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Abstract:



Density functional theory (DFT) has been applied to study potential ammonia borane (AB) dehydrogenation pathways via new bifunctional ruthenium-based catalysts, alongside their computationally-designed iron-based counterparts (i.e., four catalysts), using the wB97XD (dispersion-included) functional. The efficiency of each catalyst was under scrutiny based on the addition of ammonia borane, with a focus on the associated activation-energy barriers, whilst hydrogen release from the catalyst was also studied in detail. Here, natural-population analysis charges were key quantities of interest. It was found that the iron-based catalysts display more promising dehydrogenation energy barriers vis-à-vis their Ru-based counterparts, and that ammonia-borane addition to the metal catalyst is more energetically favorable than dehydrogenation.
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1. Introduction


There is a litany of formidable obstacles to be overcome in order to realize the Hydrogen Economy; indeed, the chemical storage of hydrogen is a potentially rewarding strategy [1,2]. Ammonia borane (AB) (and associated amine borane analogues) have been advanced relatively recently as potentially attractive and effective materials for hydrogen storage, in no small part due to simultaneously high densities on both their gravimetric (19.6 wt % H2) and volumetric bases [1,2]. Thermal dehydrogenation of an ammonia borane molecule yields one H2 equivalent as well as an amino borane (polymeric) product; the activation energy barrier of this process is ~36 kcal/mol [1,2]. Therefore, efficient catalysts are needed to afford hydrogen release from ammonia borane and analogues. Indeed, the release of H2 from AB and related substrates can involve different methods, including thermal decomposition, either (i) in the solid state or (ii) in solution, (iii) hydrolysis, and catalytic dehydrogenation in solution—either (iv) homogeneous or (v) heterogeneous. From an experimental perspective, the fourth approach is the most promising, because it allows for high selectivity through intimate substrate-catalyst interactions, which could ultimately allow for controllable and reversible processes. Experimentally, homogeneous transition-metal-catalyzed dehydrogenation of amine boranes has been undertaken, and a number of highly potent catalysts have been developed. In all of these cases, experimental reports have shown rapid release of 1 equivalent of H2 from AB only. Therefore, we are closely observing experimental progress, and working with experimentalists, wherever possible; our computational studies focus on releasing 1 equivalent of hydrogen only.



There are many published theoretical and experimental studies on the dehydrogenation of ammonia-borane [3,4,5,6,7,8,9,10,11,12,13,14,15,16,17] in both solution as well as the solid state. These studies demonstrate that reactions featuring transition-metal and s-block metal-centered-complex catalysts facilitate an efficient lower-temperature release of hydrogen. Many experiments have examined dehydrogenation of ammonia borane catalyzed by acids [6,7] and transition metals [8,9,10,11]; dehydrogenation in materials based on ionic liquids has also been highlighted recently [12]. Balazs et al. have rationalized the differences in dehydrogenation between ammonia- and phosphine-boranes from both experimental and theoretical standpoints [13]. Swinnen et al. have performed theoretical studies of catalyzed reaction pathways for hydrogen uptake and release in ammonia boranes, hydrazine, and ammonia alane derivatives, within the framework of Density Functional Theory (DFT) [14,15]; the resultant insights are crucial in establishing key mechanisms so as to ameliorate overall reversibility and efficiency. In addition, we have studied the mechanisms underpinning AB dehydrogenation, facilitated by an innovative bifunctional η6-arene β-diketiminato ruthenium catalyst [16,17]. Boddien et al. [18,19] have examined efficient dehydrogenation of formic acid using an iron-based catalyst, highlighting DFT-based insights and experimental kinetic studies. Yan et al. [20] have developed markedly catalytic amorphous iron nanoparticles for H2 generation from AB. Baker et al. have synthesized iron complexes comprising amido- and phosphine-supporting ligands, and have scrutinized the reactivity thereof [21]. In general, bifunctional iron amido complexes exhibit selectivity control, but unwanted reactivity of N-ligands.



Douglas et al. [22,23,24,25] performed experiments to dehydrogenate ammonia borane and other cyclic amino boranes using metal-mediated catalysts. Butera et al. carried out a theoretical investigation to evaluate the role of chelating phosphine rhodium complexes in dehydrocoupling reactions of amine-boranes [26]. Further, and interestingly, Butera et al. have reported DFT studies on hydrogen release from dialkylamine-boranes enhanced via Mg and Ca complexes [27]. Li et al. [28] have reported the catalytic mechanism for production of H2 and CO2 from CH3OH and H2O by [K(dme)2][Ru(H) (trop2dad)] (K(dme)2), investigated by DFT calculations. At low temperatures (<100°C), Alberico et al. [29] have reported aqueous methanol dehydrogenation to H2 and CO2 using the ruthenium PNP complex (RuH(CO)Cl(HN(C2H4Pi-Pr2)2)). Jinga et al. [30] have uncovered detailed mechanisms for the dehydrogenation of methanol-water mixtures catalyzed by ruthenium complexes.



In general, in the ammonia-borane dehydrogenation step, the energy barrier for releasing the first equivalent of H2 from AB is larger than that for cleavage of the B-N bond [4]. Therefore, an efficient catalyst is needed for hydrogen transfer at fuel-cell operating temperatures. The design and synthesis of novel metal hydrogen-storage catalysts for AB is of continuing interest from both experimental and theoretical perspectives. The present study focuses mainly on probing optimal chemical-storage catalysts based on a bifunctional η6-arene β-diketiminato catalyst [16], using both iron and ruthenium as the metal centers. In our previous study (Ref. [17]), we focused only on Ru-mediated catalysis with an earlier-generation catalyst motif. Here, in the present study, we have designed four different catalysts (cf. Scheme 1): these are an organo-ruthenium complex with the β-diketiminato ligand (1), an organo-iron complex featuring the β-diketiminato ligand (2), as well as an ortho-substituted thiol (-SCH3) phenyl organo-ruthenium (3) and iron (4) complexes with the β-diketiminato ligand (i.e., 2,2′-thio) present. Here, through DFT methods, we explore the mechanistic pathways and calculate the reaction-energy barriers and gauge solvent effects, extending the scope of analysis carried out on the earlier-generation Ru-based catalysts in Ref. [17].




2. Computational Details


To model dispersion with a good level of accuracy, we optimized all of the considered structures using two different DFT functionals, Truhlar’s M06L [31] and Head-Gordon’s wB97XD [32,33,34,35], alongside mixed basis sets in the Gaussian 09 software suite [36], using the ‘Gen’ keyword. Both transition metals, Ru and Fe, were modelled by Stuttgart/Dresden effective core potentials and corresponding SDDAll basis sets [37]. C, N, B, O, H atoms were treated via Pople-type [38] basis sets, i.e., 6-31 + G(d) and the S atom was handled with the aug-cc-pVTZ [39] basis set. An aug-cc-pVTZ basis set was used for S atoms, using one diffuse function for each of s, d, and p. After optimizing the geometry, frequency calculations were also performed to gauge stationary points’ nature, i.e., transition states (TS) or saddle points of higher order. Unscaled zero-point energy corrections at 298 K were computed through frequency analyses with a mixed basis set of type “6-31 + G(d) + SDDAll”. For all of these TS structures, an intrinsic reaction coordinate (IRC) analysis was undertaken to establish reaction pathways: here, the TS and higher-order stationary points are connected to the reactants’ and products’ local minima. Charge analysis was performed via ‘Natural Population Analysis’ (NPA) [40] using the wB97XD functional. The effect of tetrahydrofuran (THF) solvent was mimicked by the PCM continuum model [41,42] (with a static reaction-field-style [43,44] dielectric constant of 7.58) using single-point energy calculations on gas-phase-optimized geometries.



In order to validate the two functionals used, X-ray crystal parameters were used to reference the bond lengths and angles for structure 1 for five different functionals. Here, for handling transition metals, SDDAll and the C, N, B, O, and H atoms were treated with Pople basis sets, i.e., 6-311++G(d,p), and S was modelled using the aug-cc-pVTZ [39] basis set. The computed parameters are listed in Table 1. For complex 1, respective Ru-N and Ru-Ccent distances of 2.044 and 1.692 Å for M06L and 2.032 and 1.748 Å with wB97XD were calculated, which are in good accord with the corresponding respective experimental values of 2.021 and 1.730 Å. Bond angles were also reproduced accurately, apart from ∠Ru-Ncent-C11, which is overestimated by ca. 4°. Amongst these functionals, wB97XD leads to results in superior agreement with X-ray data. From this comparison, we opted for wB97XD in the rest of this study, and all subsequent calculations have been done with this functional.



Table 1. Experimentally synthesized Ru(+1) catalyst 1, optimised using various functionals. Bond-length (Å) and bond-angle (degrees) differences from the X-ray crystal structure geometries are specified (with absolute X-ray values given in bold).







	
Structure

	
Theory

	
Ru-N

	
Ru-Ccent

	
N-Ru-N

	
Ccent-Ru-Ncent

	
Ru-Ncent-C14
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X-ray

	
2.021

	
1.730

	
88.5

	
178.0

	
174.5




	
M06L

	
2.044

	
1.692

	
88.4

	
177.7

	
179.0




	
M05-2X

	
2.032

	
1.763

	
88.6

	
177.0

	
178.5




	
B3LYP

	
1.991

	
1.764

	
89.4

	
177.3

	
178.8




	
B97D

	
2.019

	
1.724

	
89.6

	
177.5

	
179.1




	
wB97XD

	
2.032

	
1.748

	
88.6

	
178.8

	
178.6











3. Results and Discussion


We need to explore the nature of the mechanistic pathways of four designed catalysts (cf. Scheme 1), in order to assess their effectiveness. We have computed the reaction-energy barriers and reaction energies for ammonia-borane addition and dehydrogenation (using wB97XD).



A putative reaction mechanism is depicted in Scheme 1 involving reaction initially with a metal catalysts 1 to 4, taking the protic H+ and hydride species H− from the AB and converting these into H2. Firstly, the metal catalysts 1 to 4 associate with AB to form a reaction complex 1a to 4a via N…H and B…H through non-bonded interactions, and proton transfer takes place from the N atom of the AB to the carbanion site, and from the hydride ion to that on the metal site, to produce the di-hydrogen intermediate 1b to 4b. Finally, H2 is released from the di-hydrogen intermediate and the catalysts 1 to 4 regenerate for the next catalytic cycle.



This mechanism is reasonably well known for AB’s thermal dehydrogenation. For a comparative analysis of reaction-energy barriers, calculations to determine the transition state (TS) without catalyst led to a gas-phase energy-barrier estimate for intramolecular dehydrogenation of AB of 37.04 kcal/mol; this is consistent with a value of 36.4 kcal/mol obtained at the CCSD(T)/CBS level of theory [4].



Phillips et al. were the first to publish a study of an organo-ruthenium complex featuring the β-diketiminato ligand [45]. Here, the more significant level of electron donation of this chelating N,N′-ligand, together with its relative steric bulkiness, allows for more facile isolation of a cationic coordinative unsaturated system; this strongly anionic N,N′-coordinated ligand leads to substantial charge transfer to the chelated metal [22]. To estimate the energetics of this AB dehydrogenation, we previously studied a phenyl-substituted version of the Ru-based catalyst of Refs. [16,17] instead of the 2,6-dimethylphenyl-substituted (2,6-(CH3)2C6H3) form which was employed in experimental studies [16]; this served to minimize potential further steric interactions [17].




4. Mechanism for Catalyst “1” Addition to Ammonia Borane


We have also elucidated the mechanism of the AB-addition reaction to the metal catalyst 1. The optimized geometries of the catalyst and the TS for AB addition, together with the dihydrogen product and coupling of the dihydrogen TS, are depicted in Figure 1. Firstly, the metal catalyst 1 associates with ammonia borane, yielding “1a”; this is an energetically favorable process, as indicated in Figure 2. In 1a, the primary (B)H-Ru interaction gives rise to a closest distance of 2.09 Å between AB and catalyst 1. Whittlesey and co-workers found a similar (B)H-Ru interaction with a distance of 2.107 Å in a cationic Ru-xantphos hydride complex [46]. However, model 1a exhibits a much weaker N(H)-C(β) interaction of over 2.52 Å. Here, to afford more realistic energy values, we also consider solvation effects. The closest distance between AB and catalyst 1 in 1a is 1.82 Å: this may be observed clearly from a favorable reaction Gibbs free-energy value for the gas-phase formation of complex 1a (−2.8 kcal/mol).


Figure 1. Significant optimized geometries of important stationary points for AB addition to Ru metal catalyst 1 using the wB97XD functional. Structure “1a” corresponds to the reaction complex and 1a-TS1 is the transition state arising from ammonia-borane addition to catalyst 1. In this figure, only important hydrogen atoms are depicted, for greater clarity. In structure 1a, hydrogen atoms on the benzene ring are shown, whereas in structure 1a-TS1, benzene-ring hydrogen atoms are omitted.
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Figure 2. Profile of reaction coordinate for addition of catalyst “1” to “AB” via “1a-TS1”, yielding “1b” and H2 release from product “1b”. The gas-phase relative Gibbs free energies (—) and in-solvent relative energies ([image: there is no content]) are specified in kcal/mol.
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We conjecture that instances which exhibit diminished or higher reaction-energy barriers involving 1a-TS1 and 1b-TS2 correlate respectively with greater and lower charge separations; bearing this in mind, natural-population analysis (NPA) charges of the relevant atoms in the TSs, intermediates, and catalysts are specified in Table 2. From consideration of the relative free energies in Figure 2, it is clear that the designed ruthenium catalyst 1 (cf. Figure 2) and previously reported ruthenium complex [17] exhibit opposing behavior. Interestingly, AB addition to Ru catalyst 1 is energetically more demanding in both the gas phase and in solution. Following formation of complex 1a, the reaction progresses by consolidating the interaction between 1 and AB, realizing the transition state 1a-TS1 (cf. Figure 2). Here, we must point out differences between thermodynamic and kinetic concepts: the reaction energy value of −2.8 kcal/mol implies a thermodynamically favorable reaction, whilst the differing energy barriers imply differing accessible kinetics, assuming similar pre-exponential factors in an Arrhenius-like framework.



Table 2. Natural-population analysis (NPA) charges for wB97XD/Gen in metal catalysts “1” and “2” in reaction complexes and TSs (B, H, N, H, C, and M) and TS2 corresponding intermediate (C(β), M(Ru, Fe), H(Cβ), H(M)). Transition-state imaginary frequencies (ωi) are specified in cm−1.







	
Structure

	
B

	
H(B)

	
N

	
H(N)

	
C(β)

	
M(Ru)

	
ωi






	
1

	
-

	
-

	
-

	
-

	
0.234

	
0.167

	
-




	
1a

	
−0.030

	
−0.027

	
−0.978

	
0.465

	
−0.247

	
0.054

	
-




	
1a-TS1

	
0.170

	
−0.007

	
−1.126

	
0.417

	
−0.483

	
−0.053

	
(−839.2i)




	

	
C(β)

	
M(Ru)

	
H(Cβ)

	
H(Ru)

	
ωi

	
-

	
-




	
1b

	
−0.413

	
−0.279

	
0.335

	
0.092

	
-

	
-

	
-




	
1b-TS2

	
−0.351

	
−0.099

	
0.228

	
0.024

	
(−1002.2i)

	
-

	
-




	

	
B

	
H(B)

	
N

	
H(N)

	
C(β)

	
M(Fe)

	
ωi




	
2

	
-

	
-

	
-

	
-

	
−0.352

	
0.297

	
-




	
2a

	
0.020

	
−0.086

	
−0.979

	
0.467

	
−0.481

	
0.371

	
-




	
2a-TS1

	
0.068

	
−0.044

	
−1.104

	
0.398

	
−0.653

	
0.307

	
(−1196.3i)




	

	
C(β)

	
M(Fe)

	
H(Cβ)

	
H(Fe)

	
ωi

	
-

	
-




	
2b

	
−0.573

	
−0.203

	
0.318

	
0.094

	
-

	
-

	
-




	
2b-TS2

	
−0.541

	
0.069

	
0.226

	
0.020

	
−648.9i

	
-

	
-










In 1a-TS1 (cf. Figure 3), the two shared hydrogen atoms have shorter distances of 1.43 Å for (B)H-Ru and 1.25 Å for (N)H-C(β). Correspondingly, the B-N bond was shortened substantially to 1.51 Å. The simultaneous dual-type interaction of 1 with AB suggests that hydride and protic transfer from “AB” to “1b” probably occurs in a concerted manner. For gas-phase formation of “1a” from “1 + AB”, in the first step of the potential-energy surface (PES), the computed free-energy barrier (1a→1a-TS1) was 24.2 kcal/mol, with a reaction free energy (1a-TS1→1b) of 4.5 kcal/mol. For the transition-state structure 1a-TS1, the two shared hydrogen atoms exhibit shortened distances of 1.43 Å for (B)H-Ru and 1.25 Å for (N)H-C(β), with corresponding shortening of the B-N bond distance to 1.51 Å. The calculated energy barrier for 1a-TS1 is relative to the starting structures, i.e., catalyst 1 and ammonia borane (AB), and not with respect to the previous minimum 1a.


Figure 3. Significant optimized geometries of important stationary points for the reaction coordinate describing AB addition to the Fe-metal catalyst 2. Important hydrogen atoms are highlighted.
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Our whole suite of designed catalysts’ (1–4) reaction pathways, reaction-energy barriers, and reaction energies serve for ready comparison with the earlier experimentally synthesized, and computationally analyzed, reaction mechanism of bifunctional η6-arene β-diketiminato ruthenium catalyst reported in Ref. [17]. Relative to findings in Ref. [17], ammonia–borane addition to ruthenium catalyst 1 is a notably higher-activation-energy process, whilst the corresponding reaction energy for the formation of the dihydrogen intermediate is also higher (cf. Figure 2). In the designed metal catalyst 1, the β-carbon atom is more sterically hindered, because this β-carbon atom (i.e., the proton-acceptor carbon atom) is connected to the stable six-membered benzene ring (cf. Figure 1, 1). The proton transfer from AB’s “NH” to the β-carbon centre alters its hybridisation from sp2 to sp3 (cf. Figure 1, 1b). This process (1a→1b) appears to be more difficult and less energetically favorable.



In the case of dehydrogenation, this entails neither AB, nor the imino borane (IB) as a by-product, as detailed in Figure 2b; an H2 molecule is liberated from “1b” via 1b-TS2 (cf. Figure 1). In the gas phase, the overall relative energy to form a hydrogenated β-diimine complex “1b” from “1” and “AB” is less energetically favorable; however, in the case of PCM solvation, the formation of “1b + IB” is an endothermic process. This indicates that the solvent’s nature is vital for dehydrogenation of ammonia borane mediated by β-diketiminato-ruthenium complexes. This emphasizes the importance of treating solvation effects carefully [3].



In the mono-hydride β-diimine complex 1b, the distance between the two hydrogen atoms is 1.891 Å; this suggests that there is some degree of interaction between these atoms (Hδ+ and Hδ−). The dehydrogenation of complex “1b” exhibits a lower energy barrier than for the AB-addition step; therefore, we conclude that the dehydrogenation of “1b” in THF is more energetically favorable than for the AB-addition step.



In the case of dehydrogenation/H2 coupling from the dihydrogen intermediate (1b), this step is more energetically favorable, whilst the dehydrogenation energy barrier (1b→1b-TS2) is lower than for the AB-addition step (1→1a-TS1) (cf. Figure 2). The dehydrogenation step is more favorable because the proton connected to the β-carbon atom associates with the sp3-hybridised β-carbon center with a six-membered benzene ring, and during dehydrogenation, this β-carbon center converts to the stable sp2-hybridised β-carbon center. The release of H2 from the dihydrogen intermediate is more facile than for AB addition to 1. Examining the NPA charges on the atoms involved in “1b-TS2”, the charge on the C(β) atom is negative (−0.351e). The charge accumulation on the C(β) atom disfavors the release of the proton from the C(β) atom; this rationalizes why the dehydrogenation energy barrier was found to be higher. The difference of reaction-energy barrier can be understood clearly from charge variation on the C(β) atom, and the computed imaginary frequencies are also higher for the corresponding TS (cf. Table 2).




5. Mechanisms Involving Metal Catalyst “2” Addition to Ammonia Borane


In the case of organo-iron β-diketiminato ligand 2, this catalyst has been designed based on previously-reported metal mediated organo-ruthenium metal complexes bearing the β-diketiminato ligand [17]. We have replaced the ruthenium metal center with iron, and we have considered this as a low-spin complex. The mechanism involving metal complex 2 is similar to the previously-reported ruthenium metal catalyst. In the case of the metal-modified catalyst 2, we are interested in how the reaction energetics change from featuring a third-row transition metal to a first-row metal. All of the optimized structures and relative energy graphs are shown in Figure 3.



Complex 2a’s structure (cf. Figure 3) shows that the primary (B)H-Fe interaction gives rise to the smallest separation, 1.672 Å, between AB and catalyst 2. In the association complex 2a, AB is in closer contact with metal catalyst 2 compared to the reported Ru-metal association complex [17]. This can be observed clearly from the relative energy difference, in that the relative energy values are higher than for the previously-reported catalyst [17]. In contrast to the (B)H-Fe interaction, that of N(H)-C(β) is substantially weaker, with a distance of 2.48 Å. However, 2a demonstrates an added, but markedly weaker, N(H)-C(β) interaction, giving rise to a distance of 2.48 Å. Again, solvation effects were also considered by PCM-THF treatment (shown by red bars), for more reliable energy values. Interestingly, these calculations suggest that the in-solvent formation of 2a from the combination of 2 + AB is significantly less energetically demanding, with a value of −11.4 kcal/mol.



Following formation of 2a, the reaction proceeds by enhancing the interaction between 2 and AB, leading to the first transition state 2a-TS1. The reaction 2a→2a-TS1 proceeds with a lower activation-energy barrier, in essentially the same manner as we reported for the earlier catalyst [17]. For the gas-phase formation of “2a” from “2 + AB”, along the first step of the PES, the computed free-energy barrier (2a→2a-TS1) was 4.6 kcal/mol, with a reaction free energy (1a-TS1→1b) of −13.1 kcal/mol. The formation of 2b from the reactants (1 + AB→2b) is a more energetically favorable process, whilst AB addition for the previously reported Ru catalyst has a similar activation-energy barrier [17].



In the gas phase, the relative free energy to form a hydrogenated β-diimine complex “2b” from “2” and “AB” is highly energetically favorable, even in-solvent. In the case of relative-energy differences for AB addition in Figure 4a, these are more favorable. For the mono-hydride β-diimine complex 2b, the separation between the two hydrogen atoms is 2.0 Å, indicating an Hδ+-Hδ− interaction. Interestingly, the dehydrogenation of complex “2b” exhibits a slightly higher energy barrier than for ammonia-borane addition, whilst we conclude that the THF-based dehydrogenation of “2b” is slightly endothermic. In Fe-mediated catalyst 2, the dehydrogenation process is lower in the gas phase, whereas endothermic in nature in solvent. The difference of these barriers can be explained by NPA charges on -Fe(H) in 2b-TS2; the metal atom carries a slightly positive charge (+0.069e) (cf. Table 2). For both catalysts, AB-addition step was found to more energetically favorable; de-hydrogenation exhibited somewhat higher energetic values.


Figure 4. Profile of the reaction coordinate for addition of catalyst “2” to “AB” via “2a-TS1” to form “2b” and H2 release from the dihydrogenated product “2b”. The gas-phase relative Gibbs free energies (—) and in-solvent relative energies ([image: there is no content]) are given in kcal/mol.
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6. Mechanism Involving Metal Catalyst “3” and “4” Addition to Ammonia Borane


We have designed metal catalysts 3 and 4 based on experimental insights, particularly 3, which was designed based on the previously reported Ru catalyst [17]. The reactions were carried out using bifunctional η6-arene β-diketiminato ruthenium catalyst in different substituted THF solvent molecules; the bifunctional η6-arene β-diketiminato ruthenium catalyst loses the phenyl and the metal (M…π) contacts, and the resultant product is thiol (-SCH3)-substituted metal catalyst 3 [47]. We are interested in seeing how the reaction pathways proceed and how energies vary for the designed catalysts. Here, the arene ring is substituted by a THF molecule: we wish to ascertain how THF molecules affect the energy barriers and the ease, or difficulty, of releasing H2. We have also designed via DFT the iron-based analogue 4. In this catalyst, we switch the metal atom Ru to Fe to see the how the energetics vary and to study the charge on the metal and the β-carbon and -NH and -BH centers, determining how the reaction-energy barriers change.



Firstly, we have designed the catalysts 3 and 4 without the THF solvent molecule coordinated at the metal center. We attempted ammonia-borane addition to the metal catalyst, but all of our extensive efforts failed due to a panoply of stationary points on the potential energy surface. This indicated that the solvent molecule plays an important role in stabilizing the metal catalyst, underlying our previous observations on the importance in some situations of explicit representation of the solvent [3]. We have considered various Ru...THF coordination conformations for the THF molecule position; we chose the most stable and lowest-energy configurations. We carried out ammonia-borane addition calculations with the THF coordinated to the metal center for catalyst 3 as a starting point, given that we suspected this explicit presence of a non-innocent THF molecule would serve to reduce the charge on the metal center (M→O in THF), thus stabilizing the catalyst and promoting AB addition.



The reaction proceeds by the same mechanism [17] which involves metal catalyst 3 and 4 associating with ammonia borane to form an associate complex 3a and 4a via N…H and B…H interactions, and afterwards the proton transfers from the -HN atom of AB to the β-carbon site, and the boron hydride -B to M (metal site) to produce the dihydrogenated products 3b and 4b. Finally, H2 is released from the hydrogenated products (3b and 4b) and catalysts 3 and 4 regenerate for the next catalytic cycle. All of the relative-energy graphs and optimized structures for Ru metal catalyst 3 are shown in Figure 5 and Figure 6, respectively, whilst those for the Fe-based catalyst 4, are shown in Figures S1 and S2, respectively (cf. Supplementary Materials), and the corresponding NPA charges are specified in Table 3.


Figure 5. Significant optimized geometries (of important stationary points for AB addition to the Ru metal catalyst 3). Important hydrogen atoms are shown.
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Figure 6. Reaction-coordinate profile of addition of catalyst “3” to “AB” via “3a” association complex and “3a-TS1” to form “3b” and H2 release from the dihydrogenated product “3b”. Relative Gibbs free energies gas-phase (—) and solvated bases ([image: there is no content]) are specified in kcal/mol.
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Table 3. NPA charges involved in metal catalysts “3” and “4” in reaction complexes and TSs (B, H, N, H, C, and M) and TS2’s corresponding intermediate (C(β), M(Ru, Fe), H(Cβ), H(M)). Transition-state imaginary frequencies (ωi) given in cm−1.







	
Structure

	
B

	
H(B)

	
N

	
H(N)

	
C(β)

	
M(Ru)

	
THF(O)

	
ωi






	
3

	
-

	
-

	
-

	
-

	
−0.395

	
0.110

	
−0.525

	
-




	
3a

	
−0.011

	
−0.007

	
−0.963

	
0.463

	
0.304

	
−0.240

	
−0.546

	
-




	
3a-TS1

	
0.096

	
−0.020

	
−1.113

	
0.396

	
−0.646

	
−0.285

	
−0.555

	
−880.6i




	

	
C(β)

	
M(Ru)

	
H(Cβ)

	
H(M)

	
THF(O)

	
ωi

	
-

	
-




	
3b

	
−0.565

	
−0.588

	
0.320

	
0.054

	
−0.574

	
-

	
-

	
-




	
3b-TS2

	
−0.576

	
−0.403

	
0.259

	
0.052

	
−0.555

	
−1281.9i

	
-

	
-




	

	
B

	
H(B)

	
N

	
H(N)

	
C(β)

	
M(Fe)

	
THF(O)

	
ωi




	
4

	
-

	
-

	
-

	
−0.430

	
0.382

	
−0.588

	
−0.430

	
-




	
4a

	
−0.024

	
−0.076

	
−0.974

	
0.459

	
−0.468

	
0.151

	
−0.597

	
-




	
4a-TS1

	
0.060

	
−0.097

	
−1.121

	
0.391

	
−0.648

	
0.079

	
−0.597

	
−627.3i




	

	
C(β)

	
M(Ru)

	
H(Cβ)

	
H(M)

	
THF(O)

	
ωi

	
-

	
-




	
4b

	
−0.573

	
−0.365

	
0.328

	
−0.043

	
−0.587

	
-

	
-

	
-




	
4b-TS2

	
−0.592

	
−0.132

	
0.274

	
−0.443

	
−0.580

	
−1278.6i

	
-

	
-










3a’s structure demonstrates the closest contact, 1.721 Å, between AB and the catalyst 3 (cf. Figure 5); this is mediated by the (B)H-Ru interaction. In the association complex 3a, the AB interaction is in closer contact with catalyst 3 than the reported Ru meta-association complex [17]. This may be observed clearly from the relative energy: the relative energetic values are more favorable than for the previously reported catalyst [17]. However, 3a evinces an added, but markedly weaker, N(H)-C(β) interaction taking place over 2.26 Å. Again, solvation-effect adjustments to energetics were also handled by the PCM-THF approach. In essence, these calculations conclude that the formation of 3a from a combination of 3 + AB in solvent is substantially less energetically favorable with a value of −-29.5 kcal/mol.



Interestingly, the designed Fe-based catalyst 4 follows a similar tendency; for the formation of 4a from 4 + AB (cf. Figure S1), we have calculated the energy pathways for catalyst 4. The corresponding reaction pathway is shown in the Supporting Information, alongside the relative-energy differences. For catalyst 4, AB addition is highly energetically favorable and thermodynamically stable, involving a higher activation energy barrier. The 4a→TS1 exhibits a higher activation-energy barrier compared to the earlier-reported catalyst [17]. These transition states are thermodynamically stable. The solvent adopts an important role in these types of systems: the in-solvent reactions appear to be endothermic (cf. Figure 6 and Figure S1). Examining the charge on the O atom of the THF molecule, from initially on the metal catalyst (−0.505e) to the end of the reaction, charge accumulation thereon is enhanced (3a: −0.540e, 3a-TS1: −0.552e, and 3b: −0.576e).



In the mono-hydride β-diimine complex, 3b and 4b, the respective distances between the two hydrogen atoms are 2.34 and 2.21 Å, suggesting that there is a Hδ+-Hδ− interaction at play; this deviates somewhat, however, from the already-proposed Ru catalyst [17]. The dehydrogenation of the complex “3b” exhibits a moderately lower energy barrier vis-à-vis the previously-explored catalyst, whilst dehydrogenation of “3b” in THF is concluded to be more endothermic. Amongst catalysts 3 and 4, the Fe-based one has a dehydrogenation step for 4-TS2 which seems to exhibit a more favorable activation energy than 3-TS2 and the previously-reported Ru catalyst [17]. One exception to this trend lies in the reaction-energy barrier of 4-TS2: this difference for 4-TS2 may be rationalised from its differing NPA charges on the atoms involved in the transition state (cf. Table 3).




7. Conclusions


We have designed in silico four different catalysts to explore their reaction pathways using the wB97XD functional. THF-solvation effects were modelled using the PCM model. For iron-substituted catalysts, the dehydrogenation energy-barriers are more favorable than for their Ru-based counterparts. wB97XD-computed values for ammonia-borane addition to the metal catalyst suggest greater energetic favorability, whereas for dehydrogenation, this is less so. From the perspective of DFT with improved treatment of dispersion, the designed low-spin Fe-based catalysts appear more effective for hydrogen storage in ammonia borane than Ru-based catalysts; these may be synthetically and economically more viable hydrogen-storage candidates for the ammonia borane system, although further experimental efforts are needed to investigate this more thoroughly. Of course, it has now become widely accepted within the community that iron-based catalysis of this process is quite thermodynamically favorable, and this is consistent with the results of the present study. Therefore, a potential concern is that a reaction may have reversibility challenges if using iron-based catalysis. Further research into refining catalyst design beyond the proof-of-principle demonstration of the four studied in this work is warranted to make ammonia borane more viable as a practical, reversible hydrogen-storage medium; from this context, molecular simulation serves as an ideal ‘prototyping’ or ‘screening’ approach by which to pursue further experimental efforts in this regard.








Supplementary Materials


The following are available online at www.mdpi.com/2073-4344/7/5/140/s1. Figure S1: (a) Reaction-coordinate profile of addition of catalyst “4” to “AB” via 4-TS1 to form “4b” and (b) H2 release from the dihydrogenated product “4b”. Gas-phase relative free energies (kcal/mol) and relative free energies in THF solvent are also indicated (by red bars). Figure S2: Significant optimised geometries of important stationary points for the reaction coordinate of AB addition to Fe metal catalyst 4. Important hydrogen atoms are shown for clarity.
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Scheme 1. Catalytic cycle for ammonia borane (AB) dehydrogenation with metal catalysts (1–4) (R = –CH3). 
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