 

ammonia borane on the N-P cage; Figure 10b. The free energy surface for the dormant 

species formation by attack of ammonia borane on the N-P cage leading to the 

hydrogenation of the P-C bond in the ring; all values in kcal/mol. 

4.3.5 Case 5 - the “N-Ge” Cage: The next cage case that has been considered is the N-

Ge cage, with the imine linkers kept intact from Case 4 - the N-P cage, but with 

germanium atoms in place of the phosphorus at the 2, 4, 6 positions in each ring. C-Ge 

bonds have been reported to have been formed in the case of non-aromatic cage 

structures58. C5Ge aromatic structures have also been reported, with bulky substituent 

groups present to stabilize the complex59-63. Ge-C or Ge=Ge double bondedcomplexes 

have also been reported59, 64, 65. It is also noteworthy that amino-germyne complexes have 

been synthesized recently66. Aromatic rings with more than one germanium atom in the 

ring, however, have so far not been reported in the literature, though there are several 

computational studies with such complexes67-69. The current work can be considered a 
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model study to demonstrate the potential of such N-Ge caged complexes. It is possible 

that for N-Ge caged complexes to be stable, bulky ligands will be necessary. However, 

keeping the issue of computational expense in mind, bulky substituents have not been 

considered for the rings in these model systems, with hydrogens being employed instead.  

The calculations described in Figure 11, Figure 12 and Figure 13 below have been done 

with the symmetric trigermabenzene complex. Other isomers of the ring structures in the 

N-Ge cages have been considered and found to be higher in energy, thus validating the 

use of the symmetric trigermabenzene ring in the N-Ge cage for the reactivity studies. 

Shown in Figure 11 is the free energy surface for the catalysis pathway for AB 

dehydrogenation using the N-Ge cage. In comparison to the case of the N-P cage, the first 

barrier is further reduced to only 0.3 kcal/mol. Moreover, the N-Ge-H2 intermediate is 

significantly lower in energy, stabler by 22.1 kcal/mol, see Figure 11, than the reactant 

adduct complex. Hence, the combined high kinetic and thermodynamic favourability 

makes the formation of the N-Ge-H2 intermediate a near certainty. The corresponding 

intermediate N-Ge-H2-C-N – the dormant species that would be formed in the competing 

(Possibility 2) pathway – is more unstable than N-Ge-H2 by 13.1 kcal/mol. The transition 

state for the dormant species could not, however, be determined, but the results 

comparing the relative stabilities of the two intermediates, as well as the very low barrier 

to the formation of the preferred N-Ge-H2 intermediate, indicates that the dormant 

species would be unlikely to be formed, and the pathway (Possibility 2) leading to the 

formation of the dormant species would not be operative for the N-Ge cage case.  

Moreover, the possibility of the Ge-C bond in the ring getting hydrogenated by AB has 

also been studied and found to be an unfavourable reaction pathway (see Fig. 13 below). 

The second barrier is, like in the previous case, higher, having a value of 34.4 kcal/mol, 

which makes the second step the rate determining step in the reaction. The value of the 

second barrier is higher by 2.4 kcal/mol than the corresponding value for the N-P cage 

case, which means that while the N-Ge cage would also be an effective catalyst for AB 

dehydrogenation, it would not be as effective as the N-P cage for the same. Nevertheless, 

given the recent interest in forming germanium analogues to carbon compounds51, 66, this 
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computational investigation of the potential of the N-Ge cages for catalyzing important 

reactions, such as AB dehydrogenation, is of relevance. Shown in Figure 12 below are 

the optimized structures for all the principal species along the AB dehydrogenation 

pathway when using the N-Ge cage system. 

 

Figure 11. The free energy surface for the dehydrogenation of ammonia borane by the N-

Ge cage; all values are in kcal/mol. 
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Figure 12. The optimized structures obtained for the ammonia borane dehydrogenation 

process with the N-Ge cage; the colour scheme is the same as in Figure 9; the additional 

atom is germanium (light green). 

 

Figure 13. The free energy surface for the dormant species formation by attack of 

ammonia borane on the N-Ge cage leading to the hydrogenation of the Ge-C bond in the 

ring; all values in kcal/mol. 

4.3.6 Case 6 - the “P-Ge” Cage: The last case that has been considered is the P-Ge cage, 

which retains the germanium atom containing rings as in the N-Ge cage discussed in the 

previous section, but which contains phosphorus atoms in place of nitrogens in the 

linkers. Caged structures containing phosphorus and germanium atoms have recently 

been synthesized70. As the free energy profile (shown in Figure 14 below) for AB 

dehydrogenation using the P-Ge cage indicates, such cages would be excellent catalysts 

for AB dehydrogenation. The first barrier is only 1.6 kcal/mol, and the intermediate 

species, P-Ge-H2, lies 18.9 kcal/mol below the adduct reactant complex, making its 

formation a highly likely process. Moreover, the second transition state would also be 

easier to access than the corresponding transition states in the other three cases 
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considered: the second barrier is only 32.5 kcal/mol. Thus, overall the catalysis would be 

likely to progress in a very facile fashion if a cage such as P-Ge were to be employed. 

The reason for the reduction of the barrier upon replacing nitrogen atoms with 

phosphorus is because the germanium containing ring structure is already seen to be 

distorted in the reactant adduct complex before the occurrence of the first transition state. 

As shown in Figure 15 below, the adduct complex contains an interaction between one of 

the germaniums not taking part in the AB dehydrogenation catalysis process and a 

phosphorus atom in the adjoining linker group. This leads to the distortion of the ring in 

the adduct complex itself. What facilitates this interaction between the germanium and 

the phosphorus atoms in the adduct complex is the loss of aromaticity in the rings due to 

the presence of germanium in place of carbon. Now, as had been shown in the previous 

investigation with the P-C cage structures29, the barrier for the first transition state for AB 

dehydrogenation catalysis was significantly reduced when a second P-C pair was 

considered. This was because of the distortion of the phenyl ring due to the AB 

dehydrogenation by the first P-C pair in that case, making the further distortion of the 

cage more facile. In the current case of the P-Ge cage, such distortion already occurs 

because of the interaction between the germaniun and phsophorus atoms in the adduct 

complex, thereby making the first barrier even lower than for the N-Ge cage case 

considered earlier.  
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Figure 14. The free energy surface for the dehydrogenation of ammonia borane by the P-

Ge cage; all values are in kcal/mol. 

 

Figure 15. The optimized structure of the reactant adduct species for the case of the P-Ge 

cage; the colour scheme is the same as in Figure 12; the other hydrogens have been 

removed for the sake of clarity. 
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As shown in Figure 16 below, the competing pathway that would lead to the formation of 

the dormant species has a significantly higher barrier – of 17.2 kcal/mol. Therefore, in all 

respects, the P-Ge cage case considered here is likely to be the best among all the cases 

considered for doing AB dehydrogenation catalysis: it has lower barriers for the first and 

second steps in the dehydrogenation pathway in comparison to all the other cases, and the  

dehydrogenation pathway is significantly more likely to occur than the competing 

pathway leading to the dormant species.  

 

Figure 16a. The free energy surface for the dormant species formation by attack of 

ammonia borane on the P-Ge cage; Figure 16b. The free energy surface for the dormant 

species formation by attack of ammonia borane on the P-Ge cage leading to the 

hydrogenation of the Ge-C bond in the ring; all values in kcal/mol. 

Our calculations therefore indicate that there are three cage combinations that are suitable 

for performing as catalysts for important reactions such as ammonia borane 

dehydrogenation. They are the N-P, N-Ge and the P-Ge cage cases. As shown and 
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discussed in the previous sections, the slowest step for AB dehydrogenation catalysis in 

these cases has a barrier of 32.8 kcal/mol, 34.4 kcal/mol and 32.5 kcal/mol respectively. 

The corresponding rate constants for each case therefore comes to 0.14*10-8s-1, 0.12*10-9 

s-1 and 0.22*10-8 s-1 for T = 330 K (with the pre-exponential factor estimated as kbT/h). 

The rate constants are comparable to, or better than the rate constants that have been 

obtained for many heterogeneous catalysis processes. For instance, the catalysis of the 

methane formation over the NiSn71 catalysts has a rate constant value of  0.53*10-9  s-1 at 

330K, and the dissociation of stable diatomic molecules and hydrocarbon cracking 

reactions have barrier of 1.7eV72, with the rate constantsthus calculated to be 0.82*10-13  

s-1 at 330K. There are several other examples of heterogeneous catalysis processes that 

have high reaction barriers and low rate constants73-77. Therefore, the current work on the 

solid zero dimensional cage structures as potential catalysts, shows promise. This is 

especially true when one considers that there are twelve active sites in each cage, which 

translates to a rate constant per cage of 1.68*10-8s-1,1.44*10-9 s-1 and 2.64*10-8 s-1for T = 

330 K, for the N-P, N-Ge and the P-Ge cage cases respectively. 

4.3.7 Simultaneous Catalysis 

 As mentioned earlier, a significant advantage that could be gained from using the 

catalytic 0D structures is the availability, per cage, of many catalytic sites for AB 

dehydrogenation. This possibility has been explored for the P-C-cage with DFT 

calculations – the cases where the protic hydrogen of AB is transferred to the phosphorus 

of the P-C pair being considered. The results are illustrated in Figure 17. The intent is to 

show how one, two or all three of the phosphorus-carbon (P-C) pairs in each of the four 

phenyl rings of P-C-cage could simultaneously catalyze AB dehydrogenation from one or 

two or three AB molecules respectively. 
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Figure 17. The schematic representation for the second and third simultaneous 

dehydrogenations of AB molecules by different P-C pairs associated with one phenyl ring 

of the P-C-cage; considered for the case where the protic hydrogen of AB is being 

transferred to the phosphorus of the P-C pair; all values are in kcal/mol. 

As the middle box in Figure 17 illustrates, after the completion of the first, hydrogen 

extraction step with one AB molecule (upper box in Figure 17), one of the two adjacent 

P-C pairs of the same phenyl group can participate in an AB dehydrogenation catalytic 

cycle (Figure 17). Thus AB dehydrogenation catalysis could proceed simultaneously at 

both the P-C catalytic centres. Similarly, as the lower box in Figure 17 indicates, the AB 

dehydrogenation catalysis could also proceed simultaneously with all the three P-C pairs 

associated with a given phenyl ring of the P-C-cage. A natural extrapolation from these 

results is that all twelve P-C pairs in every P-C-cage molecule could simultaneously 

perform as catalytic sites for AB dehydrogenation. The fact that a fourth P-C site, lying 

adjacent to a phenyl ring with all three P-C centres simultaneously employed in AB 

dehydrogenation29, can also catalyze AB dehydrogenation with comparable first and 

second barrier heights has also been verified – the results are shown in Figure 18 below.  
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Figure 18. The schematic representation of the catalytic AB dehydrogenation pathway for 

the P-C cage for the fourth AB dehydrogenation, where a phenyl ring adjacent to a 

phenyl ring where three dehydrogenation reactions have been completed in part, is taking 

part in the dehydrogenation process – the protic hydrogen is transferred to the phosphorus 

of the P-C pair; all values are in kcal/mol. 

4.4 Conclusion 

The dehydrogenation of ammonia borane (AB) is an important area of research in the 

field of hydrogen storage, and AB dehydrogenation catalysts containing main-group 

elements in place of transition metals would be highly desirable. The current work 

explores computationally the possibility of dehydrogenating AB catalytically by 

employing cage systems that would be modifications of existing cage structures28. Full 

quantum mechanical (QM) calculations using density functional theory (DFT) show that 

cages that contain nitrogen-carbon (N-C cage), phosphorus-carbon (P-C cage) and 

carbon-phosphorus (C-P cage) would not be able to effectively catalyze AB 

dehydrogenation, due to the feasibility of competing side reactions. However, the 
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calculations also indicate that cages containing nitrogen-phosphorus (N-P cage), 

nitrogen-germanium (N-Ge cage) and phosphorus-germanium (P-Ge cage) Lewis pairs 

would be efficient catalysts for AB dehydrogenation. Of the cases considered, the P-Ge 

cage case was found to be the most promising, having the lowest barriers for the AB 

dehydrogenation pathway, and also showing significantly higher preference for the 

desired dehydrogenation catalytic pathway in comparison to undesired alternative routes 

that would lead to dormant species.  

The calculations therefore show the potential of the 0D cages, if properly modified, for 

frustrated Lewis pair (FLP) activity. Since there are many exciting possibilities in the 

field of small molecule activation using FLPs, there is considerable potential in 

employing 0D cages like the ones discussed in this work, for activating the C-C, C-H and 

C-O, N-O bonds in small molecules and thereby catalysing important reactions. It is 

hoped that the current work would provide a fillip to the field of FLPs in this regard. 
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Chapter 5 

Silylenes Can Rival Transition Metal Systems in Bond-

Strengthening ππππ-Back Donation 

 

Abstract 

Full quantum chemical calculations with density functional theory (DFT) show that 

bond-strengthening back-donation to a π-diborene, recently discovered for transition 

metal systems (Braunschweig and co-workers, Nat. Chem., 2013, 5, 115-121), would be 

just as favored for Main Group silylene complexes. This result not only shows the range 

and applicability of the bond-strengthening back-bonding interaction, but also showcases 

the potential of silylene complexes to do new chemistry, such as the cooperative 

activation of carbon monoxide and carbon dioxide. 
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5.1 Introduction 

The most distinctive feature of transition metal catalysis, indeed, the very basis of it, is 

the interaction between the metal and the ligand through the donation of electron density 

from a filled metal orbital to an empty, anti-bonding ligand orbital. This serves to weaken 

one of the bonds in the ligand, thus giving rise to most of the transition metal chemistry 

known today 1,2. However, a radical new development by Braunschweig and co-workers 

shows that bond-weakening back-donation is not the sole possibility in metal-ligand 

interactions. They have found3 that donation of electron density can take place from a 

filled metal orbital (of a palladium and a platinum based complex) to a singly occupied 

orbital (the SOMO) of the ligand (a π-diborene: PhB=BPh), an interaction that leads to 

the stabilization of the bond in the π-diborene ligand. This unprecedented finding is not 

only interesting conceptually, but is also likely to lead to important developments in 

transition metal catalysis.  However, an important question that needs to be asked is: 

would such a bond-strengthening back-donating interaction also be possible for non-

transition metal systems? It is known that Main Group systems such as carbenes 4-7 and 

silylenes 8-11 can activate small molecules 12-14 by weakening ligand bonds, just like 

transition metal complexes. What we decided to investigate was whether Main Group 

complexes such as silylenes might also be able to demonstrate the unusual bond-

strengthening back-donation interaction. Such an interaction, if also possible for silylene 

systems, would not only expand the scope of applicability of this newly discovered form 

of bonding, but would also showcase the potential of the Main Group complexes to do 

new chemistry. It is to be noted here that while several recent papers15-26 have discussed 

the implications of the work of Braunschweig and coworkers, our study is the first one 

that considers the possibility of bond strenghtening back-donation by a Main Group 

system. 

5.2 Computational Details 

The current computational study explores this possibility for three different silylene 

complexes (I, II and III in Figure 2), representing both cyclic and acyclic silylenes. The 

full quantum chemical calculations in this study have been done with density functional 
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theory (DFT). The DFT calculations have been done with the Turbomole suite of 

programs, using Turbomole 6.027. The TZVP basis set (triple-z basis set augmented by a 

polarization function) and the PBE functional have been employed in all the 

calculations28-34. The dispersion correction35 was used to incorporate dispersion effects. 

The resolution of identity (RI), along with the multipole accelerated resolution of identity 

(marij) approximations were employed for an accurate and efficient treatment of the 

electronic Coulomb term in the DFT calculations. Furthermore, solvent effects have been 

included for the solvent benzene (ε = 2.3) through single point calculations with the 

Conductor Like Screening Model – COSMO36. For the case of silylene I-bb  the geometry 

optimization has also been done with the hybrid functional such as b3-lyp.  Frequency 

calculations have been done at the DFT level in order to obtain the zero point energy, the 

internal energy and entropic contributions (calculated at 298.15 K). All the numbers 

reported are ∆G values. The molecular orbital (MO) diagrams have been generated for all 

the proposed complexes by the Gaussian 0937 program with PBEPBE functional and 6-

31g* basis set. Only the transition metal atom in the geometries has been treated with the 

3-21g* basis set. It is to be noted that full geometry calculations done with a higher basis 

set (DGDZVP) for the palladium atom in the Pd-Me-bb complex leads to no change in 

the results, indicating the reliability of the calculations. All the bond lengths and the 

nature of the HOMO and HOMO-1 orbitals for Pd-Me-bb (Pd with DGDZVP) are shown 

in the figure 4 below. The Wiberg bond indices38 and NBO analysis were also calculated 

with Gaussian 09. 

5.3 Results and Discussion 

The reason we have focused attention on silylenes is because they are likely to have 

HOMOs that would be closer in energy to the SOMOs of complexes such as π-diborene. 

For example, our calculations indicate that the gap between the HOMO of the silylene 

(Si{Si(SiMe3)3}{N(SiMe 3)Dipp}) (I in Figure 2 below) and the SOMO of the π-diborene 

complex is only 2.4 kcal/mol. This would indicate that bond-strengthening back-donation 

interactions can happen between the silylene and the π-diborene complex, as illustrated in 

Figure 1 below. 
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Figure 1. The schematic representation of bond-strengthening back-donation interactions 

between a silylene complex and a π-diborene. 

 

 

Figure 2. The three silylene complexes considered in the current chapter. 

As shown in Table 1 below, the HOMO-SOMO gap between the silylene and the π-

diborene is small for all the three cases considered. Encouraged by this result, we 

proceeded to optimize the geometries of the π-diborene complexed to the cyclic and 

acyclic silylenes, and compared them to the metal-π-diborene complexes, which were 

also optimized.  
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Orbital name Diborene Silylene I           

            

Silylene II Silylene III 

SOMO -0.1532,    

-0.1696 

     

HOMO  -0.1571 -0.1630  -0.1632 

 

Table 1. The SOMO and HOMO energy values for model free diborene, transition metal 

and silylene systems; the energy values are in hartree.       

In the free diphenyl diborene, the B-B bond distance is 1.526 Å (since diphenyl diborene 

does not exist in isolation, this can be considered a reference calculation). As discussed 

by Braunschweig et al.3, the experimentally observed interaction of this molecule with 

the zero valence platinum complex exhibits considerable lowering of the B-B bond 

distance (to 1.510 Å) from its free form. Our calculation optimizing the reported model 

Pd based diborene complex, Pd-Me-bb (see Figure 3), confirms the strengthening of the 

B-B bond. The C-B bond distances in Pd-Me-bb are seen to have increased from 1.510 Å 

to 1.528 Å and 1.530 Å, which indicates that the strengthening of the B-B bond comes at 

a cost to the C-B bonds. Pd-Me-bb is seen to show almost equal Pd-B bond distances of 

2.102 Å and 2.107 Å, which signifies the bonding contribution involving both the boron 

atoms. The C-B-B bond angles are 169.2° and 174° respectively, which indicate an 

almost planar structure, which is also in accordance with the proposed model by 

Braunschweig and co-workers. The other two metal complexes, (Pd-et-bb) and (Pt-et-bb) 

exhibit similar structural characteristics. The corresponding values are shown in Table 2. 

Furthermore, as also discussed by Braunschweig and co-workers3, the HOMO and 

HOMO-I of Pd-Me-bb, shown in Figure 4 below, indicate the bonding and back-bonding 

interactions between the metal center and the π-diborene ligand.  



 

107 

 

 

Figure 3. The optimized structures for Pd(PMe3)2, Pd complexed to the π-diborene 

employing the 3-21g* basis set and a higher basis set DGDZVP for the transition metal 

atom; hydrogen atoms have not been shown for the purpose of clarity. 

 

Figure 4. The HOMO and the HOMO-I for the Pd(PMe3)2 complexed with diborene 

employing the 3-21g* basis set and a higher basis set DGDZVP for the transition metal 

atoms. 
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Now, moving on to the silylenes I-III, the optimized structure of π-diborene coordinated 

to I (I-bb) is shown in Figure 5 below. It is seen that I-bb not only has the same bonding 

features as Pd-Me-bb, but also shows evidence of greater interaction between the silicon 

and the π-diborene. The B-B bond distance is 1.544 Å in Pd-Me-bb, but it is only 1.516 

Å in I-bb. Moreover, the Si-B bond lengths (2.047 Å and 2.116 Å) are also comparable to 

the Pd-B bond lengths. The C-B-B bond angles are 156.3° and 166.2°, which again 

indicate the slight distortion from planarity, as in the case of Pd-Me-bb. Also, like in Pd-

Me-bb, there is an increase in the C-B bond distances (1.546 Å and 1.531 Å 

respectively), which suggests that the B-B strengthening in the presence of the silylene 

leads to a concomitant reduction in the bond strength of the C-B bonds. Furthermore, as 

shown in Figure 6 below, the HOMO and the HOMO-I of I-bb also reveal the same 

bonding and back-bonding interactions as observed in Pd-Me-bb, though, interestingly, 

the HOMO of I-bb resembles the HOMO-I of Pd-Me-bb, and the HOMO-I of I-bb 

resembles the HOMO of Pd-Me-bb. The reason for this is that the shapes of the HOMO 

and the LUMO are switched for the bare Pd(PMe3)2 and silylene I complexes. (The 

HOMO and LUMO for both the cases are shown below in Figure 7 and Figure 8.) 

Finally, the ∆G of the formation of the π-diborene with I (∆G = -39.8 kcal/mol) is in the 

same range as the corresponding Pd-Me-bb formation (∆G = -39.2 kcal/mol) (see Table 

2). All of these structural, electronic and energetic features therefore strongly indicate 

that silylene I would be either as effective, or more effective at bond-strengthening back-

donation with π-diborene than the palladium complex. 
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Figure 5. The optimized structure for silylene I complexed to the π-diborene; hydrogen 

atoms have not been shown for the purpose of clarity. 

 

Figure 6. The HOMO (-0.15 Ha) and the HOMO-I (-0.17 Ha) for the complex shown in 

Figure 5 above. 
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Figure 7. The HOMO (-0.124 Ha) and the LUMO (-0.016Ha) for the bare Pd(Me3)2 

complex. 

 

Figure 8. The HOMO (-0.157 Ha) and LUMO (-0.085 Ha) for silylene I. 

No Name of the 
complexes 

Binding energy (Gas 
phase in kcal/mol) 

Binding energy 
(benzene solvent in 

kcal/mol) 
1. Pd-me-bb -39.5 -39.2 
2. Pd-et-bb -34.0 -34.6 
3. Pt-et-bb -39.8 -40.3 
4. I-bb  -41.1 -39.8 
5. II-bb  -40.4 -39.3 
6. III-bb  -38.9 -37.7 

 

Table 2. The binding energy values for both the transition metal and silylenediborene 

complexes. 

The same structural, energetic and electronic features are also observed in the cases of the 

silylenes II and III. The optimized structures of II-bb and III-bb are shown in the Figure 9 
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and Figure 10 below. Also, the relevant bond lengths and bond angles for II-bb and III-bb 

have been compiled in Table 3.  

 

Figure 9. The optimized structure for silylene II complexed to the π-diborene; hydrogen 

atoms have not been shown for the purpose of clarity. 
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Figure 10. The optimized structure of silylene III complexed to the π-diborene; hydrogen 

atoms have not been shown for the purpose of clarity. 

No Name of the 
complexes 

d(B-B) d(C-B) d(M/Si-B) angle(C-B-
B) 

1. Free ππππ-
diborene 

1.526 1.510 
1.510 

  

2. Pd-me-bb 1.544 1.528 
1.530 

2.102 
2.107 

169.2 
174.0 

3. Pd-et-bb 1.545 1.528 
1.529 

2.101 
2.097 

171.4 
177.3 

4. Pt-et-bb 1.549 1.540 
1.537 

2.092 
2.091 

164.4 
172.4 

5. I-bb  1.516 1.546 
1.531 

2.047 
2.116 

156.3 
166.2 

6.         II-bb  1.505 1.557 
1.537 

1.965 
2.243 

152.2 
171.7 

7. III-bb  1.496 1.549 
1.546 

2.023 
2.123 

169.2 
162.0 

 

Table 3. All the relative bond length and bond angle values for both the transition metal 

and silylene structures. 

The HOMO and HOMO-II of II-bb and III-bb are shown in Figure 11 and Figure 12 

below. Since I is an acyclic silylene and II is a cyclic silylene (both have been 

synthesized 39,40), the results suggest that the bond-strengthening back-donation 

interaction with π-diborene would be present in a range of silylenes. Silylene III is a 

proposed cyclic silylene structure, where isopropyl groups have been suggested for the 

cyclic backbone (see Figure 2 above). The calculations indicate that this proposed 

silylene complex would show the best bond-strengthening back-bonding interaction, 

reducing the B-B bond distance to 1.496 Å. This result suggests that new silylenes can be 

designed, with greater electron donation to the silylene center, which would lead to the 

further stabilization of the π-diborene. Indeed, the pronounced B-B bond shortening 

observed in all the optimized silylene-bb cases suggests that the strengthening will be 

measurable and observable as shortened bonds, should the compounds be synthesized. 

This is in contrast to the calculations done by Braunschweig et al.3, where the calculated 
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B-B bond length in the palladium-bb complex was found to be longer than the 

experimental value. It is to be noted here that, the B-B bond-shortening has also been 

observed in the case of III-bb with hybride functional such as b3lyp. The B-B bond is 

seen to strengthen (value: 1.502 Å) in the silylene complexed case (III-bb) in comparison 

to the free diborene (value: 1.512 Å).  

 

Figure 11. The HOMO (-0.12 Ha) and the HOMO-II (-0.165 Ha) for the complex shown 

in Figure 9 above. 

 

Figure 12. The HOMO (-0.125 Ha) and the HOMO-II (-0.161 Ha)for the complex shown 

in Figure 10 above. 
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A final point in this regard is about the calculation of the Wiberg Bond Indices (WBI), 

which was also done for the three silylene-diborene complexes. The values obtained 

further indicate the strengthening of the B-B bond. As shown in Table 4 below, the WBI 

for the B-B bond is found to be 1.43 and 1.50 for the Pd-me-bb and Pd-et-bb case, while 

it is 1.63 for I-bb, 1.70 for II-bb, and 1.78 for III-bb. The value of the WBI in the free 

diborene was found to be 1.44, thereby indicating the significant bond strengthening in 

all the silylene cases considered.  

No Name of the 

complexes  

WBI of 

first 

Metal/Si-B 

bond 

WBI of second 

Metal/Si-B bond 

WBI of B-B bond in 

the complexes  

1.  Pd-me-bb  0.60  0.62  1.43  

2.  Pd-et-bb  0.60  0.60  1.50  

3.  I-bb   0.82  0.68  1.63  

4.  II-bb   0.93  0.44  1.70  

5.  III-bb   0.78  0.58  1.78  

 

Table 4. The Wiberg Bond Indices (WBI) for the palladium and all the silylenediborene 

complexes. 

NBO analysis done for the Pd-Me-bb complex shows that the occupancies for the bonds 

between the two borons are 1.91 and 1.52. The data also indicates that both the borons 

contribute almost equally to the bonds. The analysis for the I-bb complex indicates that 

the bonds between the borons have characteristics identical to the Pd-Me-bb case: the 

occupancies for the B-B bonds  are 1.9 and 1.6, and the other parameters are almost the 

same as for the Pd-Me-bb complex. Hence this again indicates the similarity in bonding 

between the silylene-bb and palladium-bb complexes.  
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The current calculations show the potential of silylenes to rival transition metal 

complexes in doing the newly discovered bond-strengthening back-bonding interaction. 

This indicates that the scope of the Main Group silylenes can be considerably expanded 

outside the range of dihydrogen activation41. For instance, silylenes can activate the π-

diborene, leading to the bonding and activation of molecules such as CO and CO2. As 

seen from Figure 13 below, showing CO coordination to I-bb, the carbon oxygen bond 

length in the coordinated CO is 1.16 Å, which is much higher than the bond length (1.138 

Å) in the free form of CO. As a result, the boron-boron bond length is also seen to 

increase to 1.6 Å. Further indication of the favorable binding of CO to the silyene 

complexed π-diborene is seen from the fact that CO coordination to I-bb is exergonic by 

29.7 kcal/mol. The calculations also indicate that this would a barrierless process: a linear 

transit approach where the distance between the carbon of CO and the boron was 

decreased from 2.0 Å to 1.4 Å showed a steady decrease in energy till the product was 

formed.  

 

Figure 13. The optimized structure for I-bb complexed to carbon monoxide; hydrogen 

atoms have not been shown for the purpose of clarity. 
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The analogous calculation of CO2 binding to I-bb also indicates high favorability, being 

exergonic by 25.9 kcal/mol. The transition state for this binding reaction was obtained, 

and the barrier was calculated to be 13.8 kcal/mol, which indicates that the process would 

be very feasible at ambient temperatures. It is to be noted that the binding of the free 

silylene I to CO2 is only exergonic by 6.0 kcal/mol, and that I does not bind CO at all. 

Also, the free π-diborene does not exist, and can only be formed when stabilized, as 

experimentally done3 with the platinum complex, and computationally shown to be 

possible here. In other words, the chemistry that can be done with the silylene-π-diborene 

complex would not be possible by either isolated component. This indicates the 

importance of the bond-strengthening back-bonding interaction for the Main Group 

silylene complexes. 

 

Figure 13. The optimized structure of I-bb complexed to carbon dioxide; hydrogen atoms 

have not been shown for the purpose of clarity. 

5.4 Conclusions 

To summarize, the current computational investigations reveal that bond-strengthening π-

back donation, which has been recently discovered for transition metal systems3, can be 
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done just as effectively by Main Group silylene complexes. This finding has significant 

implications with regard to the scope and range of the reactivity of silylenes. Moreover, 

since it is known that Main Group complexes are cheaper and greener than their 

transition metal counterparts, the current work has both conceptual and practical 

significance. 
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Chapter 6 

Small Molecule Activation by Constrained Phosphorus 
Compounds 

 

Abstract 

An exciting new development in main group chemistry has been the use of a constrained, 

“flat”, phosphorus based complex to mediate in reactions such as the dehydrogenation of 

ammonia borane (AB), and the activation of the N-H bond in primary amines. Its 

importance is based on the fact that it shows that main group compounds, when properly 

designed, can be as effective as transition metal complexes for doing significant chemical 

transformations. What the current computational study, employing density functional 

theory (DFT), reveals is that a common, general mechanism exists that accounts for the 

behavior of the flat phosphorus compound in the different reactions that have been 

experimentally reported to date. This mechanism, which involves the mediation by a base 

as a proton transfer agent, is simpler and energetically more favorable than the previous 

mechanisms that have been proposed for the same reactions in the literature. It is likely 

that the knowledge gained from the current work about the chemical behavior of this 

phosphorus compound can be utilized to design new constrained phosphorus based 

compounds.  
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6.1 Introduction 

Since its discovery in 16691, phosphorus and its chemistry has acquired great 

significance. The remarkable property of spontaneous flammability of phosphorus found 

wide usage in war1, 2. Its oxidation product, phosphate (PO4
3-), was discovered to be an 

essential nutrient in all living organisms2. Furthermore, a variety of phosphorus based 

phosphine ligands that can cooperate with various transition metal systems in many 

metal-catalyzed transformations3, 4 have been designed in more recent years. The 

rhodium catalyzed hydroformylation reaction5-7, the ruthenium catalyzed8-10 olefin 

metathesis and the palladium catalyzed C-C bond formation11 reactions are prominent 

examples where the organophosphine ligands play a significant role. Thus, phosphorus 

based ligands have emerged as one of the most important chemical components of 

modern industrial processes.  

However, while phosphorus compounds have proved to be very effective as ligands in 

transition metal chemistry, their use in main group chemistry as independent compounds 

has not met with similar success, unlike compounds based on carbon12-19, silicon20-24 and 

germanium25-27. Indeed, chemistry with compounds based on purely Group 15 elements, 

such as nitrogen or phosphorus, has usually led to stoichiometric behavior for the 

oxidative addition or reductive elimination steps28, which are so significant in transition 

metal chemistry29, 30. This includes the chemistry of main group compounds known as 

frustrated Lewis pairs (FLPs)31 that can activate dihydrogen32-34 and ammonia-borane35, 

36, as well as hydrogenate the C=C37, C=N38-40 and C=O41, 42 bonds. Very few studies 

have been reported in the literature for systems based on Group 15 elements where the 

chemical behavior has been shown to be catalytic in nature43. As a result, although 

phosphorus based ligands are exceptionally functional in the metal systems, the design of 

phosphorus based main group catalysts has been proved to be very challenging.  

In this context of main group catalysis, an important development is that of Radosevich 

and co-workers, who have recently demonstrated that a phosphorus based system can 

catalytically mimic the redox reactivity of transition metal catalysts43. The flat, T-shaped, 

tri-coordinated phosphorus compound, which had been originally described by the group 
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of Arduengo44-46 and Driess47, is significant for its ability to dehydrogenate ammonia 

borane (AB) and do subsequent transfer hydrogenation43. This pincer coordinated 

phosphorus complex is shown in Figure 1 below. It is interesting to also note that other 

phosphorus compounds having the conventional pyramidal structure are ineffectual for 

the same AB dehydrogenation-transfer hydrogenation process43, 48. This shows the 

importance of constraining the geometry of the phosphorus compound to the T shape48. 

The mechanism proposed by Radosevich and coworkers for this process invokes single-

site behavior, involving a P(III)/P(V) switching at the phosphorus center, analogous to 

transition metal complexes29, 49-52.  

 

Figure 1. The structure of the flat, T-shaped, tri-coordinate phosphorus based pincer 

compound. 

The AB dehydrogenation pathway by this T-shaped phosphorus pincer complex has been 

computationally investigated by Sakaki and coworkers53. Interestingly, they have found 

that phosphorus is not, as stated by Radosevich et al, a single-site activator in the 

reaction. In their mechanism, shown in Figure 2a below (and denoted as the “Sakaki 

Mechanism” in this chapter) one of the coordinating oxygens cooperates with the central 

phosphorus atom in the presence of AB, resulting in the cleavage of the phosphorous 

oxygen bond (P-O), and the simultaneous transfer of both the hydridic and protic 

hydrogens of AB to the phosphorus and the oxygen atoms respectively. This type of 

ligand cooperativity is well known in certain transition metal systems54-56. The Sakaki 

Mechanism53 also involves further assistance of the amino-borane (NH2BH2, generated 
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from AB in the first step of the catalytic cycle) with the backbone nitrogen of the pincer 

complex for the completion of the overall dehydrogenation process (see Figure 2 below).  

In more recent work, Radosevich et al. have observed N-H bond cleavage in the reaction 

of the phosphorus pincer complex with ammonia, as well as with a series of primary 

amines57. This is a significant result, since the splitting of the N-H bond in ammonia is a 

highly challenging reaction58-61, with only a few examples known in the literature57, 62, 63. 

However, what is also interesting to note is that, for this set of reactions, the N-H bond 

cleavage would have to proceed without the involvement of the N-P backbone in the 

pincer complex. In other words, a mechanism significantly different from the Sakaki 

Mechanism53 for AB dehydrogenation would have to be operating in this case. This 

suggests that  

(i) either the Sakaki Mechanism53 is only limited to the AB dehydrogenation process and 

a different reaction mechanism is operating for the N-H bond cleavage reaction (indeed, 

Radosevich et al. have proposed an intermolecular N-H bond cleavage mechanism – 

denoted as the “Radosevich Mechanism” - for this set of reactions57, which is also shown 

in Figure 2b),                                  or 

(ii) there is a general, common mechanism that is operative for the two different 

reactions, AB dehydrogenation and N-H activation; a mechanism that is different from 

both the Sakaki53 and Radosevich57 mechanisms and more efficient than both. 

The purpose of the current work is to demonstrate that there indeed does exist a common, 

general mechanism for both the AB dehydrogenation and N-H activation processes. This 

mechanism is also shown in the Figures 2c and 2d, along with the Sakaki and Radosevich 

Mechanisms. The mechanism involves, in its first step, the cleavage of the P-O bond, a 

feature common with the Sakaki Mechanism, but subsequently proceeds through the 

mediation of a primary amine molecule in the N-H activation reaction, and of an 

ammonia molecule in the AB dehydrogenation reaction, leading to the observed products 

(see Figure 2). Such mediation by proton shuttling molecules, such as water, is known in 

biological systems64-67. As will be discussed in the Results and Discussion section, this 
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proposed mechanism is competitive with the Radosevich Mechanism, and is both simpler 

and energetically more favorable than the Sakaki Mechanism. This strongly indicates that 

it is likely to be the operative mechanism in both the reactions with the T-shaped 

phosphorus complex that have been reported to date. The significance of this result is that 

it provides insights that allow the development of new phosphorus based complexes that 

can participate and mediate in important reactions such as AB dehydrogenation and the 

N-H activation of primary amines. 
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Figure 2. (a) The mechanism proposed by Sakaki and coworkers for the dehydrogenation 

of ammonia borane (AB) by the T-shaped phosphorus pincer complex. (b) The 

mechanism proposed by Radosevich and coworkers for the N-H activation by the T-

shaped phosphorus pincer complex. (c) and (d) The general mechanism that we have 

proposed for the N-H activation and the AB dehydrogenation reactions. 

6.2 Computational Details 

The DFT calculations have been done with the Gaussian 09 program68 with M06-2X69 

functional and 6-311++G (2d, 2p)70-72 basis set. It is to be noted that specific to only the 

2,4,6-trimethylaniline substrate case, pertaining to the N-H activation of the primary 

amine, the proposed mechanism has been calculated with the M06-2X functional with the 

6-31g*73 basis set in order to reduce the computational expenses. Solvent effects74 have 

been included throughout the optimization of reactants, intermediates, products, and 

transition states for all the mechanisms discussed in the chapter for AB dehydrogenation 

and amine activation reactions. For AB dehydrogenation, acetonitrile (ε = 35.688) has 

been employed as the solvent and benzene (ε = 2.270) has been applied for the N-H 

oxidative addition reactions of amines. Two different solvents have used in order to be 

consistent with the respective experiments. Frequency calculations75, 76 have been done in 

order to obtain and include the zero point energy, the internal energy and entropy 

contributions (calculated at 298.15 K). Therefore, all the numbers reported in the chapter 

are the free energy (∆G) values.  

6.3 Results and Discussion 

6.3.1 The Radosevich Mechanism for N-H Activation.  

The “Radosevich Mechanism” involves the creation of a P-N bond by the interaction of 

the phosphorus center with three molecules of the amine, followed by a P-H bond 

formation by hydrogen transfer from the ammonium cation to the amidophosphoranide 

anion (see Figure 2b). Radosevich et al. have determined the energy profile for this 

mechanism for the case of methylamine (NH2Me).  We have obtained the free energy 
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profile for the same mechanism and with the same primary amine, so that this mechanism 

can be compared to our proposed mechanism (which will be discussed later) at the same 

level of theory as employed by Radosevich and coworkers57 {MO6-2X/6-311++g (2d, 

2p)}. As shown in Figure 3 below, there are four reactant species: 1 and the three NH2Me 

molecules. The three NH2Me molecules can form an adduct complex: (NH2Me)3 which 

then reacts with 1. However, this adduct complex formation bears an entropic cost, and 

therefore 1 and (NH2Me)3 lie 11.3 kcal/mol above the four separate reactant species on 

the free energy surface. Subsequent to this, the mechanism proceeds with the interaction 

of (NH2Me)3 with the phosphorus pincer complex to form an adduct INT1: the hydrogen-

bonding cluster of three methylamine molecules with 1. This has been found to be 22.1 

kcal/mol endergonic in comparison to the starting reactants. INT1 is then converted to a 

zwitterionic species INT2 by the formation of a phosphorus nitrogen bond through the 

first transition state (TS1). Subsequent to this, the mechanism suggests that the 

deprotonation of the ammonium cation would occur, followed by a proton transfer step 

(overcoming the transition state TS2) to the amidophosphoranide anion, leading to the 

final product. TS1 is seen to be endergonic by 28.3 kcal/mol in comparison to the 

separated reactants, while the barrier corresponding the crossing of TS2 has been 

calculated to be 30.9 kcal/mol from the separated reactants, and is therefore the barrier 

that has to be overcome for the reaction to be completed. The final product, 6, is 

endergonic by 4.0 kcal/mol.  
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Figure 3. The free energy profile of the Radosevich Mechanism for the N-H oxidative 

addition reaction of methylamine to the pincer ligated phosphorus compound; all values 

are in kcal/mol.  

6.3.2 Our Mechanism for N-H Activation.  

In our mechanism, the first step is the interaction between the phosphorus of the pincer 

complex and the oxygen of the ONO ligand with the nitrogen and hydrogen respectively 

of the N-H bond in methylamine. This step, involving phosphorus-oxygen cooperativity 

in 1, is analogous to what Sakaki et al. have proposed for the case of AB 

dehydrogenation by 153. This leads to the intermediate 2_NMe, in which the nitrogen of 

the amine is bonded with the phosphorus of the pincer complex and the proton is attached 

to one of the oxygens of the ONO ligand. This is seen to be endergonic by 9.7 kcal/mol 

(see Figure 4). After 2_NMe is formed, several reactions are possible: (i) the proton can 

take part in tautomerism with the vicinal carbon-carbon double bond, or (ii) the proton 

attached to the oxygen can directly transfer to the phosphorus centre, or (iii) the proton 

can shift from oxygen to phosphorus with the help of another amine molecule, which can 

act as a proton transfer agent (see Figure 2c), or (iv) the tautomerism may occur through 

the help of the second amine molecule.  
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All four possibilities have been investigated. The free energy profile obtained for the 

possibilities (i) and (ii) is shown in Figure 5I below. The results make it clear that 

Possibility is highly unlikely, since the barrier for this process is seen to be 61.0 kcal/mol. 

Possibility (ii) is also unlikely, because the barrier for this process was calculated to be 

30.8 kcal/mol. Since the intermediate 2_NMe is itself 9.7 kcal/mol higher in energy in 

comparison to the separated reactants, this means that the transition state for this process 

would be 40.5 kcal/mol higher in energy in comparison to the original separated 

reactants. This suggests an unfavorable reaction pathway for getting from the reactants to 

the observed final product. 

However, as shown in Figure 5II, Possibility (iii) is seen to have a barrier of only 20.0 

kcal/mol, thus being about 10.8 kcal/mol lower in energy than the barrier for Possibility 

(ii). Such a lowering of the energy barrier (about 10.0 kcal/mol) in the presence of an 

extra substrate is also known for other main group systems. For example, Sicilia and co-

workers have demonstrated the mechanism of introducing a second molecule of ammonia 

for the 1,1 and 1,4 addition of ammonia by silylene and germylene systems77. The 

participation of the extra NH2Me also suggests an entropically unfavorable reaction, 

having an ordered transition state with high molecularity. This, indeed, matches the 

observed experimental findings for the reaction of the amines with 1. Our calculations 

indicate that the ∆S for the reaction would be 79.0 cal/mol/K (the value obtained for the 

∆S by comparing the entropy of the transition state TS2/5_NMe and the original reactant 

species). This compares very favorably with the ∆S value obtained experimentally from 

the Eyring plot by Radosevich and coworkers for the N-H bond splitting reaction 

involving 1 and the n-propylamine (72.0 +/- 2.0 cal/mol/K)57, further suggesting the 

feasibility of our proposed mechanism.  

The reason the barrier is decreased by the intervention of an additional amine is because 

of the conversion of a sterically encumbered three membered transition state (O-H-P) to a 

more sterically relaxed five membered transition state (O-H-N-H-P). A similar mediation 

of an additional amine can also be envisaged for the tautomerism case as well (Possibility 

(iv)). As Figure 6 shows, the presence of an additional amine indeed reduces the barrier 
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significantly for this case – from 61.0 kcal/mol to 21.3 kcal/mol. Since this barrier is only 

1.3 kcal/mol higher than the barrier obtained for Possibility (iii) (see Figure 5II), the 

results indicate that the possibility of a keto species being formed cannot be ruled out: it 

may be formed as an undesired side product during the reaction. Furthermore, in 

comparison to the Radosevich Mechanism, discussed in the earlier section, the barrier for 

our proposed mechanism {Possibility (iii)} is lower, but the difference between the 

barriers for the slowest steps of the two mechanisms is only 1.2 kcal/mol (see Figure 6). 

This indicates that both the mechanisms could be operative during the amine oxidative 

addition process. This may explain the experimental observation of the order of the 

reaction being 3 for this process, as noted by Radosevich and co-workers57. Also, it 

should be noted that for the specific case of the N-H activation of the ammonia substrate, 

the Radosevich Mechanism could be the preferred mechanism, since the experiments 

were done employing liquid ammonia as the solvent57, and hence the entropic cost of 

bringing three ammonia molecules to the vicinity of the phosphorus catalyst would be 

reduced in this specific case. Nevertheless, the present calculations do indicate that our 

proposed reaction mechanism has a slightly lower barrier in general in comparison to the 

Radosevich Mechanism for primary amine cases, and would thus be very competitive 

during the reaction process for the N-H activation of the primary amines by the 

constrained phosphorus based system. It can also be envisaged that two amine molecules 

can mediate to form a seven membered transition state (O-H-N-H-N-H-P), and this may 

also be a competitive pathway during the reaction. Although such a pathway has not been 

studied in the current work, due to the computational constraints, it is clear that such 

possibilities, based on our proposed mechanism, would also provide a reaction cycle 

having order 3 with respect to the primary amine.  
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Figure 4. The free energy profile of the phosphorus oxygen bond cleavage by the primary 

amine molecule; all values are in kcal/mol.   

Figure 5. (I) The free energy profile of the possibilities (i) and (ii) for proton transport 

from oxygen to phosphorus for amine activation reaction. (II) The free energy profile of 
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the possibilities (iii) and (iv) for proton transport from oxygen to phosphorus with the 

help of second amine molecule for amine activation reaction all values are in kcal/mol.   

 

Figure 6. The free energy profile of our proposed mechanism for the N-H oxidative 

addition reaction of methylamine; all values are in kcal/mol. 

6.3.3 The Sakaki Mechanism for Ammonia Borane (AB) Dehydrogenation.  

In this section, we discuss the calculations pertaining to the “Sakaki Mechanism” for AB 

dehydrogenation by 1 (discussed in the Introduction, and shown in Figure 2(a)) with the 

intention of comparing the free energy surface with that of our proposed mechanism for 

the same reaction (which will be discussed in the next section).  

As shown in Figure 13 below, the first step of the Sakaki Mechanism is the phosphorous 

ONO ligand cooperation that leads to P-O bond cleavage and forms the intermediate 2 

via the transition state TS1/2, a process that is seen to have a barrier of 26.6 kcal/mol. 

This first step is common to the Sakaki mechanism as well our newly proposed 

mechanism (which is discussed in the next section). The reason this step is feasible for 

the constrained geometry phosphorus complex, and not for pyramidal geometry 

phosphorus complexes (since they have not been found to be effective at AB 
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dehydrogenation43 ) can be understood from a perusal of the HOMO and the LUMO for 

1, and comparing them to the HOMO and the LUMO of the pyramidal phosphorus 

complex P(OMe)3. As shown in the Figure 7, the HOMO for the planar phosphorus 

complex 1 is found to be located over the phosphorus and the two oxygen atoms, while 

the LUMO is found to be located on the central phosphorus atom. This suggests that the 

initial phosphorus oxygen bond cleavage by the simultaneous transfer of both the 

hydridic and protic hydrogens of AB to the phosphorus and the oxygen atoms for the case 

of AB dehydrogenation is likely for the phosphorus complex, because the LUMO on 

phosphorus can interact with the hydride of AB, while one of the coordinated oxygens 

can donate electron density to the protic hydrogen of AB, since the HOMO extends over 

the coordinated oxygens. However, for the case of pyramidal phosphorus complexes, 

represented by P(OMe)3 in our calculations, the HOMO is solely present over the 

phosphorus atom, while the LUMO is present over the methyl groups (see Figure 8). The 

antibonding orbital, i.e., the lowest unoccupied molecular orbital (LUMO), which is 

based on the phosphorus atom, is much higher in energy and thus unable to participate in 

accepting electron density from the incoming substrate. This means that the donation of 

electron density from the hydridic hydrogen of AB to the phosphorus or oxygen atoms 

would not be possible in the pyramidal P(OMe)3 case. This shows the importance of 

employing a constrained phosphorus complex in order to ensure that the first step of the 

AB dehydrogenation process can proceed in a facile manner. It is to be noted, however, 

that there are some other examples where distorted, constrained tricoordinated 

phosphorus systems are capable of similar bond activation reactions. For instance, 

Radosevich and coworkers have reported a distorted, tricoordinated, pyramidal 

phosphorus complex recently that can activate the O-H bond78. The structure of this 

complex is shown in Figure 9 below. In this chapter, we have analyzed the frontier 

molecular orbitals of this complex, and compared them with both the T-shaped 

phosphorus complex and the pyramidal phosphorus P(OMe)3 type complexes. The 

frontier orbitals of this complex are shown in Figure 10. The highest bonding orbital (i.e. 

the HOMO) of this complex is located on the phosphorus and the adjacent nitrogen atoms 

and the LUMO for this complex is located away from the phosphorus atom. However, the 
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LUMO+1 orbital for this complex is located significantly on the phosphorus, and its 

energy is significantly lower than the LUMO of the inert pyramidal phosphorus based 

systems. For the T-shaped, planar phosphorus system43, the LUMO is centered on the 

phosphorus atom and is even lower in energy than the LUMO+1 in the distorted 

pyramidal system. Thus, the calculations indicate that the reason the planar and the 

distorted pyramidal structures are more effective at bond activation than the pyramidal 

P(OMe)3 type phosphorus based structures is because of the high energy of the 

antibonding orbital that is present on the phosphorus atom in the pyramidal systems. 

Recently, Kinjo et al. have reported another phosphorus based pyramidal structure and 

found that it is able to activate the N-H bond in ammonia62. We have also performed 

calculations for this complex, the structure of which is shown in Figure 11. It is to be 

noted that the frontier orbitals (shown in Figure 12) for the single point geometry 

(calculation done by taking the coordinates from the .cif file) and the final optimized 

geometry for the distorted pyramidal complex reported by Radosevich and coworkers78 

and discussed in the previous paragraph, are similar. Hence, for the phosphorus based 

pyramidal structure reported by Kinjo et al., the frontier orbitals have been obtained from 

only a single point calculation of the structure obtained from the reported .cif file62. For 

this complex, the LUMO+5 orbital is located on the phosphorus atom. The LUMO, 

LUMO+1, LUMO+2, LUMO+3 and the LUMO+4 are all located on atoms at a distance 

from the proton accepting nitrogen atom (on which the HOMO is located). However, it is 

important to note that the structure has another phosphorus atom in the backbone, where 

the LUMO+5 orbital is also located. Thus, some alternative mechanism of N-H activation 

by this complex involving both the phosphorus atoms along with the nitrogen is also 

likely. This indicates that the activation mechanism for such type of complexes may be 

substantially different than the mechanism discussed for the planar phosphorus structure, 

as well as the distorted pyramidal structure discussed in the previous paragraph. 
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Figure 7. The HOMO and the LUMO for the planar phosphorus complex (1). 

 

 

 Figure 8. The HOMO and the LUMO for the pyramidal phosphorus complex P(OMe)3. 
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 Figure 9. The structure of the distorted tricoordinated phosphorus complex. 

 

 

 

 

Figure 10. The HOMO and LUMO+1 orbitals of the distorted tricoordinated phosphorus 

complex shown in Figure 9. 

  



 

138 

 

 

Figure 11. The structure of the pyramidal phosphorus complex. 

 

 

Figure 12. The HOMO and LUMO+5 orbitals of the pyramidal phosphorus complex 

shown in Figure 11. 
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Now coming back to the mechanism proposed by Sakaki and co-workers, the subsequent 

steps in the Sakaki mechanism involve the amino borane assisted transformation of 2 into 

5. The BH2 moiety of amino borane interacts with the nitrogen atom of 2, while 

simultaneously, the nitrogen atom of amino borane shifts the proton from the oxygen to 

the phosphorus atom. This process involves two intermediates and three transition states, 

with the final transition state TS4/5, lying 30.5 kcal/mol higher in energy than the initial 

separated reactants (see Figure 13).  

The first step of the Sakaki Mechanism, as mentioned, is the same as our proposed 

mechanism. However, the subsequent steps are significantly different. An alternative 

mechanism that is simpler, with fewer steps, and having barriers that are lower than the 

barriers of the Sakaki Mechanism would certainly be preferred during AB 

dehydrogenation by 1. The next section describes our proposed mechanism, which will 

be seen to satisfy these criteria. 

Figure 13. The free energy profile of the Sakaki Mechanism for the ammonia borane 

dehydrogenation reaction; all values are in kcal/mol.   

6.3.4 The Proposed Mechanism for Ammonia Borane (AB) Dehydrogenation by 1.  

Before the discussion of the results of our proposed mechanism for AB dehydrogenation 

by 1, one pertinent question that can be asked is whether the Radosevich Mechanism 

might be operational for this reaction. The Radosevich Mechanism, applied to AB 
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dehydrogenation, would involve at least two AB molecules, with the hydridic hydrogen 

of the first AB molecule being transferred from boron to phosphorus, forming a 

zwitterionic species that would be the intermediate for this reaction. However, such an 

intermediate was not obtained, with the system structure reverting back to the reactants in 

every optimization attempt. An alternative concerted Radosevich-type mechanism was 

also considered. In this mechanism, shown in Figure 14 below, the hydridic hydrogen 

attached to boron would shift to the phosphorus center, while, simultaneously, the protic 

hydrogen of the first AB molecule would be shifted to the second AB molecule. The 

second AB molecule, while accepting the proton, would, at the same time, transfer a 

proton to the phosphorus center, leading to the observed experimental product. As seen 

from Figure 14, this concerted reaction would be highly unfavorable, having a barrier of 

60.4 kcal/mol. Such a process is, therefore, not possible. By extension, a similar reaction 

involving three AB molecules would also be likely to be highly unfavorable. Hence, one 

can safely state that the equivalent of the Radosevich Mechanism would not be feasible 

for AB dehydrogenation by 1. Furthermore, the possibility of tautomerization between 

the O-H and the adjoining C=C groups, after the formation of the first intermediate, 2, in 

the Sakaki Mechanism  has not been investigated because of experimental observations 

of Radosevich and coworkers indicating no tautomerization in this system for the case of 

AB dehydrogenation79. 

Our proposed mechanism, when applied to AB dehydrogenation by 1, would require the 

presence of a base that would act as the proton transfer agent, after two hydrogens have 

been provided to 1 from an AB molecule (the first step that is shared with the Sakaki 

Mechanism). Now, in the case of the primary amines, discussed in the previous section, 

the amine itself could act as the proton transferring base. However, in the case of AB 

dehydrogenation, it is unlikely that an extra AB molecule can serve this function. This is 

because the nitrogen in NH3BH3 (AB) is four-coordinated, and would be unlikely to be 

stable as a five coordinated species during the proton transferring transition state. There 

remains the possibility, however, that other bases may be present in the system that can 

act as proton transfer agents. The most likely candidate for this is ammonia, NH3, which 

can be formed by the dissociation of AB in solution. Indeed, the formation of free 
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ammonia in reactions involving AB has been observed in experimental studies80. 

Moreover, theoretical studies in the past have shown that the cleavage of the N-B bond in 

AB to yield NH3 and BH3 is preferred over the formation of NH2BH2 and H2 in free 

AB81-84, and so free NH3 would be present in the system, especially when excess of AB is 

employed. In this regard, it is notable that in the experiments done by Radosevich and 

coworkers, a significant excess of AB was employed during the dehydrogenation of AB 

by 1; the ratio of AB to 1 was 4:143. Hence, a significant amount of ammonia was likely 

to have been present when 1 was converted to the hydrogenated species, 2, denoted in 

Figure 15 below.   

 

Figure 14. The free energy profile of the concerted mechanism for ammonia borane 

dehydrogenation; all values are in kcal/mol. 

It may be argued that a Radosevich type of mechanism might be possible with one 

ammonia and one AB molecule, in place of the two AB molecules case that was 

discussed earlier in this section. However, all attempts made to obtain an intermediate 

structure having an anionic phosphorus complex, with the corresponding cationic 
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[NH3BH2NH3]
+ – which would be the intermediate in the Radosevich Mechanism – 

failed, indicating that this, too, is an unlikely possibility. Hence, the only means by which 

ammonia can influence the reaction would be by our newly proposed base mediated 

mechanism. 

We also note here that we have also looked into an alternative mechanism proposed by 

Uhl and co-workers for a similar system, where the proton of AB was proposed to have 

been transferred to the phosphorus atom of a phosphorus-aluminium based FLP35, which 

thereby formed a zwitterionic intermediate. Such a mechanism is unlikely for the AB 

dehydrogenation by the flat phosphorus complex, discussed here, as our calculations 

indicated that a similar type of zwitterionic intermediate was not stable, and reverted back 

to the original reactants. 

The first step in our proposed mechanism is common with the Sakaki Mechanism: two 

hydrogens are transferred from AB, one to the phosphorus atom and one to the oxygen, 

leading to the formation of the species denoted as 2 in Figure 15, and amino borane, 

NH2BH2. The subsequent step in the mechanism involves the mediation by an ammonia 

molecule, which would lead to a five membered (O-H-N-H-P) transition state, TS2/5, and 

then to the final product 5. The barrier for this reaction was found to be 15.3 kcal/mol 

from the intermediate and 25.0 kcal/mol from the original reactant species. This means 

that the slowest step of the reaction is the first step, with a barrier of 26.6 kcal/mol. In 

contrast to the Sakaki Mechanism, where the barrier for the slowest step was 30.5 

kcal/mol (see Figure 13), the current proposed mechanism therefore is seen to (i) have 

fewer steps: only two steps in comparison to the four steps of the Sakaki Mechanism, and 

(ii) have a slowest step barrier that is 3.9 kcal/mol lower in energy than the barrier for the 

slowest step in the Sakaki Mechanism. These results, therefore, strongly indicate that the 

newly proposed mechanism would be the prevalent one during AB dehydrogenation by 1.  
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Figure 15. The free energy profile of the newly proposed mechanism for ammonia borane 

(AB) dehydrogenation by 1; all values are in kcal/mol. 

A perusal of the Figures 6 and 15, which show the free energy surfaces for our proposed 

mechanism for the N-H activation reactions and AB dehydrogenation respectively, 

indicates that the base mediated step is the slowest step in the N-H activation case, while 

it is the more facile step in the AB dehydrogenation case. An explanation for this can be 

found from a charge analysis (using NBO85-87) of the intermediates along the reactions 

pathways for the two cases. The charge analysis on the central phosphorus atom indicates 

that in the intermediate 2, for the case of AB dehydrogenation reaction, the central 

phosphorus atom is less electrophilic than in complex 1, but, in the intermediate 2_NMe 

for the corresponding N-H activation case, the central phosphorus atom is more 

electrophilic (see Table 1). This suggests that it will be more difficult to transfer the 

proton from the oxygen to the more electrophilic phosphorus centre for the amine 

activation case. This provides an explanation for why the barrier for proton transfer from 

oxygen to phosphorus for the case of AB dehydrogenation via the base has been found to 

be 4.7 kcal/mol lower than the corresponding barrier for the N-H activation case.   
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Compound Name 1 2 2_NMe P(OMe)3 

Charge on Phosphorus 1.13 1.11 1.47 1.6 

Table 1.The charges on the central phosphorus atom in various optimized phosphorus 

complexes. 

6.4 Conclusions 

Finding main group systems to do chemistry that has traditionally been done with 

transition metal complexes is an important area of research. In this regard, newly 

designed43 constrained phosphorus based systems hold much promise. Such a “flat” 

phosphorus based complex, having a tridentate pincer ligand, “1” (see Figure 1), has been 

reported to participate in interesting and important chemistry, such as the 

dehydrogenation of ammonia borane (AB)43, and the activation of the N-H bond in 

primary amines57. The current computational work, employing full quantum chemical 

calculations with density functional theory (DFT), shows that a general mechanism exists 

that is common to the different reactions involving 1. This general, base mediated 

mechanism has been shown to be both simpler and energetically more favorable in 

comparison to mechanisms that have been proposed earlier in the literature53, 57. The 

significance of these findings is that it reveals that the ligand backbone in the phosphorus 

complex is not involved in interacting with the substrates during the reactions. This 

finding is important because it indicates that the phosphorus complex can be altered, with 

new structures being designed having a different ligand backbone, without potentially 

affecting the ability of the new complexes to do interesting chemistry, such as AB 

dehydrogenation. Therefore, the current work has expanded the understanding of these 

important new systems, and revealed new possibilities that can be explored to improve 

upon the existing phosphorus based systems.  
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CHAPTER 7 

Summary of All the Chapters 

 

 

 Throughout this thesis, the potential of catalysts has been scrutinized based on their 

efficacy for small molecule activation such as the ammonia borane dehydrogenation 

reaction. For this purpose, several metallic and non-metallic catalysts have been 

investigated by density functional theory (DFT). 

Chapter 1 discusses the state of the art in terms of reaction pathways and the 

application of the same in small molecule activation and ammonia borane 

dehydrogenation.  

Chapter 2 describes the theoretical underpinnings of the computational tools that 

have been employed to perform the work presented in this dissertation.  

 In chapter 3, the design of late transition metal frustrated Lewis pairs (FLPs) has 

been discussed, based on a α diimine ligand with a labile phosphorus bond with the metal 

centre. DFT/MP2 methods have been employed to explore such late transition metal 

containing FLPs for their catalytic role in the dehydrogenation of ammonia borane (AB) 

and the hydrogenation of ethylene. The possibility of side reactions has also been 

investigated and it has been shown that the resulting products can serve as excellent FLPs 

for the catalysis of the dehydrogenation process. Thus, the study has opened up new 

possibilities of metal-ligand cooperativity in small molecule activation reactions. (Dalton 

Trans., 2013, 42, 13866-13873.) 

 In chapter 4, the possibility of the catalytic dehydrogenation of AB has been 

evaluated computationally by employing various cage systems. Full quantum mechanical 

(QM) calculations using density functional theory (DFT) show that the cages that contain 

nitrogen-carbon (N-C cage), phosphorus-carbon (P-C cage) and carbon-phosphorus (C-P 

cage) would have competing side reactions in catalyzing AB dehydrogenation. Further 

calculations show that the cages having nitrogen-phosphorus (N-P cage), nitrogen-
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germanium (N-Ge cage) and phosphorus-germanium (P-Ge cage) Lewis pairs would be 

efficient AB dehydrogenation catalysts. Among the cages, the P-Ge cage was observed to 

be the most promising, with the lowest energy barriers for the AB dehydrogenation 

pathway. In addition, it also exhibits a noticeably higher preference towards the desired 

dehydrogenation pathway compared to the undesired alternative directions that would 

lead to the formation of dormant species. Such calculations pinpoint the potential of the 

zero dimensional cages for frustrated Lewis pair (FLP) behavior. (Chem. Commun., 2011, 

47, 11417-11419 and Phys. Chem. Chem. Phys., 2013, 15, 20857-20867.) 

 In chapter 5, we have concluded that the bond-strengthening π-back donation that 

has been recently discovered for transition metal systems can also be applied effectively 

for main group silylene complexes. This observation has significant impact on the 

broader scope of the reactivity for a range of silylenes that had been considered unstable 

previously. In addition, such complexes are cheaper and greener than conventional 

transition metal counterparts, which highlight the practical significance of this finding. 

(Chem. Commun., 2014, 50, 8522-8525.) 

 In chapter 6, newly designed constrained “flat” phosphorus based complex 

systems with the tridentate pincer ligand have been demonstrated to participate in 

important reactions such as the dehydrogenation of ammonia borane and the activation of 

the N-H bond in primary amines. Full quantum chemical calculations utilizing density 

functional theory (DFT) show that a general mechanism exists i.e., a base mediated 

mechanism that has been proposed to be both simpler and energetically more favorable 

than the literature accounts till date. These findings provide important predictions of the 

chemical behavior of such main group compounds. The scope of having different ligand 

backbones without affecting their ability to do similar chemistry will open up new design 

strategies for phosphorus based complexes. (Inorg. Chem., 2016, 55, 558–565) 

 


