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1. INTRODUCTION 

Borane (BH3, also known as trihydridoboron) forms stable Lewis acid-base 
complexes with amines and phosphines. It has been revealed that such species 
exhibit several interesting properties and potential for practical applications, 
ranging from organic synthesis to hydrogen storage. On the quest to design a 
complex with the most desirable characteristics for any potential application, it 
is important to know the intrinsic properties of the species and theoretical 
methods provide many possibilities in that regard. In recent years theoretical 
calculations have become a powerful tool as accurate results for relatively large 
amount of species can be obtained in a reasonable time. 

Hydrogen is the simplest chemical element and its concentration in 
biosphere is notable. A proton is involved in many different processes and the 
abilities to accept and donate it are of great consequence. Knowledge about 
properties relating to proton transfer reactions gives us insight into the reactivity 
of a compound and in the case of amine-boranes, it is also important in the field 
of energetics as the high gravimetric capacity of hydrogen makes amine-
boranes appealing for hydrogen storage. 

Chemical hydrogen storage system must be reversible at working conditions, 
which means that the Gibbs free energy of the hydrogen release must be slightly 
positive. However, at the present the usage of amine-boranes for that purpose is 
complicated as several practical and fundamental questions are still un-
answered. Although the desired reversibility at practical conditions has not yet 
been achieved, it is known that the dihydrogen activating properties of boron-
nitrogen containing compounds can be used for more than just hydrogen 
storage. 

Computational methods are at their strength in investigation of intrinsic gas-
phase properties and interactions, and are therefore ideal for filling the cap of 
knowledge concerning borane complexes. Systematic investigation of different 
analogous species does not only gives us information about single complexes, 
but allows us to gain insight into the overall properties and brings us closer to a 
complex with the most desirable characteristics. 

Substituents play important role in the properties of amine- and phosphine-
boranes. So far mostly complexes with small substituents like methyl groups or 
halogen atoms have been investigated and much less attention is given to 
complexes with bulkier substituents. The aim of this work is to study compu-
tationally the properties of amine- and phosphine-boranes in relation to proton 
transfer. In the current theses the gas-phase stabilities, acidities and basicities 
for several complexes are investigated and the effects of substituents are 
discussed. It has been shown that protonated complexes release hydrogen and 
the thermodynamics of the reaction is dependent on the species. The results of 
the presented work can be used as a valuable input for designing future 
experiments and applications. 
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2. LITERATURE OVERVIEW 

2.1. Gas-phase acidity and basicity 

Brønsted acidity and basicity [1–4] are parameters describing the proton 
donating and accepting ability of a molecule. Proton transfer reactions are of 
significant importance as a lot of reactions from biochemistry to interstellar 
chemistry are catalyzed by the proton. Both parameters can be determined in 
solvents, but there is a fundamental problem – proton is not a free particle in 
liquid phase. The proton and all other species taking part of the proton transfer 
reaction are solvated and the solvation depends on solvent. Therefore no 
intrinsic acidity or basicity can be obtained in solution. This problem can be 
solved by measuring the acidity or basicity in the gas phase. 

The gas-phase acidity and basicity are defined by the following equilibrium 
reactions: 

 
deprotonation  AH  A- + H+      (1) 
protonation  BH+ B + H+.      (2) 
 

Gas-phase acidity (GA) is the Gibbs free energy change for the reaction 1 and 
gas-phase basicity (GB) is the Gibbs free energy change for the reaction 2. A 
closely related term – proton affinity (PA) can be found in literature, which 
refers to the enthalpy change for reaction 2. It should be noted that by such 
definitions the higher basicity values correspond to the stronger bases but it is 
vice versa for acidity – higher acidity values mean a less acidic compound (and 
therefore lower acidity values correspond to a stronger acid). 

Gas-phase acidity and basicity can also be determined experimentally. The 
measurements are conducted in low pressure environment against reference 
substances with known acidity or basicity values. The basic concept is 
described by the following proton exchange reaction: 

 
AH(g) + Aref

-(g)  A-(g) + ArefH(g).  (3) 
 

The GA value for AH can be calculated by the following equation: 
 
GA(AH) = GA(ArefH) – RT ln Kp, (4) 
 

where R is the universal gas constant, T is absolute temperature and Kp con-
cerns the experimental partial pressures (P) of neutral and ionic species in-
volved: 

 K୮ = ୔ఽ౨౛౜ౄ	×	୔ఽష୔ఽౄ	×	୔ఽ౨౛౜ష. (5) 
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2.2. Amine-boranes and analogues 

Amine-boranes are complexes formed by the association of amines and boranes. 
The amine acts as a Lewis base and borane acts as a Lewis acid in this addition 
reaction. The history of such complexes date back more than 200 years as the 
H3N-BF3was first synthesized in 1809 by Gay-Lussac [5, 6]. The unsubstituted 
amine-borane was first prepared many years later in 1955 by Shore and Parry 
[7]. Since 2000 the complexes have gained much more attention, as countless 
number of applications has been suggested and several reviews about various 
aspects of such complexes [8–14] were published. One of the potentially most 
rewarding usages relates to hydrogen storage as the hydrogen content in 
ammonia-borane is notably high –19.6 wt % and for this reason the substituted 
amine-borane is by far the most investigated among such complexes. In 
addition to the amine-boranes there are several analogues where the Lewis base 
or acid is replaced; such complexes include hydrazine-boranes [15, 16], 
phosphine-boranes [17, 18], amine-alanes [19], and phosphine-alanes [20, 21]. 

It has been shown that substituents greatly affect the acidity and basicity of 
isolated amines and phosphines [22, 23], same is also true for boranes. For 
example methyl borane is 47 kcal/mol more stronger acid than free borane [24]. 
Despite the increasing attention towards the complexes, the substituent effects 
to the fundamental properties like acidity and basicity have not gained much 
attention. So far amine-boranes and phosphine-boranes with mostly small 
substituents like halogens and methyl groups have been investigated and studies 
concerning the complexes with bigger substituents are very limited. 

 
 
2.3. Investigated deprotonation reactions 

Based on the few works concerning the acidities of substituted borane comple-
xes, a general conclusion can be drawn that the most acidic hydrogens are 
usually located in the Lewis base [25–28]. For example in the primary and 
secondary amine-boranes the acidity center is the N-H group [27] and in tertiary 
trimethyl amine-borane the C-H acts like an acidity center [25]. However it is 
important to note that there are several more theoretical acidity centers in these 
species. Both computations and experiments have shown that in the case of 
some substituents the alternative deprotonations may lead to drastic intra-
molecular changes, and as a result, some complexes are not stable towards the 
deprotonation [25, 26]. 

The common nominator for all complexes studied so far is that the acidity of 
the Lewis base is greatly enhanced by the complexation, this is true for amine-
boranes (up to 47 kcal/mol [27]), phosphine-boranes (up to 26 kcal/mol [26]), 
and phosphine-alanes (up to 44 kcal/mol [28]). 

More than ten years ago some complexes which included trimethyl amine-
borane and trimethyl amine-borane were investigated by Ren et al [25]. It was 
found experimentally that the acidity of trimethyl amine-borane is between 
water and naphthalene and the gas-phase acidity value of 384.0 ± 2.0 kcal/mol 
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was assigned to the complex. They estimated that the coordination of Me3N by 
BH3 increases the C-H acidity by about 18 kcal/mol. It was also reported that 
due to an elimination reaction resulting in the removal of an ethyl group, experi-
mental acidity for trimethyl amine-borane could not be determined. Beside the 
work of Ren et al there are three major papers that deal with the acidities of 
such complexes and are thus also related to our study. 

Very recently the experimental gas-phase acidities measured by ESI-MS and 
Cooks kinetic method were published [27]. In this work the investigated amine-
boranes were bulkier and the experiments were in a good agreement with G4 
calculations. One important aim of this study was to determine the transition 
states of the reactions that lead to intramolecular changes. The PhCH2NH2BH3 

complex was used as a model to compare N-H deprotonation and a possible 
intramolecular reaction starting from B-H deprotonation.  It was concluded that 
the B-H deprotonation is energetically too demanding. 

Gas-phase acidities for six P-substituted phosphine-boranes with a  
bit bulkier substituents (MePH2BH3, Me3PBH3, c-PrPH2BH3, PhPH2BH3, 
BnPH2BH3, ClCH2PH2BH3) have been also investigated – both experimentally 
and computationally [25, 26]. It is reported that the addition of BH3 increases 
the acidity of phosphines by 20 to 30 kcal/mol. Studied complexes included 
chloromethyl phosphine-borane which was reported to be unstable in anionic 
form both experimentally and computationally [26]. 

It has been found that the AlH3 enhances the acidity of phosphines even 
more than borane [28].From the mentioned works, only three similarly 
substituted complexes (H3X-YH3, MeXH2-YH3 and PhXH2-YH3, where X=N or 
P and Y=B or Al) can be found for which the acidity values of amine-borane, 
phosphine-borane and phosphine-alane species are known. The gas phase 
complexation free energies and the acidity values for those complexes (and 
additionally for unsubstituted complex) are presented on Tables 1 and 2. In all 
the complexes the substitution is made in the Lewis base. It should be noted that 
the values presented on Tables 1 and 2 are obtained with different methods and 
are therefore not completely comparable, but some general conclusions can still 
be drawn. Although only primary substituted complexes are compared, it can be 
seen that amines are the most stable among the complexes. Replacing the amine 
with phosphine reduces the stability of complex notably and the free energy of 
the complexation reaction becomes even more positive if we move on to 
phosphine-alanes. The trends in acidity are the opposite, phosphine-alanes are 
the most acidic, followed by phosphine-boranes and amine-boranes. It is 
explained that the anionic alane complexes are more stable than corresponding 
borane complexes due to the enhanced stability of the deprotonated alane 
species, as the delocalization of the P lone pair is more favorable in the presence 
of the P-Al bond compared to the P-B bond [28]. 
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Table 1. The complexation free energies (in kcal/mol) for some Lewis acid base 
complexes. 
 

R RNH2BH3 RPH2BH3 RPH2AlH3

H –18,6a –12,2 c –5,6 c

Me –23,0a –13,4b –10,4 c

c-Pr –17,0a –13,4 b –10,2 c

Ph –13.8 a –12,0 b –8,9 c

a – values calculated with G4 method taken from ref [27], b – values calculated with 
B3LYP/6–311++G(3df,2p) method taken from ref [26], c – values calculated with G4 
method taken from ref [28] 

 
 

Table 2. The gas-phase acidity values (in kcal/mol) for some Lewis acid base 
complexes. 
 

R RNH2BH3 RPH2BH3 RPH2AlH3

H 349,8 d 329,7 c 317,1 c

Me 349,5 a 328,9 b 325,2 c

c-Pr 344,6 a 337,1 b 323,5 c

Ph 326.7 a 328,9 b 316,9 c

a – experimental values taken from ref [27], b – experimental values taken from ref 
[26], c – values calculated with G4 method taken from ref [28], d – value calculated 
with G4 method taken from ref [27] 

 
 

It can be summarized that although there are some results concerning the 
complexes under question, the number of substituents studied is usually small 
and the substitutions selected are similar. Therefore no comprehensive com-
parisons based on broader bases can be made.   
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2.4. Investigated protonation reactions 

The protonation center of amine-boranes is clearly located on the boron moiety 
and the resulting structure can be described as a dihydrogen connected to the 
rest of the complex (RNH2BH2

+ •• H2) [29]. As an example, Figure 1 describes 
the structure of protonated amine-borane calculated by Patwari at the MP2 6-
311++G(d,p) level [29]. This structure is important as possible practical appli-
cations involve the activation of hydrogen and such processes include 
dihydrogen-boron interaction. Related to the complex presented on Figure 1, it 
was found that the PA of the amine-borane is 191.7 kcal/mol and N-methyl 
substitutions increase the value (up to 200.2 kcal/mol for trimethyl amine-
borane) [29]. 
 
 

 
 

Figure 1. Protonated amine-borane structure as calculated by Patwari at the  
MP2/6-311++G(d,p) level [29]. 

 
 

So far proton affinities of complexes with only relatively small substituents 
have gained attention.  More than ten years ago Skancke, Gaffoor, Anane and 
others [29-36] have published several works about the consecutively substituted 
borane complexes and about their proton affinities. For a series of methyl and 
halogen substituted amine- and phosphine-boranes it was found that successive 
addition of methyl groups to amines and phosphines increased the stability of 
the complexes [31, 33] and the consecutive fluorination of amine in amine-
boranes decreased both the stability and proton affinity [35].  The trends in the 
series of chlorine substitutions in amine-boranes were analogous [32], but 
switching from amines to phosphines gave unexpected results [35, 36]. Despite 
the seeming similarity between amines and phosphines, the stability of 
fluorinated phosphine-boranes changed differently. In the series of H3BPHnF3-n 

(n = 0, 1, 2, and 3), the proton affinity decreases (from 186.8 kcal/mol for n = 3 
to 158.8 kcal/mol for n = 0 at the G2MP2 level), while the complexation energy 
increases (values of 21.1 kcal/mol, 27.5 kcal/mol, 28.9 kcal/mol and 22.9 
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kcal/mol were assigned to the respective complexes at the G2MP2 level). This 
phenomenon was explained with hyperconjugation and back donation from BH3 
to phosphine moiety and the sudden decrease in the stability of H3B-PF3 was 
attributed to the repulsion between negatively charged fluorine atoms [35, 36]. 
 

 
2.5. Practical applications: amine-boranes as dihydrogen 

sources and activators 

The fact that the hydrogen content in amine boranes is notably high has led to 
several investigations of their use as a dihydrogen source. It has been found that 
amine-boranes exhibit the property called dihydrogen bonding, where a metal-
hydrogen [37, 38] or in this case a boron-hydrogen bond acts as a hydrogen 
acceptor to acidic groups [39, 40]. This can be observed for example in 
ammonia-borane where the B-H••H-N structure is present in dimers which are 
aligned head to tail. Such interaction is energetically favorable (over 5 kcal/mol 
of energy per interaction, there are two interactions per one dimer) and 
ultimately play a part in the release of dihydrogen. 

The thermal decomposition of ammonia-borane can occur in solid state and 
in solvent. The simplest view to the separation of dihydrogen includes three 
steps [41]. The first steps corresponds to the formation of (H2N-BH2)X, second 
to the formation of (HN-BH)X, and third to the formation on BN. The first 
product (H2N-BH2)X is polymeric and very unstable. It decomposes and the 
resulting (HN-BH)X is a mixture of poorly defined polymeric substances con-
sisting of boron, nitrogen and hydrogen. A more detailed view to the mecha-
nism has been provided by Shaw et al [42] who used MAS NMR spectroscopy. 
Based on the observations another model consisting of three steps was pro-
posed, including: induction, nucleation and growth. The most important step is 
the nucleation where the diammoniate of diborane (DADB) is generated 
(presented on Figure 2). The DADB can then react with ammonia-borane to 
release H2 and oligomerize. It has been found that although the decomposition 
pathways are different in solution, the DADB still plays a role [43]. Unfortu-
nately, it has been detected that the thermal dihydrogen release in not a 
reversible process [44]. 

There have been several computational studies on the mechanisms of the 
decomposition of amine-borane. Most studies deal with gas-phase reactions 
onto which the solvent effects are imposed. The overall picture is rather 
complicated as several alternative pathways with close activation energies are 
found. It should be noted that the thermodynamics of dehydrogenation of 
ammonia-borane in gas phase on coupled cluster level has been calculated [45]. 
According to those results the release of hydrogen from ammonia-borane is 
exothermic by -5.1 kcal/mol and the dehydrogenation from the resulting amino-
borane is endothermic by 31.4 kcal/mol. 
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Figure 2. Theformation of DADB during the dihydrogen release reaction from 
ammonia-borane proposed by Shaw et al [42]. Figure is taken from ref [14]. 

 
 

Systems containing amine or phosphine together with borane group can be also 
used to activate dihydrogen for hydrogenation of imines and enamines [46–50]. 
The use of such compounds has many benefits as alternative transition-metal 
catalysts are expensive and toxicity concerns must be addressed. In this kind of 
dihydrogen activator the concept of dihydrogen bond is used. A molecular 
tweezer composing of a frustrated Lewis pair forms the core of the system [50, 
51]. Amine group acts as a Lewis base and boron as an acid. In normal 
circumstances they would form a complex, but in the tweezer they are separated 
by a link that sterically prevents the B-N interaction. In the activation process 
the tweezer captures a H2 between the boron and nitrogen and a N-H •• H-B 
dihydrogen bond is formed. One of the possible tweezers investigated by 
Sumerin et al is presented on Figure 3.The hydrogens captured can now be used 
to hydrogenate different species (imines and enamines for example). Such 
structures are experimentally verified and can be used to activate dihydrogen 
even from other amine-boranes [50, 52]. 

 
 

 
 
Figure 3. A molecular tweezer is capable of binding and releasing dihydrogen. Figure is 
taken from ref [50]. 
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3. METHODOLOGY 

Calculations in this work were performed by Gaussian 09[53] program package. 
A density functional theory method B3LYP [54] and an ab initio MP2 method 
[55–59] both with 6-311+G(d,p) [60-63] bases set were used. Both methods 
were in a good agreement and for the sake of simplicity, in the current thesis 
mostly MP2 results are used in discussion. In special cases where two or more 
acidity centers were close in energy, additional G2MP2 [64] calculations were 
performed. Vibrational analyses for zero-point energies and thermal corrections 
were carried out. All stationary points were found to be true minima 
(NImag=0). For all species full conformational search was done, for protonated 
and deprotonated species all possible protonation and deprotonation centers 
were investigated and only the most stable structures were used. For a free 
proton, the Gibbs free energy value of 0.01 au (ca. 0.0627 kcal/mol) was used; 
derived from statistical thermodynamics under standard state (298.15 K and 1 
atm) conditions. Enthalpy: 

 HሺHାሻ = U + pV = 	 ହଶ RT,  (6) 

 
where U is internal energy, p is pressure, V is volume, R is the universal gas 
constant, and T corresponds to absolute temperature. Entropy: 

 SሺHାሻ = R	ln	ቆୣఱమ୩ా୘୮ஃయ ቇ, (7) 

 
where kB is Boltzmann constant and the thermal De Broglie wavelength Λ can 
be obtained as follows: 

 Λ = ට ୦మଶ஠୫୩ా୘ , (8) 

 
where h is Planck’s constant and m is the mass of the proton. Gibbs free energy: 

 GሺHାሻ = HሺHାሻ + 	TSሺHାሻ. (9) 
 

In the case of complexation energies and dihydrogen removal reaction, basis set 
superposition error (BSSE) was calculated using the counterpoise method of 
Boys and Bernardi [66-68]. The BSSE estimations for both methods were quite 
constant, the values for MP2/6-311+G(d,p) calculations were approximately 4–
5 kcal/mol for complexation reactions and about 2 kcal/mol for dihydrogen 
removal. 

To investigate the electronic structure of some complexes in more detail, 
Bader’s Atoms in Molecules (AIM) [69] analysis was performed using AIMAll 
program package [70]. The AIM analyzes is based solely on the wave function 
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obtained for a given molecule and therefore it’s dependency on the chosen 
method and bases set are rather small (only on the extent how well can the wave 
function be described using the chosen bases set). The wave function is used to 
calculate the electron density of the system as a function of the three spatial 
coordinates. 

The AIM approach allows to analyze the electron density in terms of 
topology. The critical points and topologic parameters are used to characterize 
the interactions between atoms and assess the strength of the bonds present in a 
molecule. For example, if we trace the maximum electron density between two 
nuclei, we obtain a bond path that characterizes the shape of the bond. Two 
important characteristics of the AIM analysis are the electron density (ρ) and 
the laplacian of the electron density (∇2ρ) in the bond critical point (BCP, where 
the electron density is minimal along the bond path). Electron density at the 
BCP indicates the amount of electrons involved in the bond formation and 
higher density refers to a stronger bond. The laplacian of the electron density in 
the BCP characterizes the curvature of the electron density distribution and is an 
indicator of bond covalency. Negative values generally refer to more covalent 
interactions. 
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4. RESULTS AND DISCUSSION 

4.1. Investigated complexes and complexation energies 

We have studied the gas-phase stabilities, acidities, basicities and dihydrogen 
release from protonated species for several substituted amine-boranes, 
phosphine-boranes and for hydrazine-boranes. Variety of different substituents 
were used in the Lewis base, resulting in primary, secondary and tertiary 
species. The substituents included methyl, trifluoroethyl, 2-chloroethy, allyl, 
propargyl, adamantyl, benzyl, phenyl, propyl, c-propyl, dimethyl, ethenyl-
methyl, trimethyl, ethenyldimethyl. Some cyclical structures (pyridine/ 
phosphorine, aziridine, azetidine, pyrrolidine) were also used as Lewis bases. 

The stabilities of the complexes were calculated as the Gibbs free energy 
change (ΔG) for the complexation reaction, for example in case of amine-
boranes: 

 
 R1R2R3N + BH3 → R1R2R3N-BH3. (10) 

 
Based on the previously published data about primary substituted complexes it 
was possible to conclude that the amine-boranes are generally more stable than 
phosphine-boranes (with the exception of halogen substitutions). Our 
comparative calculations based on eleven amine-boranes and phosphine boranes 
revealed that although this is generally true, there are some exceptions. 
According to our results the ΔG for the complexation reaction for amine-
boranes was from –14.1 to –22.1 kcal/mol and –6.6 to –22.2 kcal/mol for 
phosphine-boranes. The results for all eleven complexes can be found in Table 
3 and are more thoroughly discussed in article III. The ΔΔG values comparing 
complexes with the same substituents varied from –1.7 to 11.3 kcal/mol and it is 
evident from those values that some phosphine boranes can be more stable than 
corresponding amine boranes. The substituent that makes the phosphine 
complex more stable compared to respective amine-borane is phenyl. The 
reason why phenyl phosphine-borane is more stable than the amine counterpart 
comes from the relative instability of the latter. The conjugation of the free 
electron pair is much better in aniline than it is in phenyl phosphine. As a result 
the electron pair is harder to access and while the complexation itself is 
favorable, some of the delocalization is lost. It is reported in article III that the 
differences can also be observed analyzing the geometries of the species as the 
H-N-H angle in aniline decreases much more in the complexation process than 
it is typical for amines. No untypical geometry changes occur in the case of 
phenyl phosphine complexation. NBO charges tell the same story as in aniline 
1.904 electrons are located in the orbital occupied by the lone pair of nitrogen 
and upon complexation, the value increases to 1.992 electrons. In phenyl 
phosphine the electron occupancy change is negligible. 
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Table 3. Calculated complexation free energies at the MP2/6-311+G(d,p) level. Table is 
taken from article III. 
 

Lewis base in complex phosphine-borane amine-borane Δ 

Ammonia/phosphine –8.3 –14.1a 5.8 

Methyl amine/phosphine –13.4 –18.4a 5.0 

Cyclopropyl amine/phosphine –14.1 –17.3a 3.2 

Adamantyl amine/phosphine –13.9 –16.5a 2.6 

2-Chloroethyl amine/phosphine –12.2 –15.2a 3.0 

Trifluoroethyl amine/phosphine –11.3 –15.4a 4.1 

Phenyl amine/phosphine –13.8 –12.1a -1.7 

Benzyl amine/phosphine –13.0 –18.2a 5.2 

Dimethyl amine/phosphine –18.1 –21.0a 2.9 

Pyridine/phosphorine –6.6 –17.9a 11.3 

Trimethyl amine/phosphine –22.2 –22.1a -0.1 
 
 

It is also noteworthy that phosphorine-borane is much less stable (the Gibbs 
energy of complex is only -6.6 kcal/mol) towards dissociation compared to 
other phosphine complexes. The reason behind this unexpected instability can 
be found in its electronic structure. Phosphorine is the analogue of pyridine in 
which the nitrogen is replaced by phosphorus and while the free electron pair in 
pyridine is located in the highest occupied molecular orbital (HOMO) the same 
pair in phosphorine is related to lower energy molecular orbitals [71]. As a 
result the free electron pair is harder to access and phosphorine is much worse 
Lewis base. 

In addition to the regular substitutions we have also investigated hydrazine-
borane and hydrazine-bisborane. Hydrazine-borane can be considered as an 
amine-borane with specific substitution that enables the formation of a 
bisborane and will be discussed separately from rest of the amine-boranes in 
this work. Similarly to amine-boranes the both mentioned hydrazine complexes 
are stable in the gas phase, the calculated Gibbs free energy for the first BH3 
addition is -17.1 kcal/mol, and -15.8 kcal/mol for the addition of second BH3. 

 
 

4.2. Acidity and deprotonated structures 

We have investigated the deprotonation reactions of nineteen amine-boranes, 
eleven phosphine-boranes and two hydrazine-boranes. It can be concluded that 
the most favorable acidity center in complexes involving primary and secondary 
amines or phosphines is expectedly located on the nitrogen or on phosphorus 
and the tertiary substituted ones behave like C-H acids, with the exception of 
pyridine- and phosphorine-boranes. According to the additional G2MP2 
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calculations the B-H hydrogens in phosphorine-borane are 5.5 kcal/mol and in 
pyridine-borane 0.5 kcal/mol more acidic than the C-H hydrogens (article III). 

Phosphine-boranes can generally be considered more acidic than amine-
boranes. There is a significant difference in the charge distribution comparing 
amine and phosphine complexes, as the acidity centers have different charges. 
The nitrogen in amine-boranes holds a negative charge, while phosphorus in 
phosphine-boranes is strongly positive (the average charge on phosphorus in 
neutral phosphine-borane is 1.02 and it decreases to 0.47 in deprotonated 
species) and can help to stabilize the negative charge left by deprotonation. The 
acidity values vary from 327.3 to 349.1 kcal/mol for the N-H group and from 
323.0 to 340.9 kcal/mol for P-H group, respectively. The phenyl substitution is 
the only known exception to the generalization that phosphine-boranes are more 
acidic – aniline-borane is more acidic than its phosphine counterpart, as the 
stabilizing effect from charge delocalization in the phenyl phosphine complex is 
smaller. 

The substitutions change the acidities of phosphine- and amine-boranes 
differently. The substitutions in amine-boranes clearly increase the N-H acidity 
as the acidities of all substituted complexes are higher than the acidity of 
ammonia-borane (with the exception of methyl substitution, where the diffe-
rence is negligible). This is not the case for phosphine-boranes as the alkyl 
substitutions tend to decrease the acidity. For example, compared to un-
substituted phosphine-borane the methyl substitution decreases the acidity by 
6.7 kcal/mol, cyclopropyl by 2.9 kcal/mol, adamantyl by 2.1 kcal/mol, and 
dimethyl by 9.1 kcal/mol. 

All deprotonation centers in all complexes were investigated and it was 
found that in some cases some amine-boranes went through intramolecular 
changes, i.e. rearranged to different chemical species (article II) if B-H 
deprotonated species were taken as the starting points for optimization. The 
resulting structures were energetically more favorable compared to the regular 
deprotonated structures without changes. Martin-Comer et al. [27] also came 
across this phenomena and based on the transitions states obtained for depro-
tonation reactions for benzyl amine-borane, concluded that the B-H deproto-
nation is energetically too demanding. Their theoretical work was supplemented 
by experiment and explains most of the dissociations we also encountered. 
However, the questions about 2-chloroethylamine-borane and ethenyldimethyl 
amine-borane still remain. For those two complexes the energy difference 
between the “unchanged” and “changed” deprotonated structures were the 
largest (article II).It can be said that hydrazine-borane and hydrazine-bisborane 
also belong into this group, as the decomposition reactions starting from B-H 
deprotonation result in energetically very favorable structures (ca. 37 kcal/mol 
in both cases, compared to unchanged N-H deprotonated structures).Similarly to 
amine complex the 2-chloroethyl phosphine-borane was also found to be 
unstable towards deprotonation (article III).The instability of the related 2-
chloromethyl species has been previously reported [26]. It was found that the 
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chlorine ion dissociates from the deprotonated structures and we observed the 
same result in both deprotonated 2-chloroethyl substituted complexes. 

Stabilities of Lewis acid base complexes are dependent on the amount of 
electrons donated by the base to the acid. That in turn is dependent on the 
substituents which also affect the acidity. In the complexes studied in current 
work the substituents are directly connected to the electron pair donor which is 
in most cases also the acidity center and therefore the dependency is notably 
high. For example, if we have a substituent with strong electron withdrawing 
ability it would make the complex less stable, as electrons are withdrawn from 
the donor-acceptor bond, but at the same time the charge withdrawing ability 
would enhance the acidity, as the charge is delocalized from the deprotonation 
center. Based on this reasoning, it can be concluded that the complexes with 
very high acidity would be unstable and to design more acidic species an 
alternative deprotonation center should be introduced. 

 
 

4.3. Basicity and protonated structures 

The protonated structure of the complexes studied in this work can be described 
as H2 connected to the rest of the positively charged complex (R1R2R3X-
BH2

+··H2) and is therefore similar to the geometry described earlier by Patwari 
(Figure 1.) It can be stated that the boron moiety is clearly the most favored 
protonation center. If we compare the proton acceptor abilities of amine- and 
phosphorine-boranes, it can be said that the values are quite close, although the 
amine complexes are somewhat more basic (ca. 5 kcal/mol) as the basicities of 
phosphine-boranes vary from 181.8 to 193.1 kcal/mol (article III), while the 
same values for amine-boranes vary from 180.2 to 198.1 kcal/mol (article I). 
The substitutions tend to increase the basicity and the only investigated 
exception was the electron withdrawing trifluoroethyl group. The overall 
enhancement is dependent on the size of substituents and number of substitu-
tions as increase in both parameters also increases the basicity. 

The bond paths are one of the most interesting features of the complexes in 
this study. The dihydrogen with boron forms a 3-center-2-electron bond. The 
bond shapes in the species are rather unusual and depend on the type of the 
complex. The Baders AIM analysis has revealed that the bond paths in amine 
complexes (hydrazine-borane included) and phosphine-complexes are different. 
The difference is illustrated in Figure 4 taken from article III. In amine-
complexes there are three notably curved bond paths forming a cycle, while in 
phosphine-boranes the boron interacts with the bond critical point in H2. 
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centre-2-electron B-H-B bond. The H2 release from protonated hydrazine-
bisborane is exceptionally exergonic as the ΔG is –27.2 kcal/mol. 

From the hydrogen storage perspective the dihydrogen release from the 
complexes studied tends to be too exergonic and irreversible under conditions 
used in this work. Although phosphorus is heavier, replacing the nitrogen with 
phosphorus could be a step into right direction as the replacement with heavier 
atom is not disadvantage if we consider the potential for dihydrogen activation.  
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5. CONCLUSIONS 

Variety of substituted amine-borane and phosphane-borane complexes were 
studied using computational B3LYP/6-311+G** and MP2/6-311+G** methods. 
The substituents included alkyl, alkene, alkyne and aryl groups as well as 
halogen atoms and sterically strained systems. Both used methods gave concur-
rent results and were in good agreement with the known experimental data. The 
complexation energies, gas-phase acidities, basicities and the energies for 
dihydrogen dissociation from protonated species were calculated. 

A formation of neutral complex is thermodynamically favored process for all 
studied systems. Amine-boranes are generally more stable than the respective 
phosphine-boranes and substituents tend to increase the stability of both types 
of complexes. The N-H and P-H are the most favorable acidity centers. The 
acidity value for the N-H group ranges from 327.3 to 349.1 kcal/mol and the 
acidity value for the P-H group ranges from 323.0 to 340.9 kcal/mol. The 
tertiary substituted complexes have to act like C-H acids and are therefore less 
acidic. 

The most favorable basicity center is in both type of complexes located on 
the boron moiety. The resulting structure R1R2R3X-BH2

+••H2 can be described 
as dihydrogen loosely connected to the rest of positively charged complexes. 
The interactions connecting the H2 can be characterized as 3-center 2 electron 
bonds. Baders Atoms in Molecules approach has revealed that the bond paths 
involved in this interaction are different for amine-boranes and phosphine-
boranes.  

The dihydrogen release from protonated species is an exergonic process 
driven by entropy. The Gibbs free energy values for the process range from –5.3 
to –11.0 kcal/mol for amine-boranes and from 0.1 to –8.1 kcal/mol for 
phosphine-boranes. The investigation of interactions revealed that a suitably 
placed substituent may lead to the formation of a so called “molecular tweezer”. 
For example in benzyl substituted complexes the H2 is captured between the 
positive boron and negatively charged π-system. Unexpectedly, the interactions 
causing the “tweezer” also increase the exergonicity of the H2 release, as a new 
and stronger direct link between the π-system and boron is formed upon 
dihydrogen removal. The hydrogen removal for hydrazine-boranes was found to 
be extremely exergonic. 
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SUMMARY IN ESTONIAN 

Amiin-boraanide ja nende fosforanaloogide  
omadused gaasifaasis 

 
Käesoleva töö raames uuriti arvutuslike B3LYP/6-311+G** ja MP2/6-311+G** 
meetoditega amiin- ja fosfiin-boraan komplekse. Amiinides ning fosfiinides 
kasutati erinevaid asendajaid – alküül, alkeen, alküül jaarüülrühmi, kloori ning 
fluori aatomeid sisaldavaid gruppe ning steeriliselt pingestatud süsteeme. Mõle-
mad kasutatud meetodid andsid kokkulangevaid tulemusi, mis olid omakorda 
kooskõlas ka teadaolevate eksperimentaalsete andmetega. Kõigile uuritud 
kompleksidele arvutati komplekseerumisenergia, gaasifaasiline happelisus, 
gaasifaasiline aluselisus ning protoneeritud kompleksist H2 eraldumisele vasta-
va reaktsioonivabaenergia. 

Kõigi uuritud komplekside moodustumine oli termodünaamiliselt soodne 
protsess. Võib teha üldised järeldused, et amiin-boraanid on stabiilsemad kui 
vastavad fosfiin-boraanid ning asendajad suurendavad reeglina mõlemat tüüpi 
komplekside stabiilsust. N-H and P-H vesinikud on vastavalt amiin ja fosfiin 
kompleksides kõige happelisemad. N-H vesiniku happelisus amiin-boraanis 
varieerub 327.3 kcal/mol kuni 349.1 kcal/mol ja P-H vesiniku happelisus 
fosfiin-boraanis varieerub 323.0 kcal/mol kuni 340.9 kcal/mol. 

Uuritud komplekside energeetiliselt soodsaim aluselisuse tsenter paikneb 
boraanis. Protoneerumise tulemusel tekib kompleks R1R2R3X-BH2

+••H2, mida 
võib kirjeldada kui positiivset laetud kompleksi, mis on nõrgalt seotud vesiniku 
molekuliga. Nimetatud struktuuris moodustavad kaks elektroni kolm sidet ning 
Baderi laengutiheduse topoloogiline analüüs näitab, et vastavates interaktsioo-
nides ilmnevadamiin-boraane ja fosfiin-boraane võrreldes tähelepanuväärsed 
erinevused. 

Vesiniku eraldumine protoneeritud kompleksidest on eksergooniline prot-
sess, selle põhjuseks on entroopia. Eraldumisreaktsiooni Gibbsi vabaenergia 
muut varieerub amiin-boraanide puhul –5.3 ja –11.0 kcal/mol vahel ning 
fosfiin-boraanide korral 0.1 kcal/mol ja –8.1 kcal/mol vahel. Asendusrühmade 
mõju uurimine antud kompleksides näitas, et teatud omadustega asendajate 
korral omandab protoneeritud kompleks konformatsiooni, kus vesinik on haara-
tud positiivselt laetud boori ja negatiivselt laetud π elektrone sisaldava süsteemi 
vahele. Kirjeldatud struktuur esineb näiteks protoneeritud bensüülamiin-
boraanis. Ootamatult muudab selline interaktsioon vesiniku lahkumise energee-
tiliselt veelgi soodsamaks. Uurimise tulemusena selgus, et selle põhjuseks on 
uus otsene ja tugevam side, mis tekib boori ja negatiivselt laetud π süsteemi 
vahele. 
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