Ion – reagent interactions contributing to ionic liquid solvent effects on a condensation reaction
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Abstract: Molecular dynamics simulations of solutions of hexan-1-amine or 4-methoxybenzaldehyde in acetonitrile, an ionic liquid / acetonitrile mixture (χIL = 0.2), and a number of different (neat) ionic liquids were performed, to further understand the solvent effects on the condensation reaction of these species. This work indicated that, in the presence of an ionic liquid, the amine group of hexan-1-amine is exclusively solvated by the components of the ionic liquid, and not by acetonitrile, and that the anion interacts with the aldehyde group of 4-methoxybenzaldehyde. These interactions showed little dependence on the proportion of the ionic liquid present.  When varying the cation of the ionic liquid there were changes in the cation – amine interaction, and 1‑butyl‑2,3‑dimethylimidazolium bis(trifluoromethanesulfonyl)imide ([Bm2im][N(CF3SO2)2]) was found to order more than expected about the amine.  This ordering is likely the origin of the large rate constant values determined in [Bm2im][N(CF3SO2)2] for this condensation reaction and explains an anomaly seen previously. When changing the anion, changes were seen in the interactions between both the cation and anion with hexan‑1‑amine, and the anion with 4‑methoxybenzaldehyde. The differing magnitude of these interactions likely causes subtle changes in the activation parameters for this condensation reaction, and provides an explanation for the anomalous rate constant values previously determined when varying the anion.
Introduction
Ionic liquids are salts that are molten at temperatures much lower than typical inorganic salts due to the bulky and charge diffuse ions that they are composed of.[1] These salts have numerous applications, including as: electrolytes in fuel cells and batteries;[2] lubricants;[3] media for capturing and storing carbon dioxide;[2b, 4] solvents for dissolving, processing and breaking down biomass;[5] and solvents for organic processes.[6]
The variety of anions and cations available leads to a vast number of possible cation – anion combinations, as well as an even greater number of mixtures that contain more than one cation and/or anion.[7] With such a broad range of ionic liquids and mixtures to choose from, it is essential to have a good understanding of which properties of the ionic liquid are desirable for the application of interest, so that the most effective ionic liquids can be rationally chosen in each case. 
In recent years there have been numerous experimental[6a, 6c, 8] and computational[6c, 9] studies investigating the solvent effects of ionic liquids, resulting in a significant increase in our understanding of these reaction media. It has become apparent that to predict the effect of a given ionic liquid on the outcome of a specific organic process, it is necessary to identify, and preferably quantify, the interactions between the ionic liquid components and the species along the reaction coordinate.[6c, 10]
Of particular interest here is the condensation reaction between hexan-1-amine 1 and 4-methoxybenzaldehyde 2 (Scheme 1), as the effect of ionic liquid solvents on this process has previously been examined through extensive kinetic studies.[11] The bimolecular rate constant (k2) was found to increase as the mole fraction of ionic liquid (χIL) in the reaction mixture with acetonitrile was increased, with the main increase in k2 occurring between χIL = 0 and χIL ca. 0.2 and only a gradual increase in k2 occurring between χIL ca. 0.2 and neat ionic liquid.[11] The increases in rate constant were found to be due to an interaction between the ionic liquid cation and the nitrogen lone pair of the amine 1. This interaction results in an increased enthalpy of activation relative to the acetonitrile case (an enthalpic cost). On moving to the transition state, where this interaction is broken, there is an increase in disorder in the system, which causes an increase in the entropy of activation relative to the acetonitrile case (an entropic benefit). The entropic benefit is larger than the enthalpic cost, causing an overall increase in the rate constant when using an ionic liquid solvent. Importantly, the increase in both the enthalpy and entropy of activation when using an ionic liquid solvent, relative to acetonitrile, indicate that ion – reagent interactions are more important than ion – transition state interactions for this condensation reaction.[11]
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Scheme 1: The condensation reaction between hexan-1-amine 1 and 4‑methoxybenxaldehyde 2 to give the imine 3.
Changing the constituent ions of the ionic liquid resulted in changes in the activation parameters, suggesting differences in the extent of interaction between the ionic liquid cation and the nucleophilic nitrogen centre on the amine 1. These changes could be rationalised using the structures of the ions present. However, the changes in k2 on changing the components of the ionic liquid did not necessarily follow the same trend, suggesting that more subtle interactions with other species along the reaction coordinate might be important.[11a, 11b] 
The focus of the present work is to identify and rationalise the different ion – reagent interactions that affect the condensation reaction between species 1 and 2 through a series of molecular dynamics simulations.[12] These studies involved examining the effects of both changing the amount of ionic liquid in the mixture with acetonitrile, as well as the effects that changing the constituent ions of the ionic liquid have on these ion – reagent interactions. It should be noted that due the difficulty in accurately modelling a transition state, simulations of the ion – transition state interactions have not been considered in this current work. However, considering the demonstrated impact that the ion – reagent interaction have on the kinetics of reaction between species 1 and 2,[11] such an analysis still provides valuable information.
Results and Discussion
Initially it is important to highlight that scaled charges were not used in this work, as determining the exact scaling factor to use is not straightforward and has been found to vary significantly between different cation – anion combinations.[10, 13] Additionally, scaling charges affects the determination of dynamic properties (such as self-diffusion coefficients) more than static properties (such as density).[10] As this work focused on the ordering of the ions about a solute, rather than the movement of species, it was anticipated that using the unscaled charges would be more appropriate and provides consistency between the simulations. The validity of such an approach is supported by the accurate density values we determined when using the unscaled charges; for example for the ionic liquid 4 (Figure 1) our calculated value of 1.425 is similar to the experimentally determined value of 1.436[8g] (see Supporting Information).
The Results and Discussion has been split into multiple sub-sections to make it easier to follow it, with each part aimed at using the computational work to answer a specific question raised in our previous experimental studies.

Why does the main increase in k2 occur by χIL of ca. 0.2 for the condensation reaction between hexan-1-amine 1 and 4‑methoxybenxaldehyde 2?
In previous kinetic studies on the condensation reaction between species 1 and 2, the main effect of an ionic liquid solvent was introduced once a χIL of ca. 0.2 was reached, with little change in the rate constant as more ionic liquid was added to the reaction mixture.[11] To understand the origin of this trend, molecular dynamics simulations of either hexan-1-amine 1 or 4‑methoxybenzaldehyde 2 in solutions containing various proportions of acetonitrile and the ionic liquid 1‑butyl‑3‑methylimidazolium bis(trifluoromethanesulfonyl)imide ([Bmim][N(CF3SO2)2], 4, Figure 1) were performed, specifically: i) acetonitrile; ii) a [Bmim][N(CF3SO2)2] 4  / acetonitrile mixture (χIL = 0.2) and iii) [Bmim][N(CF3SO2)2] 4.  Ionic liquid 4 was chosen as it is has been studied extensively as a solvent for this[8g, 8h, 11] and other[8a-f, 8i-m] reactions.
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Figure 1: The ionic liquid [Bmim][N(CF3SO2)2] 4.
The spatial distribution function (SDF)[14] for acetonitrile about hexan-1-amine 1 showed that the highest acetonitrile density was found about the amino group of species 1 (Figure 2, left). This organisation is consistent with the expectation that there would be a higher proportion of polar acetonitrile about the polar NH2 group of the amine 1 than about the non-polar alkyl chain. 
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Figure 2: Spatial distribution functions of different solvents about hexan-1-amine 1, considering the centre of mass for all species. Left: acetonitrile (particle density cutoff of 0.22 (max 0.27) nm-3). Middle: [Bmim][N(CF3SO2)2] 4 in acetonitrile (χIL = 0.2), [Bmim]+ cation (red, particle density cutoff of 1.30 (max 1.44) nm-3), [N(CF3SO2)2]- anion (blue, particle density cutoff of 1.40 (max 1.62) nm-3) and acetonitrile (green, particle density cutoff of 7.30 (max 8.33) nm-3). Right: [Bmim][N(CF3SO2)2] 4, [Bmim]+ cation (red, particle density cutoff of 2.45 (max 2.76) nm-3) and [N(CF3SO2)2]- anion (blue, particle density cutoff of 2.45 (max 2.73) nm-3).
The SDF for the [Bmim][N(CF3SO2)2] 4 / acetonitrile mixture (χIL = 0.2, Figure 2, middle) showed that the highest density of acetonitrile in this case is about the alkyl chain of species 1, and the [Bmim]+ and [N(CF3SO2)2]- ions solvate the amino group. This suggests that at χIL = 0.2 the acetonitrile – amine interaction present in the absence of ionic liquid 4 is replaced by the stronger ion – amine interaction; this is consistent with previous kinetic studies demonstrating that the acetonitrile – nucleophile 1 interaction is weaker and affects reaction outcome less than the stronger cation – nucleophile 1 interaction.[11a, 11b] There is also a degree of localisation of each of the ionic species about the amine group; the cation is near the lone pair on the nitrogen (an interaction that must be broken for reaction to occur), whilst the anion’s interaction is with the hydrogen centres (that does not require disruption as the reaction proceeds). When moving to neat [Bmim][N(CF3SO2)2] 4 the highest ion density was about the amino group of the species 1, although there was also a high density of [Bmim]+ about the alkyl chain (Figure 2, right, see also the Supporting Information). 
It is worthwhile to consider the changes in the distribution of ions as the proportion of the salt 4 in the reaction mixture is altered; these changes can be visualised using the RDFs, in particular those for the [Bmim]+ cation about the amino group of hexan-1-amine 1 (Figures 3 and S1). These data show that the first shell of the [Bmim]+ cation in both the χIL = 0.2 and neat [Bmim][N(CF3SO2)2] 4 cases lies at the same distance from the amine group (ca. 460 pm) . This information suggests that whilst the distribution of [Bmim]+ about the amine 1 is different for χIL = 0.2 and neat [Bmim][N(CF3SO2)2] 4, the key cation – amine interaction is comparable (the difference in overall distribution is represented here by the greater distinction between solvent shells in the mixture with the molecular solvent). As the ionic liquid effect on the reaction between species 1 and 2 can be considered in terms of the key cation – amine interaction, these data indicate that by χIL = 0.2 the maximum degree of this interaction is reached with the main increase in k2 occuring by χIL = 0.2.
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Figure 3: Radial distribution functions of the centre of mass of the cation to the NH2 group of hexan-1-amine 1 for [Bmim]+ in in the χIL = 0.2 mixture of [Bmim][N(CF3SO2)2] 4 and acetonitrile (orange) and for [Bmim]+ in [Bmim][N(CF3SO2)2] 4 (green).

Whilst the interaction of the cation has been implicated as the dominant contributor to the ionic liquid effects on the rate constant, the distribution of the [N(CF3SO2)2]- anion is an important contributor; the highest density of the anion is about the hydrogen atoms of the amino group for both the χIL = 0.2 and neat [Bmim][N(CF3SO2)2] 4 cases (Figure 2), with the extent of ordering comparable for both solvents. This similarity is mirrored in the peak distribution in the RDFs for the [N(CF3SO2)2]- anion about the amino group of hexan-1-amine 1 (Figure 4), with the maximum density of anions residing at ca. 470 pm from the NH2 group on species 1 in χIL = 0.2 and neat [Bmim][N(CF3SO2)2] 4.
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Figure 4: Radial distribution functions of the centre of mass of the anion to the NH2 group of hexan-1-amine 1 for [N(CF3SO2)2]- in in the χIL = 0.2 mixture of [Bmim][N(CF3SO2)2] 4 and acetonitrile (orange) and for [N(CF3SO2)2]- in [Bmim][N(CF3SO2)2] 4 (green).
When considering the ordering of the solvents about the aldehyde 2, the highest solvent density in acetonitrile was found about the methoxy group and above and below the plane of the aromatic ring (Figure 5, left), with no significant ordering about the aldehyde group. In the [Bmim][N(CF3SO2)2] 4 / acetonitrile mixture (χIL = 0.2), the acetonitrile resides above and below the aromatic ring of species 2 (Figure 5, middle), yet in neat [Bmim][N(CF3SO2)2] 4 this acetonitrile – π interaction is replaced by the [Bmim]+ cation – π interaction (Figure 5, right). Ordering of the cation about the aromatic system is consistent with previous work illustrating that component ions of ionic liquids interact with quadrupole moments of species with delocalized π systems.[15] This interaction is unlikely to significantly affect the rate constant for the reaction of species 1 and 2, as this interaction does not have to be disrupted on moving to the transition state (cf. nucelophilic aromatic substitution processes[8e, 8l, 16]).
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Figure 5: Spatial distribution functions of different solvents about
4-methoxybenzaldehyde 2, considering the centre of mass for all species. Left: acetonitrile (particle density cutoff of 1.25 (max 1.49) nm-3). Middle: [Bmim][N(CF3SO2)2] 4 in acetonitrile (χIL = 0.2), [Bmim]+ cation (red, particle density cutoff of 1.90 (max 2.35) nm-3), [N(CF3SO2)2]- anion (blue, particle density cutoff of 1.60 (max 1.93) nm-3) and acetonitrile (green, particle density cutoff of 7.70 (max 9.60) nm-3). Right: [Bmim][N(CF3SO2)2] 4, [Bmim]+ cation (red, particle density cutoff of 3.00 (max 4.01) nm-3) and [N(CF3SO2)2]- anion (blue particle, density cutoff of 3.00 (max 3.81) nm-3).
The key interaction between the anion of the salt 4 and the solute 2 is with the aldehyde group; this interaction is clearly visible in both χIL = 0.2 and neat [Bmim][N(CF3SO2)2] 4 (Figure 5) and there is little change between the two cases as shown by both this SDF data and associated RDF data (Figure 6, noting that the anion - aldehyde interaction is slightly stronger in neat [Bmim][N(CF3SO2)2] 4). As the SDF for acetonitrile suggests that there was little ordering of acetonitrile about the aldehyde group on species 2, it is possible that the grouping of the [N(CF3SO2)2]- anion about the aldehyde moiety is affecting reaction outcome. However, any effect of this interaction may be expected to decrease the reactivity of the substrate 2 (possibly through steric shielding or decreasing electrophilicity through donation of electron density) relative to the acetonitrile case. As this trend is not observed in the rate constant data, it is reasonable to assume that any effects of this interaction are less significant than that between the cation and the amine 1. 
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Figure 6: Radial distribution functions of the centre of mass of the anion to the OCH group of 4-methoxybenzaldehyde 2 for [N(CF3SO2)2]- in in the χIL = 0.2 mixture of [Bmim][N(CF3SO2)2] 4 and acetonitrile (orange) and for [N(CF3SO2)2]- in [Bmim][N(CF3SO2)2] 4 (green).
Consider now the question originally posed; the two main interactions that might be expected to affect the condensation reaction between hexan‑1‑amine 1 and 4‑methoxybenzaldehyde 2 (Scheme 1) have been identified as the ionic liquid cation – amine 1 and the ionic liquid anion – aldehyde 2 interactions (the former dominates and results in the rate enhancement). The molecular dynamics simulations show that these interactions are comparable in the χIL = 0.2 and neat [Bmim][N(CF3SO2)2] 4 solvents, which correlates with the minimal change in the solvent effects, and hence k2, when [Bmim][N(CF3SO2)2] 4 is used in concentrations above χIL = 0.2.

Can the ordering of the ions about hexan-1-amine 1 be used to explain the trend in k2 when changing the ionic liquid cation?[17]
In previous kinetic studies the trend of the rate constant enhancements could not be readily correlated with the structure of the cation in the ionic liquid solvent. In an effort to identify what structural features of the ionic liquid were important in determining the rate of reaction, the ordering of a series of ionic liquids in which the cation was varied about the solute hexan-1-amine 1 was considered. The series includes the previously introduced [Bmim][N(CF3SO2)2] 4, along with the ionic liquids 1‑butyl‑1‑methylpyrrolidinium bis(trifluoromethanesulfonyl)imide ([Bmpy][N(CF3SO2)2], 5) and 1-butyl-2,3-dimethylimidazolium bis(trifluoromethanesulfonyl)imide ([Bm2im][N(CF3SO2)2], 6) (Figure 7). 
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Figure 7: The ionic liquids [Bmpy][N(CF3SO2)2] 5, [Bmim][N(CF3SO2)2] 4 and [Bm2im][N(CF3SO2)2] 6.
The effects of each of the ionic liquids 4-6 on the reaction of species 1 and 2 have been examined previously,[11a] with the activation parameters decreasing on moving from the charge dense, [Bmpy]+-containing ionic liquid 5 to the more charge delocalized, [Bmim]+-based ionic liquid 4, and then further on going to the more sterically hindered [Bm2im]+ cation in the salt 6.[11a] However, the changes in k2 did not fit the expected trend of k2 (5) > k2 (4) > k2 (6), with k2 significantly larger than expected in [Bm2im][N(CF3SO2)2] 6 (k2 in the salt 6 was comparable to that determined in [Bmim][N(CF3SO2)2] 4). As such, the order of rate constant changes could not be directly related to the extent of cation-nucleophile 1 interaction as measured through activation parameters. This outcome suggests that there are subtle secondary microscopic interactions that contribute to the solvent effects of these ionic liquids on the outcome of the reaction of species 1 and 2.
Molecular dynamics simulations were carried out in the ionic liquids 4-6 as described above. The SDF for [Bmpy][N(CF3SO2)2] 5 about the amine 1 (Figure 8, left), shows that the highest density of the [Bmpy]+ cation is about the NH2 group, particularly the lone pair. This localisation is greater than in the ionic liquid 4 case (Figure 8, middle, reproduced from above), where [Bmim]+ also solvates the alkyl chain. The RDFs show that there is a diffuse shell of [Bmpy]+ close to the NH2 group on species 1 (initial cation density appears at ca. 170 pm) whilst the [Bmim]+ shell is more defined and further (initial cation density appears at ca. 250 pm, with the peak density at ca. 450 pm) from the NH2 group (Figure 9). This trend is consistent with a greater cation – amine 1 interaction in the salt 5 than in the salt 4, as suggested by kinetic studies.
The SDF for [Bm2im]+ about the solute 1, where methylation at C2 increases the steric hindrance about the cation, showed localisation of the cation about the NH2 group of the amine 1 with little ordering about the alkyl chain (Figure 8, right), similar to that observed for [Bmpy][N(CF3SO2)2] 5. This outcome is the opposite to that expected based on cation-amine 1 interactions determined using activation parameters.[18] However, the RDF (Figure 9) shows that the first solvent shell of [Bm2im]+ cations is well defined and lies further from the NH2 group (peak cation density at ca. 560 pm) than the first shell in the [Bmpy]+ and [Bmim]+ cases. This difference is likely due to the increased steric properties of the [Bm2im]+ cation.
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Figure 8: Spatial distribution functions of different solvents about hexan-1-amine 1, considering the centre of mass for all species. Left: [Bmpy][N(CF3SO2)2] 5, [Bmpy]+ cation (red, particle density cutoff of 2.20 (max 2.50) nm-3) and [N(CF3SO2)2]- anion (blue, particle density cutoff of 2.60 (max 3.01) nm-3). Middle: [Bmim][N(CF3SO2)2] 4 (reproduced from above), [Bmim]+ cation (red, particle density cutoff of 2.45 (max 2.76) nm-3) and [N(CF3SO2)2]- anion (blue particle, density cutoff of 2.45 (max 2.73) nm-3). Right: [Bm2im][N(CF3SO2)2] 6, [Bm2im]+ cation (red, particle density cutoff of 2.25 (max 2.43) nm-3) and [N(CF3SO2)2]- anion (blue, particle density cutoff of 2.25 (max 2.49) nm-3).
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Figure 9: Radial distribution functions of the centre of mass of the cation to the NH2 group of hexan-1-amine 1 for [Bmpy]+ in [Bmpy][N(CF3SO2)2] 5 (blue), [Bmim]+ in [Bmim][N(CF3SO2)2] 4 (red) and [Bm2im]+ in [Bm2im][N(CF3SO2)2] 6 (green).

A final point to consider is the ordering of [N(CF3SO2)2]- in the salts 4-6; for all cases the SDFs showed that the anion was localized about the NH2 group, particularly the acidic protons (Figure 8). The RDFs (Figure S4) show that the [N(CF3SO2)2]- anion in [Bmpy][N(CF3SO2)2] 5 had a minor solvent shell close to the NH2 group (ca. 200 pm), and the main solvent shell is at a similar distance from the NH2 group as that seen in the [Bmim][N(CF3SO2)2] 4 and [Bm2im][N(CF3SO2)2] 6 cases (ca. 460 pm). Whilst this may indicate specific anion-nucleophile interactions in the case of ionic liquid 5, these might be expected to decrease both activation barriers, in contrast to both the proposed cation‑nucleophile interaction and what is observed experimentally.[11a] Given this difference, it is reasonable to conclude that whilst the [N(CF3SO2)2]- – NH2 interaction is important, the cation – NH2 interaction is more significant. 
To understand the origin of the high k2 value determined in [Bm2im][N(CF3SO2)2] 6 for the reaction of species 1 and 2, compared to those values obtained in salts 4 and 5, both the previous experimental work,[11a] and the SDFs and RDFs presented here need to be considered. The RDF (Figure 9) shows that the cation of [Bm2im][N(CF3SO2)2] 6 is furthest from the NH2 group on species 1 (relative to the salts 4 and 5), as expected, however the SDF shows that the [Bm2im]+ cation is relatively localised about the NH2 group. This localisation suggests that there is a greater degree of ordering of the [Bm2im]+ cation about the NH2 group on the amine 1 than might be expected based solely on the RDF. In previous experimental work the activation enthalpies for the reaction of species 1 and 2 suggest that there is less cation – amine 1 interaction in [Bm2im][N(CF3SO2)2] 6 than in [Bmim][N(CF3SO2)2] 4, whilst the activation entropies are comparable (suggesting that the change in ordering on moving to the transition state is similar); this suggests that the magnitude of the cation – amine 1 interaction is weaker for [Bm2im]+, whilst the extent of ordering about the amino group of amine 1 is greater than expected.
Overall, both the experimental and computational work suggest that [Bm2im][N(CF3SO2)2] 6 has more localised ordering than expected, relative to [Bmim][N(CF3SO2)2] 4 and [Bmpy][N(CF3SO2)2] 5. This enhanced ordering of the salt 6 is supported by previous work, where the ordered nature of [Bm2im][N(CF3SO2)2] 6 is attributed to the movement of the ions being restricted by the high potential energy barriers for the different conformers,[18a] and a reduction in the number of stable ion-pair conformers (reducing the entropy relative to the salt 4).[18b, 18c] This ordering manifests as an increase in k2 in [Bm2im][N(CF3SO2)2] 6, relative to [Bmim][N(CF3SO2)2] 4, as such a degree of ordering results in an entropic benefit that is greater than would be expected based only on the magnitude of the cation – amine 1 interaction strength. This argument is consistent with the rationalisation of the solvent effect previously proposed in the experimental work.[11a]

Can the ordering of the ions about hexan-1-amine 1 be used to explain the trend in k2 when changing the ionic liquid anion?
Previous studies considered the reaction of species 1 and 2 in a series of ionic liquids with different anions; [Bmim][N(CF3SO2)2] 4, 1-butyl-3-methylimidazolium hexafluorophosphate ([Bmim][PF6], 7), 1-butyl-3-methylimidazolium tetrafluoroborate ([Bmim][BF4], 8) and 1-butyl-3-methylimidazolium iodide ([Bmim][I], 9) (Figure 10).[11a, 11b] The activation parameters decreased as the Kamlet-Taft hydrogen bond acceptor ability parameter (β) of the ionic liquid increased (7 ≈ 4 < 8 < 9). This order of activation parameters was attributed to the anion coordinating more strongly with the [Bmim]+ cation, reducing the extent of cation – nucleophile 1 interaction. 
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Figure 10: The ionic liquids [Bmim][PF6] 7, [Bmim][BF4] 8 and [Bmim][I] 9.
An anion – NH2 interaction was proposed to be present and needed to be taken into account; such an interaction would have the opposite effect on the activation parameters, offsetting the effects of the cation – nucleophile 1 interaction to some degree. Once again, whilst the activation parameters followed a clear trend as the anion was varied, the change in k2 was not as systematic.[11b] A particularly obvious outlier was [Bmim][PF6] 7; the activation parameters determined in this ionic liquid were comparable to [Bmim][N(CF3SO2)2] 4. However, k2 was significantly lower than expected in [Bmim][PF6] 7 (four times smaller than k2 when using the salt 4), with use of the ionic liquid 7 resulting in k2 values similar to those observed in acetonitrile.
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Figure 11: Spatial distribution functions of different solvents about hexan-1-amine 1, considering the centre of mass for all species. Left: [Bmim][PF6] 7, [Bmim]+ cation (red, particle density cutoff of 4.10 (max 4.73) nm-3) and [PF6]- anion (blue, particle density cutoff of 8.00 (max 11.08) nm-3). Middle: [Bmim][BF4] 8, [Bmim]+ cation (red, particle density cutoff of 3.50 (max 4.04) nm-3) and [BF4]- anion (blue, particle density cutoff of 4.80 (max 6.56) nm-3). Right: [Bmim][I] 9, [Bmim]+ cation (red, particle density cutoff of 3.50 (max 4.15) nm-3) and [I]- anion (blue, particle density cutoff of 7.00 (max 12.93) nm-3).
The SDF for each of the ionic liquids 7-9 about hexan-1-amine 1 (Figure 11) shows that [Bmim]+ orders about the lone pair on the NH2 group and about the alkyl chain, and the ionic liquid anion is localised about acidic hydrogen atoms on the NH2 group. These distributions are very similar to those discussed above for the salt 4 (see Figure 8). The RDFs for the [Bmim]+ cation about the amine 1 (Figure S8) show that [Bmim]+ in [Bmim][N(CF3SO2)2] 4 lies closest to the NH2 group (ca. 450 pm), whilst [Bmim]+ in [Bmim][PF6] 7, [Bmim][BF4] 8 and [Bmim][I] 9 lies further away (>500 pm).
The distance between the charged centre of the cation (the N-C-N atoms of the imidazolium ring) and the NH2 group of the amine 1 (Figure 12) can be considered as a measure of distribution, allowing inference of a greater degree of structural information. These results once again show that the cation of [Bmim][N(CF3SO2)2] 4 lies closest to the NH2 group (ca. 420 pm),  with [Bmim]+ in [Bmim][BF4] 8 and [Bmim][I] 9 lying further away. Interestingly, for [Bmim][PF6] 7 the NCN group of [Bmim]+ resides much further from the NH2 group than the other cases considered (ca. 760 pm). This variation might indicate a structural difference between the ionic liquids and suggests that the orientation of the cation – amine 1 interaction is different, with the amine interacting predominantly with the C2 proton in the case of salts 4, 8 and 9 but with the C4 and C5 protons in the case of salt 7.
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Figure 12: Radial distribution functions of the N-C-N atoms in the [Bmim]+ cation to the NH2 group of hexan-1-amine 1, for [Bmim]+ in [Bmim][N(CF3SO2)2] 4 (red), [Bmim]+ in [Bmim][PF6] 7 (black), [Bmim]+ in [Bmim][BF4] 8 (green) and [Bmim]+ in [Bmim][I] 9 (blue).
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Figure 13: Radial distribution functions of the centre of mass of the ionic liquid anion to the NH2 group of hexan-1-amine 1, for [N(CF3SO2)2]- in [Bmim][N(CF3SO2)2] 4 (red), [PF6]- in [Bmim][PF6] 7 (black), [BF4]- in [Bmim][BF4] 8 (green) and [I]- in [Bmim][I] 9 (blue).
As discussed earlier, it is also likely that an anion – amine 1 interaction affects the condensation reaction between species 1 and 2. The SDFs show that localisation of the anions about the NH2 group on species 1 is particularly pronounced for ionic liquids 7-9 (Figure 11). The corresponding RDFs (Figure 13) show that the first two anion shells for [Bmim][PF6] 7, [Bmim][BF4] 8 and [Bmim][I] 9 are at a similar distance from the NH2 group in the amine 1 (ca. 290 and 380 pm), with [N(CF3SO2)2]- in the salt 4 lying further away (ca. 460 pm). These data suggest that [N(CF3SO2)2]- interacts less with the acidic NH2 protons than [PF6]-, [BF4]- and [I]-. The localization of the anion from the ionic liquid 7 is particularly pronounced, suggesting that there is a very high density of the [PF6]- anion close to the NH2 group; this supports the idea that there is significantly different organisation of the components of the salt 7, as suggested by the data above (Figures 12 and 13). [Bmim][PF6] 7 has previously been proposed to be a highly ordered ionic liquid due to the ability of the [PF6]- anion to interact with multiple cations simultaneously.[19]
Overall, the molecular dynamics simulations provide insight into the origin of the changes in k2 when changing the ionic liquid anion for the reaction of species 1 and 2. Firstly, the SDF and corresponding RDFs (Figures 11, 12 and S8, respectively) show that the [Bmim]+ cation lies closest to the NH2 group of the amine 1 for [Bmim][N(CF3SO2)2] 4, relative to the salts 7-9; supporting the proposal that ionic liquids containing anions with lower hydrogen bond basicity allow the cation to interact more with the amine 1. The changes in cation – amine 1 distance for the ionic liquid 7-9, however, are not as pronounced as may be expected based on the differing β values of these salts. Further, an anion – NH2 interaction was identified, with the weakly coordinating [N(CF3SO2)2]- anion interacting least with the NH2 group on the amine 1.
Secondly, the [Bmim]+ in [Bmim][PF6] 7 was found to orient about the amine 1 in a different manner to that seen for the salts 4, 8 and 9. Additionally, the [PF6]- anion showed particularly pronounced ordering about the NH2 group of species 1. These significant differences in structuring of [Bmim][PF6] 7 about the amine 1 could contribute to the significantly lower k2 values observed experimentally for the reaction of species 1 and 2; however, this correlation is not clear, and hence other contributors to the change in reaction should be considered.

Do the changes in ordering of ions about
4-methoxybenzaldehyde 2 on varying the ionic liquid anion account for the low k2 value seen in [Bmim][PF6] 7?[20]
Given that organisation of the solvent about the nucleophile 1 might not necessarily explain the trend in rate constants for the reaction of species 1 and 2 in each of the salts 4 and 7-9, the ordering of the ions about 4‑methoxybenzaldehyde 2 (Figure 14) is the next obvious candidate. The SDFs for [Bmim][N(CF3SO2)2] 4 and [Bmim][I] 9 about species 2 show that the highest cation density is above and below the aromatic ring and about the methoxy group, with no significant ordering of [Bmim]+ about the aldehyde moiety. For [Bmim][PF6] 7 there is similar ordering of the [Bmim]+ cation, although it is less defined, and there is a degree of ordering of [Bmim]+ about the aldehyde group of species 2, once again suggesting a structural difference between the ionic liquids. These data suggest that for [Bmim][PF6] 7, a cation – aldehyde 2 interaction may contribute to the solvent effects on the condensation reaction between species 1 and 2. The RDFs for the cation about the aldehyde moiety of species 2 show that the first shell of [Bmim]+ in [Bmim][PF6] 7 lies closer to the aldehyde group of species 2 (ca. 380 pm), than that seen for [Bmim][N(CF3SO2)2] 4 (ca. 480 pm), and [Bmim][I] 9 (ca. 490 pm, Figure 15). The RDFs for the distance between the charged centre of the cation (N-C-N in the imidazolium ring) and the aldehyde group show a similar trend (Figure S9, noting that the inversion of orientation of the cation is clear, though not as pronounced as seen above).


[image: ]
Figure 14: Spatial distribution functions of different solvents about
4-methoxybenzaldehyde 2, considering the centre of mass for all species. Left: [Bmim][N(CF3SO2)2] 5, [Bmim]+ cation (red, particle density cutoff of 3.00 (max 4.01) nm-3) and [N (CF3SO2)2]- anion (blue particle, density cutoff of 3.00 (max 3.81) nm-3). Middle: [Bmim][PF6] 7, [Bmim]+ cation (red, particle density cutoff of 4.50 (max 7.56) nm-3) and [PF6]- anion (blue, particle density cutoff of 7.50 (max 15.18) nm-3). Right: [Bmim][I] 9, [Bmim]+ cation (red, particle density cutoff of 4.00 (max 4.95) nm-3) and [I]- anion (blue, particle density cutoff of 6.00 (max 13.38) nm-3).
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Figure 15: Radial distribution functions of the centre of mass of the cation to the OCH group of 4-methoxybenzaldehyde 2 for [Bmim]+ in [Bmim][N(CF3SO2)2] 4 (red), [Bmim]+ in [Bmim][PF6] 7 (black) and [Bmim]+ in [Bmim][I] 9 (blue).

When considering the ordering of the anions about species 2, in [Bmim][N(CF3SO2)2] 4 the highest density of [N(CF3SO2)2]- is about the equatorial region of the aromatic ring, and near the methoxy and aldehyde groups, with this anion structuring more pronounced for [Bmim][I] 9 (Figure 14). The ordering of [PF6]- in the salt 7 is much less defined than that seen for the anion of salts 4 and 9. Interestingly, for all of ionic liquids 4, 7 and 9 there is grouping of the anion about the aldehyde group of species 2. The RDFs (Figure 16) show that the [PF6]- anion has a particularly pronounced solvent shell that lies close to the aldehyde moiety in species 2 (ca. 360 pm), whereas the [N(CF3SO2)2]- anion resides significantly further from the aldehyde group (ca. 570 pm). This difference in anion – aldehyde interaction was not expected as the [PF6]-- and [N(CF3SO2)2]-- containing ionic liquids have similar β values.[21]
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Figure 16: Radial distribution functions of the centre of mass of the anion to the OCH group of 4-methoxybenzaldehyde 2 for [N(CF3SO2)2]- in [Bmim][N(CF3SO2)2] 4 (red), [PF6]- in [Bmim][PF6] 7 (black) and [I]- in [Bmim][I] 9 (blue).

Returning to the question originally posed, the molecular dynamics simulations indicate that there is a greater anion – aldehyde interaction observed in [Bmim][PF6] 7, relative to [Bmim][N(CF3SO2)2] 4; this could account for the low k2 values observed in the salt 7 for the reaction of species 1 and 2. As this anion – aldehyde interaction will likely deactivate the aldehyde 2 towards nucleophilic attack, it is reasonable to suggest that the greater this interaction is, the more the enthalpy of activation will be increased, thus reducing the rate constant in the salt 7.
Conclusions
The molecular dynamics simulations presented in this work have provided insight into the origin of the ionic liquid solvent effects on the condensation reaction between hexan-1-amine 1 and 4‑methoxybenzaldehyde 2. In particular, these simulations have allowed us to answer some unresolved questions that were raised in our previous kinetic analyses on this reaction. Firstly, the molecular dynamics simulations indicate that the ordering of the cation – NH2 and anion – NH2 interactions are comparable for χIL = 0.2 and neat [Bmim][N(CF3SO2)2] 4. This similarity suggests that the main effect of these interactions is introduced by χIL = 0.2, which explains why the main changes in k2 for the reaction of species 1 and 2 occurs between χIL = 0 and χIL = 0.2.
Differences in ordering of the ionic liquid components about hexan-1-amine 1 could also explain the trend in k2 when varying the cation, including the origin of the anomalous rate constant determined in [Bm2im][N(CF3SO2)2] 6. The molecular dynamics simulations indicated that the [Bm2im]+ cation is more localised about the NH2 group on the amine 1 than would be expected based solely on RDF data (where the trend in cation – NH2 distance is in line with [Bm2im]+ being more sterically crowded than [Bmim]+). In concert with other data, this result suggests that [Bm2im][N(CF3SO2)2] 6 is more ordered than [Bmim][N(CF3SO2)2] 4 and [Bmpy][N(CF3SO2)2] 5. As such, it is proposed that this high degree of ordering in the salt 6 is the origin of the high k2 values for the reaction of species 1 and 2 determined previously, due to a greater entropic effect.
The origin of the changes in k2 when changing the ionic liquid anion and, in particular, the cause of the significantly lower rate constant determined in [Bmim][PF6] 7 than the other ionic liquids considered, is rationalised through the variety of interactions that contribute to the outcome of the reaction between species 1 and 2 when changing the ionic liquid anion. The SDFs show that both the anion and cation interact with hexan-1-amine 1, whilst there is additionally a significant anion – aldehyde 2 interaction. This complex interplay of different interactions could explain the lack of correlation between the Kamlet-Taft β value of the ionic liquid and the k2 value, as subtle changes in each interaction can affect k2. Interestingly, for all the identified interactions, [Bmim][PF6] 7 exhibited different ordering than the other ionic liquids considered. For example, [Bmim]+ in [Bmim][PF6] 7 has a different orientation about the NH2 group on the amine 1 and the [PF6]- anion showed particularly pronounced ordering about this species, compared to that seen for the salts 4, 8 and 9. Of particular importance was the pronounced anion – aldehyde 2 interaction observed in [Bmim][PF6] 7; as this interaction would deactivate the aldehyde 2 towards nucleophilic attack, it is speculated that this [PF6]- – aldehyde 2 interaction contributes to the lower k2 values determined in the salt 7.  
Overall, this work has demonstrated that molecular dynamics simulations can provide microscopic explanations for exceptions to structure-reactivity correlations determined experimentally, highlighting that a combined computational‑experimental approach is key to understanding complex solvent effects. The valuable information gained in this work further contributes to the developing model for predicting the effect that ionic liquid solvents have on the outcome of organic reactions. 
Experimental Section
The molecular geometries of all species (individual species of both the reagents and the ions) were calculated using Density Function Theory (DFT) calculations in Gaussian 09[22]  using the B3LYP functional and the 6-31G(d) basis set, with all geometries confirmed to be minima that exhibited no imaginary vibrational frequencies. The partial atomic charges for the optimised structures were determined using the Moller Plesset 2 (MP2) level of theory and the 6-311+G(d,p) basis set, with the Restrained Electrostatic Potentials (RESP) calculated using the ChelpG methodology (see Supporting Information), and these RESP charges were used in the force fields (see below). The initial disordered configuration for the molecular dynamics simulations were generated using these optimised structures in Aten.[23] Specifically, these disordered boxes were created by placing the solvent species (ions and/or acetonitrile) and the solute molecule (either species 1 or 2) in a box and a random distribution of all species was generated using Aten. For the ionic liquid simulations, the simulation box contained 256 ion pairs and 1 solute molecule, whilst the acetonitrile simulation boxes contained 512 acetonitrile molecules and 1 solute molecule. For the ionic liquid/acetonitrile mixture the simulation box contained 85 ion pairs, 341 acetonitrile molecules and 1 solute molecule, giving χIL = 0.199. All simulation boxes were initially set to 50 Å, which was allowed to equilibrate to the appropriate box volume for each case. For the ionic liquid components the CL&P[24] force field parameters were used, and for the molecular species the OPLS-AA[25] force field parameters were used. For each case, the partial changes in the force field were not used, and were replaced by the calculated ChelpG RESP charges.
	The molecular dynamics simulations were performed in DL_POLY Classic 1.9, using cubic periodic boundary conditions with the short-range and long-range cutoffs set to 12.0 Å and an Ewald precision of 10-6, and the configurations were initially minimised at 0 K. A series of equilibration runs were performed with the pressure of the system minimised first using the NVT ensemble with the Nose-Hoover thermostat[26] with increasing step size, starting from a step size of 2 x 10-5 fs. This process was followed by volume minimisation using the NPT ensemble with the Berendsen thermostat.[27] Once equilibrated, the final molecular dynamics simulation was performed at 400 K using a timestep of 2 fs and 3 000 000 steps (6 ns trajectory). The trajectory data was processed using Travis,[28] with the spatial distribution functions (SDFs) visualised in Aten[23] and the radial distribution function (RDFs) plotted using Microsoft Excel.
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	Molecular dynamics simulations provided insight into the microscopic origin of the solvent effects of ionic liquids on a condensation reaction. The results allowed key questions about trends in previously determined rate constants to be answered, providing explanations to some anomalies that couldn't be rationalized using experimental studies alone
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