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Abstract

:

In the present work, the effect of basic components on the energy pathway of ethylene oligomerization using the landmark Chevron-Phillips catalyst has been explored in detail, using density functional theory (DFT). Studied factors were chosen considering the main components of the Chevron-Phillips catalyst, i.e., ligand, cocatalyst, and halocarbon compounds, comprising (i) the type of alkyl substituents in pyrrole ligand, i.e., methyl, iso-propyl, tert-butyl, and phenyl, as well as the simple hydrogen and the electron withdrawing fluoro and trifluoromethyl; (ii) the number of Cl atoms in Al compounds (as AlMe2Cl, AlMeCl2 and AlCl3), which indicate the halocarbon level, and (iii) cocatalyst type, i.e., alkylboron, alkylaluminium, or alkylgallium. Besides the main ingredients, the solvent effect (using toluene or methylcyclohexane) on the oligomerization pathway was also explored. In this regard, the full catalytic cycles for the main product (1-hexene) formation, as well as side reactions, i.e., 1-butene release and chromacyclononane formation, were calculated on the basis of the metallacycle-based mechanism. According to the obtained results, a modification on the Chevron-Phillips catalyst system, which demonstrates higher 1-hexene selectivity and activity, is suggested.
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1. Introduction


Linear α-olefins are valuable products obtained from the petrochemical industry. They are commonly used in polyethylene products, and as plasticizer alcohols, synthetic lubricants, or surfactants between other applications. Among all α-olefin monomers, 1-hexene has attracted considerable attention, since superior copolymer properties are achieved using it as a comonomer, as compared to the characteristics of 1-butene/ethylene copolymers [1]. Although 1-hexene is currently mainly produced via full-range processes, catalytic selective trimerization of ethylene to 1-hexene is an area of intense research activity [2,3,4]. Even though many companies are interested in the topic, only the Chevron−Phillips trimerization process has been commercialized so far [5]. The main reasons for choosing this system over other trimerization systems, such as Cr/PNP or Cr/SNS, are: (1) high activity and selectivity for 1-hexene production; (2) its cocatalyst, i.e., triethylaluminium (TEAL), is much cheaper than the methylaluminoxane (MAO); (3) the synthesis of mono-dentate ligands is much easier and cheaper than the tri-dentate ones used in the Chevron-Phillips catalyst and in Cr/PNP and Cr/SNS systems, respectively [6,7].



The Chevron-Phillips catalyst mainly consists of a Cr-containing precursor, a pyrrole ligand, an Al-alkyl cocatalyst, and a promoter [8]. Due to the importance of the Chevron-Phillips ethylene trimerization catalyst, various experimental and theoretical studies have been conducted in recent years which have allowed us to establish some widely accepted ideas [9,10]. For example, there is a compromise that the catalytic cycle is accomplished via the formation of a metallacycle pathway in which the chromium centre operates via a redox Cr(I/III) metallacyclic mechanism [11]. In fact, theoretical studies of the activation energies for different stages of the trimerization process have revealed that the model containing Cr (I/III) redox has lower energy levels than the Cr(II/IV) species, due to greater stability of the oxidation state in the Cr(I/III) system [12]. This finding was further supported by the experimental results from an electron paramagnetic resonance (EPR) investigation on the same catalytic system [13].



Due to massive investigations on Chevron-Phillips catalytic system, the following precursors presented the highest activity: chromium(III) 2-ethylhexanoate (Cr(EH)3) as catalyst, 2,5-dimethylpyrrole (2,5-DMP) as ligand, AlEt3 as cocatalyst, and a modifier [6]. Studies revealed that halocarbons containing two or more Cl atoms are good candidates in trimerization processes. However, their exact role as modifiers is still in debate.



Based on the aforementioned catalytic precursors, the active site model (shown in Scheme 1) is considered as an active catalyst in the trimerization process [14,15]. This catalyst mainly consists of a pyrrole ring coordinated to the Cr center, together with a pendant R2AlCl group σ-bonded to the pyrrole ligand, via Al-N linkage, and to the Cr metal, via Cr-Cl linkage. It is supposed that the R2AlCl formation occurs via the simple reaction of TEAL with halocarbon promoters.



Despite the proven performance of such a system, the development of improved catalysts is one of the chief areas of research in this field. For this reason, in this work a systematic study was done to shed light on: (i) the effects of alkyl substituents on ligand structures; (ii) the number of Cl atoms in the Al compound; (iii) the revenue of Al substitution for B or Ga, and (iv) the solvent-type effect in the energy profile of the reaction pathway (See Scheme 2). Consequently, we have suggested modifications to the Chevron-Phillips system.




2. Results and Discussion


The mechanism of ethylene oligomerization using the Chevron-Phillips catalyst is illustrated in Scheme 2. In this procedure, the reaction starts with the coordination of the first and second ethylene molecules into the empty site of chromium (I) (steps 1 and 2), and proceeds to the first 5-membered metallacycle formation (3), via oxidative addition through the transition state TS-2-3. In this step, the catalyst can undergo two different transformations: (i) the main reaction, which consists of the coordination and insertion of a third ethylene molecule (4), subsequently leading to the formation of the 7-membered metallacycle (5); (ii) the side reaction, in which the elimination of 1-butene (9) occurs (dimerization, red diagram in Scheme 2). The main product, 1-hexene, is formed via the opening of the ring (5), and the reductive elimination of 1-hexene from the rather unstable chroma cycloheptane (trimerization, black diagram in Scheme 2). Another side reaction can also occur in this pathway, based firstly on the coordination of a fourth ethylene molecule, and then on its insertion into the 7-membered chromic cycloheptane (5), leading to the 9-membered metallacycle 8 (ethylene tetramerization, green diagram in Scheme 2). Furthermore, a two-step process that leads to 3 from 2 was also attempted, bearing a first H transfer; however, it was omitted from the analysis since kinetically it was found to be much less efficient.



For the parent model system A, the energy profile calculated in Figure 1 is very similar to that calculated earlier by Liu and coworkers [12]. The rate for determining step size (rds) turned out to be the transition state leading to the formation of the 7-membered metallacycle 5A, with an upper barrier placed at 24.9 kcal/mol over intermediate 3A, which is slightly less efficient compared to the previous results of Liu [12]. The alternative, undesired reactions that lead to 8A and 9A, were found to be less kinetically efficient, by 8.8 and 1.6 kcal/mol, respectively. In order to unveil the complexity of the described reaction pathway, ten other model catalysts were tested in the following sections.



2.1. Effect of Alkyl Substituents on the Pyrrole Ligand


As a first step, the effect of the steric hindrance from dialkylpyrole-type ligands on the energetic profile of the reaction pathway was elucidated. For this purpose, the three different molecular models, B, C and D (Scheme 3), corresponding to dihydride-, diisopropyl-, and ditertbutyl-pyrrole, respectively, were employed and compared to the dimethyl-pyrrole (model A). The selected models differ mainly in the alkyl group of the pyrrole ligand. First, the steric hindrance of the catalysts was analyzed by the SambVca2 Web application [16]. This application extracts the topographic maps (Figure 2), which are simple two-dimensional isocontours representing the interaction surface, by evaluating the percent buried volume (%VBur) in the single quadrants around the metal center. %VBur values were obtained by analyzing the steric bulk of the pyrrole ligands in the DFT optimized structures of the A, B, C and D model complexes. %VBur values of 63.3, 64.6, 66.8 and 69.1% in B, A, C and D, respectively, highlighted an obvious difference in steric bulkiness between these four complexes, with A clearly less bulky than C, and still less that D.



The whole energy profile of the reaction pathway for ethylene oligomerization using model catalysts B, C, and D is shown in Table 1, together with the study of the electronic effect of the substituents on the pyrrole ligand, by means of model catalysts E, F, and G, bearing phenyl, fluoro and trifluoromethyl groups, respectively.



For a direct comparison, the energy barriers of competitive mechanisms (dimerization versus the third ethylene insertion and trimerization versus the fourth ethylene insertion) are reported in Table 2. It is worth mentioning that the formation of chromocycloheptane and chromocyclononane are the key steps to understanding 1-hexene selectivity using the mostly accepted metallacycle-based mechanism, proposed by Briggs for ethylene oligomerization [17,18]. The coordination of the first ethylene to the active center was slightly exergonic, with an average of 2.0–3.0 kcal/mol in all active systems, except for fluoro containing models F and G. Its explanation comes from the electron-withdrawing character of the fluorides and the trifluoromethyl groups on the pyrrole ligand, which reduces the nucleophilic capacity of the chromium center [19].



When increasing the steric hindrance from A to D, the second monomer coordination became less efficient. The formation of the 5-membered chromocyclopentane was required to overcome energy barriers of 11.4 and 15.7 kcal/mol (TS-2-3) for catalysts A and D, respectively. The stable chromocyclopentane 3 showed a low tendency towards β-H transfer to Cr, i.e., the red mechanism in Scheme 2. As a result, the formation of 1-butene from intermediate 3 required conquering an effective barrier of 26.5 kcal/mol for A, and 23.9 kcal/mol for the D model catalyst. Thus, this step is unaffected by the sterical hindrance of the sterically demanding tertbutyl groups of the latter system, which help to decrease the energy barrier. The insertion of the third ethylene that leads to the chromocycloheptane 5 required only 24.9, 25.0, 26.8, 21.9, and 26.9 kcal/mol, for the series of A-E model catalysts, respectively, which means that the insertion of the third monomer somehow anticipated the chromocycloheptane opening. The poor performance of system E is attributed to the aromatic delocalization of the phenyls with the pyrrole ring. From an electronic point of view, fluoro containing electron-withdrawing groups reduce the kinetic cost, to reach 5 by 4.8 and 12.6 kcal/mol, comparing B with F, and A with G, respectively.



In the following, the chromocycloheptane 5 required energy barriers of 20.6, 20.6, 21.0, 18.8, and 23.2 kcal/mol (TS-5-6) in A-E model catalysts, respectively, to release 1-hexene product. These values are at least 5 kcal/mol lower in energy than the barrier defined by the previous TS-4-5. However, for the occurrence of the second side reaction, i.e., insertion of a forth ethylene moiety into 5, a barrier at least 5.1 kcal/mol higher in energy (TS-7-8) must be overcome. This fact makes the latter side reaction impractical. The lowest preference for the formation of 9-membered metallacycle 8 is hold by system D, for which this process is kinetically inefficient by 12.2 kcal/mol. It was deduced from reported energy results that by moving from a dimethyl- to a diisoproply- and ditertbutyl-pyrrole ligand, the selectivity toward 1-hexene formation increased. This was in line with experimental results for similar catalysts. [6,20,21]. The fluorinated systems F and G, still computational model catalysts, increase the preference for the generation of 1-hexene, with a lower kinetic cost for TS-5-6 of 2.1 and 2.3 kcal/mol, respectively. For system F, there is the issue that the energy barrier of 19.5 kcal/mol for TS-3-9 that consists of the 1-butene formation is 1.2 kcal/mol lower than TS-4-5, which corresponds to the formation of the 7-membered metallacycle. Even though results for model G are more promising than for the catalysts A-F series, system G still has some structural issues. Actually, the transition state TS-4-5 was located with the five-membered ring ligand which was completely dissociated from the chromium (see Figure 3), which leads to the decomposition of the catalytic center afterwards, behaving potentially as a nanoparticle which is partially stabilized by the chloride atom of the Al(Me)2Cl moiety. The electron withdrawing character of the trifluoromethyl group is thus clearly competitive with the chromium affinity for the electron density of the five-membered ring.




2.2. Effect of the Number of Cl Atoms in Al Compound


In the catalyst active center, the Al compound is represented in the expected active form of AlEt2Cl, although this Al based cocatalyst is usually charged to the reactor as the AlEt3 precursor [6,8]. It seems that the Cl-Et exchange occurs, during the catalyst activation, between AlEt3 and either the halocarbon promoter or the catalyst precursor. Here, we assumed that at higher halocarbon/catalyst ratios, AlMeCl2 and AlCl3 could also be formed. As a result of such an assumption, the catalytic system can be represented as Scheme 4.



In this section, the ethylene oligomerization cycle via these catalysts was explored. Table 3 shows the Gibbs energies of the reaction pathway of ethylene oligomerization catalyzed by the model catalysts H and I, with respect to A. Since the energy trend in the ethylene oligomerization was nearly the same as that of the studied catalysts (A–E), here, for simplicity, we focus only on the energy barrier of the most probable product (C4, C6, and C8) formations, included in Table 2.



As seen vide supra, the chromocyclopentane 3 could either undergo dimerization, with the release of the 1-butene side product, or face the third ethylene coordination to yield chromocycloheptane, 5. Elimination of the 1-butene side product would cost 26.5, 24.7, and 22.1 kcal/mol in studied catalysts A, H, and I, respectively, while consecutive coordination of the third ethylene molecule, which leads to 5, needed to overcome a much lower energy barriers of 21.6 and 18.8 kcal/mol for models H and I, respectively, to be compared with 24.9 kcal/mol for A. Further, Liu and coworkers stated that apart from the β-H elimination, the subsequent reduction elimination was even more expensive kinetically [12]. Thus, the energy results here clearly indicated that the third ethylene insertion represented a favorable reaction for all systems, especially for the catalysts with the higher Cl content i.e., H and I model systems.



Similarly, chromocycloheptanes 5 could undergo trimerization with the release of the main product 1-hexene, or the subsequent insertion of an ethylene moiety, to yield chromocyclononane 8. 1-hexene could be released from 5 throughout direct reductive elimination, with energy barriers of 15.8 and 16.0 kcal/mol (TS-5-6) for models H and I, respectively; thus, again the addition of chlorides on the aluminium center facilitates the reaction, since for A this barrier is 20.6 kcal/mol. Through coordination and subsequent insertion of an ethylene molecule to 5, complex 8 was formed with energy barriers of 29.4, 25.3, and 24.1 kcal/mol (TS-7-8) in models A, H and I, respectively. According to our theoretical results, the 1-hexene formation is more favorable for catalysts H and I with high chloride levels, so that the fourth ethylene coordination anticipates 1-hexene release, due to its lower barrier.



Concluding this remark, according to Table 3, by increasing the number of chlorides substituted with the methyl group in the composition of the Al-compound, which indicates an increase in the halocarbon/chromium molar ratio, the trimerization must overcome lower energy barriers [14]. In other words, an increase in halocarbons leads to an increase in 1-hexene selectivity [22]. It verifies higher catalyst activity towards 1-hexene formation at higher halocarbon amounts; this result had already been obtained experimentally by Liu et al., with the best performance using 1,1,2,2-tetrachloroethane (TCE) [23].




2.3. Effect of Metal Type in the Cocatalyst Structure


As mentioned, the presence of an Al-compound provided by a cocatalyst is indispensable for configuration of the Chevron-Phillips active center of Scheme 1. In this section, the effect of the metal-type in the Al-compound, along the ethylene oligomerization reaction, was investigated. In this regard, Al was substituted by two other group III elements, boron (B) and gallium (Ga), which are considered as a metalloid and a metal, respectively. This produces the two new active catalysts models J and K, respectively (data included in Table 2 and Table 3). It is worthy of note that generation of 1 from the active catalyst is endergonic for system J, by 5.2 kcal/mol, because of the slightly higher stability of the sextet ground multiplicity state of the latter species.



In quantitatively comparing the catalyst selectivity toward the 1-butene formation with the third ethylene coordination to form 5, the data clearly showed that the progress of the reaction, i.e., third ethylene coordination, was more energetically efficient for catalyst A (20.6 kcal/mol), than J and K, which showed higher energy barriers (1.8 and 3.1 kcal/mol, respectively). Compare these values with the competitive fourth ethylene coordination that leads to the extension of the metallacycle size, with larger energy barriers of 16.3 and 8.7 kcal/mol for catalysts J and K, respectively. However, for boron, the catalyst would be selective towards 1-butene, rather than 1-hexene, by 3.1 kcal/mol, due to the electron deficiency. Furthermore, among the catalytically active species, the boron cocatalyst imposes structural differences with respect to the other two studied types of cocatalysts; thus, at this point, we must consider that boron behaves differently to aluminium or gallium. From an energetic point of view, 1-hexene selectivity increases in the following order: Ga > Al. Concluding this section, calculations suggest a new structure, aluminium based model I, containing relatively electron-withdrawing groups like chlorides, as the catalyst with the highest activity (upper barrier placed at 18.8 kcal/mol) and selectivity.




2.4. Effect of Solvent


Typically, ethylene oligomerization is conducted in a solvent media at both industrial and laboratory scales, using the Chevron-Phillips catalytic system. Typical oligomerization solvents employed in both academic laboratories and industrial settings are either toluene or some saturated alkanes, such as methylcyclohexane [24,25,26]. For this reason, the effect on the catalytic cycle of the two most widely used solvents, methylcyclohexane and toluene, was studied.



According to the obtained results (compiled for model A catalyst in Table 3), the inclusion of asolvent effects did not change the trend, and quantitatively the difference between both types of solvents was far less than 1 kcal/mol in most of cases. Since many authors reported less productivity of trimerization systems in aromatic solvents such as toluene, this indicates that toluene molecules compete with the ligand for coordination to the chromium center to form/stabilize non-selective species. Here the coordination of toluene to species 1 becomes competitive, even though it does not change the multiplicity with respect to 1. The equilibrium is displaced towards toluene by 0.5, 2.7 and 0.4 kcal/mol, for models A–C, respectively.





3. Conclusions


It is shown here that besides ligand and cocatalyst type, even fine details such as halocarbon amount and solvent have a significant effect on productivity and chemoselectivity. Predictive catalysis suggests a modification on the Chevron-Phillips catalyst system to reach higher selectivity and activity, leading to the production of 1-hexene. The increase of the steric hindrance on the pyrrole ring improves the catalytic performance (model D). The addition of electron-withdrawing groups (models F and G) should also improve catalysis, but when this effect is too exaggerated (model G), it would lead to decomposition by means of the decoordination of the five-membered ring ligand from the chromium centers. Thus, less electron-withdrawing halides like chloride improve catalytic performance (model I), whereas the rather costly gallium is slightly better (model K) than aluminum as a metal. Future experiments should demonstrate whether the catalysts used here as computational models present the features described here, both from a positive and a negative point of view.




4. Computational Details


To simulate the Chevron-Phillips catalytic system, a molecular model proposed by Liu et al. [12] (Scheme 1) was used. All DFT calculations were performed using the Gaussian 09 set of programs [27]. In these calculations, the B3LYP, hybrid GGA functional of Becke-Lee, Parr, and Yang [28] was employed, since, as reported before, the simulation of transition metals containing systems hybrid functionals give the best performance [29,30,31]. The electronic configuration of the studied molecules was described with the standard split valence basis set with a polarization function for H, C, Cl, Al and N (SVP keyword in Gaussian) of Ahlrichs and co-workers [32]. The quasi-relativistic, small-core effective core potential of Stuttgart/Dresden, with an associated valence basis set (SDD keyword in Gaussian), was used for the Cr atom [33].



Apart from CrIII and CrI, unpaired electrons exist for other Cr based complexes. Due to the tendency of Cr to exhibit high spin states, the spin multiplicity was studied thoroughly, and the sextet was found to be the ground state multiplicity for the active catalyst, whereas quadruplet for all the other studied complexes, including ethylene coordination, metallacycle and product formation, and the corresponding transition state, even though the sextet is around only 1 kcal/mol above in energy once bonded an ethylene molecule on the metal (see Table S1). Spin contamination was checked, and was found to be insignificant (see Table S2) [34,35].



Solvent effects on the potential energy surfaces of oligomerization cycle were estimated based on the polarizable continuum solvation model (PCM), using methylcyclohexane and toluene as the solvents [36,37], and triple-ζ basis set (cc-pVTZ keyword in Gaussian) [38], again B3LYP, together with the Grimme D3BJ correction term to the electronic energy [39]. Thus, the free energies discussed throughout the manuscript include the electronic energies in solvent are corrected by the thermal corrections calculated in gas phase at T = 298.15 K and P = 1 atm.



To determine the steric hindrance around the metal [16,40], topographical steric maps of NCH ligands were obtained by SambVca 2.0 [41,42], developed by Cavallo et al. The radius of the sphere around the metal center was set to 3.5 Å, whereas for the atoms we adopted the Bondi radii scaled by 1.17, and a mesh of 0.1 Å was used to scan the sphere for buried voxels [43,44].
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Scheme 1. Model catalyst A. 






Scheme 1. Model catalyst A.
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Scheme 2. Ethylene oligomerization catalytic cycle (the ligands on the chromium center are omitted for the sake of clarity). 
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Figure 1. Calculated reaction profile for model A catalyst (free energies in kcal/mol). Black and red lines illustrate Gibbs free energies in solvent of ethylene tri- and dimerization, respectively, in green the alternative formation of the 9-membered ring. 
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Scheme 3. Model catalysts (A–G) to study the steric and electronic effects of alkyl substituents on the pyrrole ligand. 
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Figure 2. Topographic steric maps of the pyrrole ligands (plane xy) for the optimized complexes (a) A and (b) D. The Cr atom is at the origin and the center of mass of the pyrrole is on the z axis. The isocontour curves of the steric maps are given in Å. 
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Figure 3. 3D sketches of TS-4-5 for complexes (a) A and (b) G (selected distances in Å). 
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Scheme 4. Illustration of model catalysts (H–K). 
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Table 1. Relative Gibbs free energies in toluene for models A–G of the ethylene dimerization, trimerization, and the formation of the 7- and also the 9-membered ring. All energies are in kcal/mol.
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	Model Catalyst
	A
	B
	C
	D
	E
	F
	G





	Active species
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0



	1
	−3.0
	−2.0
	−3.2
	−3.6
	−0.6
	2.1
	2.1



	2
	−1.6
	0.0
	2.2
	4.6
	7.3
	0.4
	5.3



	TS-2-3
	8.4
	10.4
	9.6
	12.1
	18.3
	10.4
	13.9



	3
	−9.4
	−7.7
	−9.4
	−7.8
	−6.9
	−3.8
	−3.1



	4
	−1.6
	0.2
	3.6
	1.2
	2.8
	0.8
	8.3



	TS-4-5
	15.5
	17.3
	17.4
	14.1
	20.0
	16.9
	9.2



	5
	−16.3
	−13.9
	−15.5
	−14.2
	−13.0
	−12.7
	−11.8



	TS-5-6
	4.3
	6.7
	5.5
	4.6
	10.2
	3.6
	6.9



	6
	−20.3
	−18.8
	−19.8
	−20.2
	−17.9
	−14.6
	−14.8



	7
	−7.2
	−3.2
	−5.0
	−0.2
	−2.7
	−5.9
	−1.6



	TS-7-8
	13.1
	15.0
	13.4
	16.8
	15.3
	14.0
	18.0



	8
	−21.0
	−18.9
	−19.5
	−18.3
	−17.9
	−18.2
	−16.1



	TS-3-9
	17.1
	20.8
	18.4
	16.1
	26.0
	15.7
	16.7



	9
	−13.3
	−12.5
	−13.8
	−13.4
	−11.5
	−8.1
	−7.5
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Table 2. Effect of substituents and metal (B, Al, Ga) of the pyrrole ligand on the dimerization and trimerization energies, and 7- and 9-membered ring formation energies. All energies are in kcal/mol.






Table 2. Effect of substituents and metal (B, Al, Ga) of the pyrrole ligand on the dimerization and trimerization energies, and 7- and 9-membered ring formation energies. All energies are in kcal/mol.





	Model Catalyst
	ETS-4-5-E3 a
	ETS-5-6-E5
	ETS-7-8-E5 b
	ETS-3-9-E3





	A
	24.9
	20.6
	29.4
	26.5



	B
	25.0
	20.6
	28.9
	28.5



	C
	26.8
	21.0
	28.9
	27.8



	D
	21.9
	18.8
	31.0
	23.9



	E
	26.9
	23.2
	28.3
	32.9



	F
	20.7
	16.3
	26.7
	19.5



	G
	12.3
	18.7
	29.8
	19.8



	H
	21.6
	15.8
	25.3
	24.7



	I
	18.8
	16.0
	24.1
	22.1



	J
	28.7
	22.4
	38.7
	25.6



	K
	15.1
	22.5
	31.2
	25.8







a Chromocycloheptane ring formation, b Chromocyclononane ring formation.
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Table 3. Relative Gibbs free energies in toluene for the models H-K, with model A for comparison, for the ethylene dimerization, trimerization, and formation of the 7- and also the 9-membered ring. All energies are in kcal/mol.






Table 3. Relative Gibbs free energies in toluene for the models H-K, with model A for comparison, for the ethylene dimerization, trimerization, and formation of the 7- and also the 9-membered ring. All energies are in kcal/mol.





	Model Catalyst
	A
	A *
	H
	I
	J
	K





	Active species
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0



	1
	−3.0
	−3.4
	−1.9
	−0.6
	5.2
	−3.1



	2
	−1.6
	−2.0
	−2.8
	−3.2
	16.6
	−0.1



	TS-2-3
	8.4
	8.0
	8.2
	7.2
	29.1
	9.9



	3
	−9.4
	−10.0
	−7.7
	−6.4
	−1.9
	−9.4



	4
	−1.6
	−1.9
	−2.8
	−4.2
	11.1
	0.8



	TS-4-5
	15.5
	15.2
	13.9
	12.4
	26.8
	14.3



	5
	−16.3
	−16.9
	−13.8
	−14.1
	−9.4
	−16.3



	TS-5-6
	4.3
	3.9
	2.0
	1.9
	13.0
	6.2



	6
	−20.3
	−20.9
	−18.9
	−18.2
	−11.8
	−20.4



	7
	−7.2
	−7.6
	−9.6
	−10.2
	11.3
	−5.7



	TS-7-8
	13.1
	12.7
	11.5
	10.0
	29.3
	14.9



	8
	−21.0
	−21.6
	−19.4
	−18.8
	−13.7
	−21.2



	TS-3-9
	17.1
	16.8
	17.0
	15.7
	23.7
	16.4



	9
	−13.3
	−13.8
	−12.2
	−11.1
	−5.8
	−13.3







* Data in methylcyclohexane.
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