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Resumo/Abstract



[bookmark: _Hlk137310676]RESUMO - O ciclo catalítico geral para a hidrogenação da quinolina (Q) a 1,2,3,4-tetrahidroquinolina (THQ) catalisada por um complexo de ródio catiônico contendo um ligante 1,5-ciclooctadieno (COD) foi estudado usando cálculos DFT. Encontrou-se uma espécie cataliticamente ativa tipo [Rh(COD)( N-Q)]+, assim como a coordenação de duas moléculas de hidrogênio em etapas subsequentes, verificando que o mecanismo de incorporação das duas moléculas de hidrogênio ocorre através da coordenação inicial do ligante dihidrogênio que produz intermediários tipo 2-H2. Em seguida, ocorre as transferências de hidretos para os ligantes Q e DHQ (inserção migratória e eliminação redutora, respectivamente). Todos os passos elementais do ciclo catalítico foram reversíveis, exceto a eliminação redutiva do produto THQ, o que é um ponto central em relação aos novos modelos de armazenamento de hidrogênio. Nossos cálculos teóricos de DFT são consistentes com os resultados experimentais relatados anteriormente.
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[bookmark: _Hlk137310715][bookmark: _Hlk137311633]ABSTRACT - A detailed catalytic cycle for the hydrogenation of quinoline (Q) to 1,2,3,4-tetrahydroquinoline (THQ) catalyzed by a cationic rhodium complex containing a 1,5-cyclooctadiene (COD) ligand was computationally investigated by using DFT. It was found that the catalytically active species was [Rh(COD)(N-Q)]+ and that the addition of the two dihydrogen molecules occurs through the initial coordination of dihydrogen forming 2-H2 intermediates, followed by the subsequent hydride transfer to Q and DHQ ligands (migratory insertion and reductive elimination, respectively). Except the reductive elimination of the THQ product, all of the elementary steps of the catalytic cycle were reversible, which is an important point in connection with the hydrogen storage models. Our theoretical DFT calculations are consistent with the experimental results previously reported.
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Introduction
The homogeneous catalytic hydrogenation of quinoline (Q) is a reaction of great interest in connection with the industrially important hydrodenitrogenation (HDN) process [1,2] and because its main product (1,2,3,4-tetrahydroquinoline, THQ) is an important fragment contained in numerous pharmacologically relevant therapeutic agents and biologically active natural and synthetic products [3-5]. In addition, dehydrogenated and hydrogenated N-heterocycle compounds are considered promising low-cost and safe liquid organic hydrogen storage materials [6-8]. Homogeneous catalysts have been extensively studied in the hydrogenation of Q by using Mo, Ru, Os, Rh and Ir complexes, which have been initially reviewed by Sánchez-Delgado [9], Bianchini et al. [10], Giustra et al. [11] and more recently by El-Shahat [12]. Besides, some complexes have also been used in the asymmetric hydrogenation of proquiral substituted quinolines [11-15]. Most recent studies of this reaction involve the utilization of precatalysts for transfer hydrogenation [15-17], the use of efficient iridium complexes in water [15, 18, 19] and the development of non-noble metals precatalysts based on Fe [20], Co [21] and Mn [22,23], as well as the use of organometallic complexes for one-pot dual catalysis (homogeneous/nanoparticles) [24]. Some aspects of the mechanism operating in this reaction have been elucidate through kinetic studies, spectroscopic techniques, isotope labeling and isolation of stable analogues [25-29].
Rhodium complexes are among the most active precatalysts for the hydrogenation of Q, being [Rh(COD)(PPh3)2]+ (1) one of the most active. Kinetic and coordination chemistry studies of the hydrogenation of Q catalyzed by 1 were performed by Sanchez-Delgado et al. [30], who proposed a general catalytic cycle, initiated by  [Rh(COD)(kN-Q)2]+ (2) as the catalytically active species (CAS), which is constituted by the following steps: oxidative addition of one hydrogen molecule to generate a dihydride intermediate, hydride transfer to yield a DHQ complex, oxidative addition of a second H2 molecule (considered as the rate-determining step) and the transfer of hydrides to form THQ and an unsaturated 14-electron intermediate, which coordinates a new Q molecule to regenerate 2 and restart the catalytic cycle. This mechanism is a simple and consistent proposal with experimental kinetics. Nevertheless, it neglects some mechanistic details, such as the role of coordination modes of quinoline and their hydrogenated fragments, variations in both geometries and conformations of the intermediates, as well as the way in which occurs the hydride transfer from the metal to Q or DHQ ligands after the respective addition of dihydrogen. These aspects could be elucidated by mean of computational chemistry.
At the present time, it is known that computational studies of catalytic reactions to give reliably good agreement with available experimental data can be affected by methodological issues around the level of theory, as well as basis set, solvation, dispersion, and free energy effects. Recent progress in computational chemistry has shown that several important physical and chemical properties of molecules being involved in catalytic reactions can be predicted more and more accurately by employing various quantum chemical techniques [31].
In particular, the emergence of Density Functional Theory (DFT) [32] as a de facto standard technique in reaction modeling opens the door to obtain useful and realistic models of complicated chemical reactions and predict the behavior of a broad range of chemical and physical phenomena of importance in chemical reactivity and catalytic activity in coordination and organometallic chemistry [33,34]. Currently, computational chemists have a wide variety of density functionals (DF’) at their disposal, ranging from LDA to double-hybrid DFs [35-37]; among the most modern DFs are the Minnesota functional ones, developed by Truhlar et al [38-41]. Especially, M06-L is a meta GGA functional, which has been employed in organometallic chemistry and homogeneous catalysis because it has one of the best performance for thermochemistry and thermochemical kinetics of metallic complex [38,39]; this functional in combination with a good basis set and with the inclusion of solvation effects and corrections for zero-point energy, enthalpy and entropy could be an excellent alternative to model the hydrogenation cycle of Q to THQ by using 1 as the precatalyst.
Although the number of papers reporting DFT calculations in the field of the homogeneous catalytic reactions by exploring their reaction mechanisms has been increased recently [42-45], only a few detailed studies on the hydrogenation of Q and related heteroaromatic nitrogen compounds have been published, many of which involve outer sphere mechanisms of the asymmetric hydrogenation of prochiral quinolines [46-49].
In the present work, we report a detailed DFT theoretical studies of all the possible steps and intermediates involved in the hydrogenation of Q to THQ catalyzed by the rhodium complex 1, in order to gain further insight into the detailed catalytic cycle of the reaction and explain its high activity and other aspects found in previous studies.
Experimental
[bookmark: _Hlk133489120]All calculations were performed with the Gaussian-09 (G09) [50] computational package. DFT [32,33] methods were used employing the M06-L functional [38,39], which have been applied to various molecular systems with great success because of their efﬁciency and accuracy [34, 42-49]. The extended basis set 6-31G(d,p) was used for C, H and N atoms [51], whereas the effective core potential (ECP) LANL2DZ was used for Rh and P [52-54].
Minimum energy structures (MES) and transition states (TS) calculations for all possible rhodium species involved in the catalytic cycles were performed. In the case of the catalyst precursor [Rh(COD)(PPh3)2]+, theoretical calculations were carried out including the phenyl groups. Furthermore, the effect of solvent is included by the continuum self-consistent reaction field solvation models (SCRF), the most widely used class of implicit solvent model, by means the subroutine SCRF=(Solvent=toluene) [55]. Calculations of thermodynamic parameters (∆E, ∆H, ∆S and ∆G) of the reaction were performed at 370.15 K and 1 atm to simulate the experimental reaction conditions.
All the optimized structures were classified in accord to frequency calculations. These frequencies permit us to distinguish between the MES (with all the vibrational frequencies positives) associated to the intermediate of reaction and the first order saddle points (with only one imaginary frequency) associated to the TS. All the TSs were obtained with the synchronous transit-guide quasi-Newton (STQN) methods, using the keyword OPT=QST3. Additionally, some TS´s were obtained with the Berny algorithm using the keyword OPT=TS implemented in G09. Moreover, the intrinsic reaction coordinates (IRC) method [56], which examines the reaction paths going down from the TS on the potential energy surface (PES), was carefully analyzed to confirm the right connectivity between all TSs and their associated reaction immediate (MES).
Results and discussion
The results of the present theoretical work have been organized into four general sections. The ﬁrst section describes the catalyst precursor and the formation of catalytically active species (CAS). The following two sections focus all the possible intermediates and elementary steps of the addition of the first and second hydrogen molecule and subsequent transfer of the hydride ligands first to the substrate (Q) coordinated and after to the corresponding DHQ ligand until the regeneration of the CAS, respectively. Afterwards, the fourth section describes the most feasible catalytic cycle for the Rh-catalyzed homogeneous hydrogenation of Q. Finally, final remarks are given as conclusions of the work, including some aspects related with the possibility of using this system in the dihydrogen storage.

1. The pre-catalyst and the catalytically active species
In the first instance, we calculated and optimized the structure of the pre-catalyst 1, as well as all possible CAS for the catalytic reaction; in Scheme 1 the structures and thermodynamic parameters of all these reactions are shown.
Although 2 was considered as the CAS of the catalytic reaction [30], the thermodynamic parameters calculated in the present work by the DFT method indicate that the oxidative addition of dihydrogen on 2 to produce the dihydride complex 3 was highly endoergic, endothermic, and endergonic, which excludes 2 as the CAS. Additionally, no transition state could be captured for the oxidative addition of dihydrogen on 2. Instead of 2, we found that the unsaturated (14 electron) trigonal planar species [Rh(COD)(kN-Q)]+ (4), which is generated by dissociation of one of the Q ligand from 2, is really the CAS of the reaction. The reaction 2 ⇄ 4 + Q is also endoergic, endothermic and endergonic, but it is thermodynamically lesser disfavored than the oxidative addition of dihydrogen on 2, which is consequence of the higher entropy of the first reaction with respect to the second one.
We examined the main MESs around the formation of the CAS, according to the recommendations made by Reiher [57]. In the PES, species 1, 2 and 3 are more fleeting intermediates while species 4 is the most viable one. In addition, we also studied the most important secondary reactions and concluded that, under the reaction conditions, the species 4 is the thermodynamically more stable option. Under the hydrogenation reaction conditions, the equilibrium 2 ⇄ 4 + Q is displaced to the right because of the subsequent steps of the catalytic cycle, mainly the coordination of a dihydrogen molecule (vide infra).

[image: ]
	Scheme 1.
	Thermodynamic parameters for the formation of the possible catalytically active species.



2. Addition of the first dihydrogen molecule 
Once the CAS is formed in the reaction medium, the following step should be the addition of the first molecule of dihydrogen with the concomitant transfer of the hydride ligands toward the coordinated Q, as it is shown in Scheme 2.




	Scheme 2.
	The first addition of dihydrogen: possible intermediates and thermodynamic parameters.


 
The addition of the first molecule of hydrogen may occur through the initial coordination of dihydrogen molecule to yield the square planar complex [Rh(COD)(2-H2)(N-Q)]+ (5) or by direct oxidative addition of dihydrogen to generate a dihydride intermediate, [Rh(COD)(H)2(kN-Q)]+ (6a), which present a hydride ligand in apical position and other in a basal one. The formation of a species containing two hydride ligands in basal positions and the Q ligand in apical one (species 6b) is thermodynamically more disfavored with respect to the formation of 6a. Species 6a also may be generated from the intramolecular oxidative addition of the dihydrogen ligand in complex 5.
In complex 6a, hydride transfer may occur in four different ways (Scheme 2), depending on which of the hydride ligands migrates (basal or apical) and which of the Q ligand atoms receives it (N or C2 atom). For the hydride transfer toward the nitrogen atom of Q, if the hydride ligand that migrates is the basal one, a complex with the monohydroquinolinyl (MHQ) ligand bonded in mode 3-allyl, [Rh(COD)(H)(3C2C3C4-MHQ)]+ (7a), is formed. On the other hand, if the hydride that is transferred is the apical one, the species [Rh(COD)(H)(2NC2-MHQ)]+ (7b) was generated. Moreover, if the transfer of any of the hydride occurs towards the C2 atom of the Q ligand, amido species 7c (apical hydride migration) and 7d (basal hydride migration) were optimized. However, these last two possibilities were discarded because these reactions were highly endoergic, endothermic and endergonic.
Also, the dihydrogen ligand in species 5 may be heterolytically split, transferring one of the hydrogen atoms toward the nitrogen atom of Q, keeping the other hydrogen atom coordinated on the rhodium center, which occurs simultaneously with the addition of C3-C4 bond to yield the3-allyl species 7a. 
Finally, the reductive elimination of the hydride and the monohydroquinolinyl ligand (3C2C3C4-MHQ) in species 7a can occur by combination between the hydride ligand and C2 atom of MHQ ligand to yield a 1,2-DHQ species 8a, in which this ligand is bonded through an unusual 3NC3C4 mode, or between the hydride and C4 atom of MHQ fragment to produce a 3NC1C2-1,4-DHQ species 8b.
In order to elucidate what is the kinetically important pathway for the first hydrogenation of Q ligand to dihydroquinoline (DHQ) one, we proceeded to explore the potential energy surface (PES) connecting all these sequences of steps; the transition states (TSs) are shown in Figure 1. For the direct oxidative addition of dihydrogen on the CAS (4), the corresponding TS could not be achieved. However, a TS could be obtained for the intramolecular oxidative addition of the dihydrogen ligand on species 5, which should overcome an activation energy of 12.6 kcal mol-1 to produce the dihydride intermediate 6a. This reaction proceeds through a three-centered transition state (TS1), in which the H-H bond is lengthened in 0.7 Å when compared with the corresponding distance in the coordinated dihydrogen molecule on intermediate 5 (from 0.780 Å in 5 to 1.480 in TS1), while the Rh-H bonds are being formed (1.535 and 1.567 Å); this Rh-H distances are very similar to those in 6a [1.521 (basal) and 1.556 Å (apical)]. This TS geometry has a marked “product-like character” (i.e., it is a late TS).
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	Figure 1.
	Transition states for the involved steps in the hydrogenation of Q to DHQ.



On the other hand, complex 5 may intramolecularly transfer one of the hydrogen atoms of its dihydrogen ligand to the N atom of Q to yield 7a via a four-centered transition state (TS2); this TS requires overcome a barrier of 22.2 kcal mol-1. In this case, the H-H bond is weakened (H-H distance is lengthened from 0.7995 Å in 5 to 1.477 Å in TS2), whereas the H-N bond is being formed (1.288 Å in TS2 and 1.010 Å in 7a) and the remaining Rh-H bond is reinforced (from 1.885 Å in 5 to 1.719 Å in TS2); the Rh-H distance in 7a is 1.524 Å. Additionally, in TS2 the Rh-C2 bond begins to form (Rh-C2 = 3.339 Å); the Rh-C2 distance in 7a is 2.306 Å. The evolution of the distances in the most important bonds for the elemental step 5 → TS2 → 7a seems to indicate that the TS2 evolves little in the PES, this is TS2 has a marked “reactive-like character” (it is an early TS). Morris et al. [39] have reported that coordination of polar substrates (carbonyl compounds and imines) in the inner sphere allows the electrophilic activation of its carbon atom by the metal, so that a hydride ligand can migrate to this carbon b to the metal; however, the hydrogen transfer to the C2 of Q in 5 could not be obtained. Additionally, the formation of amide intermediates as products of the migration of hydride ligand to C2 of Q in complex 6a were found to be both thermodynamic- and kinetically unfavorable
When the basal hydride is transferred into the nitrogen atom of Q in complex 6a to yield the 3-allyl intermediate 7a, a cyclic transition state could be optimized. Despite our efforts, we did not find a TS of these characteristics in this area of the PES. This result makes us to conclude that the first hydrogenation goes through the dihydrogen complex 5 and not through the metal dihydride species 6a; it has been previously reported that hydrogenation reactions generally occur by previous coordination of dihydrogen molecule [59-62], even when a hydride ligand is present in the complex [29, 63].
Finally, the reductive elimination of the hydride ligand and C2 atom of the monohydroquinolinyl ligand to yield a 1,2-DHQ species 8a occurs through TS3, having to overcome an energy barrier of 7.8 kcal mol-1. In TS3 the Rh-H and Rh-C2 distances are lengthened with respect to 7a from 1.524 to 1.629 Å and from 2.306 to 2.210 Å, respectively, whereas in TS3 the H-C2 bond (1.571 Å) is being formed; the H-C2 distance in 8a is 1.091 Å. Similarly, the reductive elimination of the hydride ligand and the C4 atom of the MHQ ligand to produce a 1,4-DHQ species, 8b, should overcome an energy barrier of only 1.7 kcal mol-1 (TS4). The Rh-H distance is slightly lengthened from 1.524 Å in 7a to 1.530 Å in TS4, while at the same time one H-C4 bond (1.098 Å) is formed on 8b. The optimized structures seem to indicate that TS4 is early in transformation from 7a to 8b, while TS3 is late in transformation from 7a to 8a. As both reaction pathways start from intermediate 7a, a low degree of advancement of the TS4 along its IRC to overcome the lowest barrier is needed, while a greater evolution of the TS3 along its IRC to overcome the highest barrier is required. Although the activation energy for the step 7a ⇄ 8b (TS4) is smaller than 7a ⇄ 8a (TS3), both reaction pathways are feasible because both activation energies are smaller than those corresponding to the formation of intermediate 7a.
In Scheme 3 is shown an energy profile for the hydrogenation of species 4, which contains a Q ligand, to yield the DHQ intermediates 8a or 8b. As it may be observed from the theoretical DFT calculations, the reaction proceeds more probably through the sequence 4 ⇄ 5 ⇄ 7a ⇄ (8a or 8b), which involve the dihydrogen complex 5. This reaction sequence presented an apparent activation energy of 17.1 kcal mol-1, being possibly the coordination modes of the heterocycle fragments on 7a (3-MHQ), 8a and 8b (3-N,C3,C4- and 3-N,C2,C3-DHQ, respectively) the motif forces that drive the transformation of the Q ligand to a DHQ one. As may be observed, all these elementary steps are reversible as predicted by Sánchez-Delgado et al. [30].



	Scheme 3.
	Energy profile for the first addition of dihydrogen.



3. Addition of the second dihydrogen molecule
DFT calculations on the addition of the second dihydrogen molecule to intermediate 8a and the subsequent transfer of the hydrides to its DHQ ligand were performed; the results are shown in Scheme 4. 



	Scheme 4.
	The second addition of dihydrogen: possible intermediates and thermodynamic parameters.



Similar to the first hydrogenation reaction, the addition of the second dihydrogen molecule on 8a also proceeds through an dihydrogen intermediate, namely [Rh(COD)(2-H2)(2C3C4-DHQ)]+ (9). This reaction is followed by the intramolecular oxidative addition of the H2 ligand to yield the dihydride intermediate [Rh(COD)(H)2(2C3C4-DHQ)]+ (10); these elementary steps are slightly endoergic, endothermic and endergonic. Similar to the migration of hydride ligand to the Q ligand, there are four possibilities for the migration of the hydride to DHQ one; however, the only exoergic, exothermic and exergonic step is the migration of the basal hydride toward the C3 of the DHQ ligand to produce a 1,2,3-trihydroquinolinyl intermediate 11a. Species 11a can also be formed by intramolecular transfer of one hydrogen atom from dihydrogen ligand of intermediate 9 toward C3 atom of the DHQ ligand. On the other hand, the reductive elimination of THQ from 11a yields intermediate 12, which is highly exoergic, exothermic and exergonic. Finally, the substitution of the THQ ligand by a new molecule of Q regenerates the CAS (4) and restarts the catalytic cycle, which is a downhill step. Complex 12 has a THQ ligand coordinated through C4 and C5, with an agostic interaction with one of the hydrogen atoms of C4 as well as a weak interaction with C8’. 
We also explored the potential energy surface (PES) connecting all the sequences of steps for the second hydrogenation pathway; the transition states (TS) are illustrated in Figure 2. For the oxidative addition of dihydrogen ligand on 9, the corresponding TS could be obtained, which should overcome an activation energy of 9.4 kcal mol-1 to produce the dihydride intermediate 10. This reaction proceeds through a three-centered transition state (TS5), in which the H-H bond is lengthened (from 0.816 Å in 9 to 1.344 Å in TS5), while the Rh-H bonds that are being formed (1.561 Å and 1.564 Å in TS5), which are very similar to the Rh-H bonds in 10 [1.540 (basal) and 1.557 Å (apical)]; thus, the TS5 is a late TS.
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	Figure 2.
	The second addition of dihydrogen: possible intermediates and thermodynamic parameters.



When the basal hydride is transferred toward the C3 atom of DHQ ligand of 10 to yield 11a, a four-centered transition state (TS6) could be optimized, with an energy barrier of 2.9 kcal mol-1; the Rh-H and C3=C4 bond distances are lengthened from 1.540 and 1.402 Å in 10 to 1.610 and 1.439 Å in TS6, respectively. At the same time, two new bonds, Rh-C4 (2.211 Å) and C3-H (1.123 Å) are formed in TS6; the Rh-C4 and C3-H bond distances in 11a are 2.104 and 1.094 Å, respectively. Additionally, in complex 9 a bifurcation point was found on the PES: 11a can be obtained by the long path previously discussed (9 ⇄ 10a ⇄ 11a) and/or by the short and direct path (9 ⇄ 11a). A four-centered transition state (TS7) between 9 and 11a (TS7) could be also obtained, with an activation energy (Ea7) of 13.8 kcal mol-1. The H-H bond is weakened (H-H distance is lengthened from 0.816 Å in 9 to 2.046 Å in TS7), whereas the H-C3 bond is being formed (1.578 Å in TS7 and 1.093 Å in 11a). Simultaneously, during the reaction path 9 ⇄ 11a, the C3-C4 bond is progressively lengthened (the C3-C4 bond distances are 1.386 Å, 1.439 Å and 1.502 Å for 9, TS7 and 11a, respectively). 
Finally, the three-centered TS for the reductive elimination of THQ (TS8) from 11a to 12 was captured. The TS8 shows an elongation of the Rh-H bond distance of 0.041 Å with respect to complex 11a (the Rh-H bond distances are 1.523 and 1.564 Å for 11a and TS8, respectively). Also, during the reductive elimination a progressive decrease in the C4-H bond distance is observed until the new σ bond (C-H) is generated on the THQ ligand of complex 12; the C4-H bond distances are 2.650 Å, 1.847 Å and 1.141 Å for 11a, TS8 and 12, respectively.  Complex 11a must to overcome an energy barrier of 16.8 kcal mol-1 (TS8) to form complex 12.
[bookmark: _Hlk137286304]The thermodynamic parameters for the addition of the second dihydrogen molecule to 8b are rather similar to that of 8a, therefore this species may be involved in the catalytic cycle. However, the isomerization of 8b to a species containing a 3,4-DHQ intermediate is thermodynamically and kinetically unfavored. 
In Scheme 5, an energy profile for the hydrogenation of species 8a is shown, which contain a DHQ ligand, to yield the THQ intermediates.



	Scheme 5.
	Energy profile for the second addition of dihydrogen.



4. Catalytic cycle for the hydrogenation of quinoline 
On the basis of the DFT-calculations performed in the present work, as well as the experimental findings (kinetics and coordination chemistry) reported by Sánchez-Delgado et al. [30] in a prior work, we proposed that the detailed mechanism for the hydrogenation of Q catalyzed by [Rh(COD)(PPh3)2]+ (1) involves the sequence of reactions showed in Scheme 6.
To the best of our knowledge, there are not previous reports in the open literature of a completed and detailed theoretical study of all the elementary step of an inner-sphere mechanism for the hydrogenation of quinoline (Q) to 1,2,3,4-tetrahydroquinoline (THQ) catalyzed by an organometallic complex.
As it may be observed in Scheme 6, the TSs of the hydride transfer from 5 to yield 7a, as well as the reductive elimination of DHQ and THQ have very similar apparent activation barriers (17.1, 16.7 and 15.3 kcal mol-1). Therefore, there is not a rate-determining step of the reaction, which is like that found by Sánchez-Delgado et al.



	Scheme 6.
	Detailed catalytic cycle for the hydrogenation of Q catalyzed by [Rh(COD)(PPh3)2]+.



Conclusions
We have demonstrated throughout all this work that theoretical computational calculations are powerful tools for the determination of the detailed catalytic cycle for the hydrogenation of Q to THQ, if they are used in combination with kinetic studies and other chemical and spectroscopic methods as well as isotope labelling experiments.
Except the reductive elimination of THQ, all the elementary steps of the catalytic cycle were reversible. Our theoretical calculations show that there is not a rate-determining step of the catalytic cycle because the energy of the transition state for the transfer of one of the hydrogen atom of the dihydrogen ligand of complex [Rh(COD)(h2-H2)(kN-Q)]+ (5) toward the N atom of coordinated Q (in the addition of the first H2 molecule) and the reductive elimination of the product (in the second addition of dihydrogen) were rather similar (17.1 and 15.3 kcal mol-1).
However, the calculated apparent activation energy (17.1 kcal mol-1) overestimates that found experimentally by mean of kinetic study (10 kcal mol-1), which may be explained by either the DF, the basis, the pseudopotential and/or solvation model employed in the present work.
Finally, the reversibility of almost all the elementary steps of the catalytic cycle of Q hydrogenation catalyzed by Rh(COD) complex, allowed us to think that other similar diolefin- o bis(olefin)-rhodium complexes may be excellent model for hydrogen storage materials, looking for the form to increase the energy of Rh-THQ intermediate and/or the organic product.  
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TS 1   ( 5   →  6 )  TS 2   ( 5 →  7 a )  

  

TS 3   ( 7 a →  8 a )  TS 4   ( 7 a →  8 b )  
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TS 5   (9 → 10)  TS 6   (10 → 11a)  

      

TS 7   (9 → 11a)  TS 8   (11a → 12)  
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