
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Organic &
 Biomolecular 
Chemistry

www.rsc.org/obc

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal Name RSCPublishing 

ARTICLE 

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 1  

Cite this: DOI: 10.1039/x0xx00000x 

Received 00th January 2012, 

Accepted 00th January 2012 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Ionic liquid effects on a multistep process.  Increased 

product formation due to enhancement of all steps† 
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a
 and Jason B.  Harper

a,
*  

The reaction of a series of substituted benzaldehydes with hexylamine was examined in 

acetonitrile and an ionic liquid.  In acetonitrile, as the electron withdrawing nature of the 

substituent increases, the overall addition-elimination process becomes faster as does the 

build-up of the aminol intermediate. Under equivalent conditions in an ionic liquid, less 

intermediate build up is observed, and the effect on the rate on varying the substituent is 

different to that in acetonitrile.  Extensive kinetic analysis shows that the ionic liquid solvent 

increases the rate constant of all steps of the reaction, resulting in faster product formation 

relative to acetonitrile; these effects increase with the proportion of ionic liquid in the reaction 

mixture.  Differences in the equilibrium position of the addition step in the ionic liquid were 

found to account for both the decrease in intermediate build up relative to acetonitrile, as well 

as the differing trend in the overall rate of product formation as the substituent was changed.  

The microscopic origins of these ionic liquid effects were probed through temperature 

dependent analyses, highlighting the subtle balance of interactions between the ionic liquid and 

species along the reaction coordinate, particularly the importance of charge development in the 

transition state. 

 

Introduction 

There is a continually growing library of synthetic procedures 

available to chemists allowing many chemical transformations 

to be performed, although many of these methods are not 

without their drawbacks with a number of synthetic routes 

requiring elevated temperatures and prolonged periods of time 

to proceed.  There are many different approaches to optimizing 

a specific transformation, such as catalysis,1, 2 and irradiation,3 

yet the use of solvents to control reaction outcome is an 

interesting alternative.4  

 Ionic liquids, salts that are molten below 100°C,5, 6 have 

become of interest as solvents due to a number of attractive 

properties, including low vapour pressure7-9 and low 

flammability,9 compared to traditional molecular solvents.  The 

extensive range of anions and cations available allows for 

tailor-made ionic liquids to be prepared, with specific physical 

and chemical properties obtained by simply varying the ion 

combination used; this makes them promising candidates as 

designer solvents.10, 11  Further, it has been widely demonstrated 

that ionic liquids can affect reaction outcomes differently to 

organic solvents, with many reactions proceeding more readily 

and/or more selectively in ionic liquids.12-22  Despite this, the 

lack of understanding of these solvents is inhibiting their more 

widespread application, and hence a more thorough 

understanding of this reaction medium is of interest to all 

chemists, so the full potential of ionic liquids can be realized.    

 There has been much experimental10, 12 and computational 

work23-27 that has sought to understand the microscopic origin 

of changes in the rate and the selectivity of organic processes in 

an ionic liquid, compared to molecular solvents.  By 

systematically examining a number of well-understood organic 

processes, our group has been developing a set of principles 

that can be used to predict ionic liquid effects on organic 

reaction outcomes;4, 28-39 this work has mainly focused on the 

effect of the solvent on reaction rate and product selectivity.  In 

much of this work, entropic effects have dominated the changes 

in reaction outcome seen, with differences in the extent to 

which the ionic liquid solvates the reagents and the transition 

state driving the changes in reaction outcome observed.  The 

body of work that has emerged in this area over recent years is 

beginning to shape our understanding of ionic liquid solvent 

effects, and will allow ionic liquids to be chosen and utilized 

more rationally in organic synthesis, although there is still 

much more work that needs to be done.  

 One aspect that has yet to be thoroughly examined is the 

effect that changing a substituent on a reactant has on the ionic 

liquid solvent effects; that is, how the rate of a reaction changes 

as the electronic perturbing ability of the substituent is varied, 

including whether a mechanism or rate-determining step 

change occurs. In molecular solvents, since the pioneering work 

of Hammett,40, 41 substituent effects are generally well 

understood; it is relatively ‘easy’ to predict the substituent 

Page 1 of 11 Organic & Biomolecular Chemistry

O
rg

an
ic

&
B

io
m

ol
ec

ul
ar

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

effects if there is a good understanding of the reaction 

mechanism, allowing specific substituents to be chosen to alter 

reaction outcome in a desired manner.42, 43  It is also well 

known that changing the solvent can alter the substituent 

effects,42, 43 hence it would be interesting to examine if this 

might be exploited in ionic liquids as a different solvent may 

allow access to different substituent effects than those seen in 

typical molecular solvents.  

 There have been few previous studies that have examined 

substituent effects in ionic liquids, with the two principal 

investigations focusing on the Menschutkin reaction.31, 44 Both 

studies found that in molecular solvents the Hammett plot was 

non-linear due to a shift from a ‘tight’ or 'closed' transition state 

(i.e. the extent of bond formation and bond breaking are 

comparable) for electron withdrawing groups to more of a 

‘loose’ or 'open' transition state (i.e. the extent of bond breaking 

is greater than the extent of bond formation) for electron 

donating groups.  When using the ionic liquid 1-butyl-3-

methylimidazolium bis(trifluoromethanesulfonyl)imide 

([Bmim][N(CF3SO2)2], 1) both investigations found that the 

ionic liquid behaved in a similar fashion to molecular solvents, 

although the extent of bond breaking in the transition state, and 

hence positive charge development, was found to be greater in 

the ionic liquid.31, 44  

 

 

 Another interesting approach is to investigate how Ka values 

of species vary between molecular and ionic solvents.45-47 

Pioneering work in this area has appeared in recent years where 

the relationship between Ka values and the substituents 

electronic perturbing ability was investigated;47, 48 the linear 

relationship between pKa values and σp for a range of 

substituted benzoic acids in [Bmim][N(CF3SO2)2]  1 (and other 

ionic solvents)47 suggests that the existing substituent 

parameters remain valid in ionic liquids.  However, it has been 

proposed that the ionic liquid cation is capable of enhancing the 

electron withdrawing ability of substituents that have 

significant resonance character, a phenomenon known as 

Cation-Solvation-Assisted-Resonance.48  This highlights that it 

may be necessary to modify the extent to which the resonance 

and inductive character of a substituent contributes to the 

overall substituent parameters when using ionic liquids.   

 Previous work36, 39 on the condensation of benzaldehyde 2a 

and hexan-1-amine 3 (Scheme 1) found that there was an 

increased rate constant for the rate-determining addition step 

when using an ionic liquid instead of acetonitrile.  It was found 

that the critical interaction was between the ionic liquid cation 

and the nitrogen lone pair on the nucleophile 3, as on moving to 

the transition state there was an increase in disorder in the 

system, resulting in an entropically driven rate increase.  

 This manuscript describes efforts to extend this 

understanding and examines the effect of varying the para 

substituent on the electrophilic reagent (benzaldehydes 2a-f).  

This was carried out in order to examine the substituents effects 

of this two-step process to determine whether the fundamental 

understanding of substituent effects derived in molecular 

solvents can be applied in an ionic liquid.  Consideration of the 

substituent effects was anticipated to also provide valuable 

insight into whether there are any changes in the reaction 

mechanism or rate-determining step between the different 

solvent types, which will contribute to the developing 

understanding of ionic liquid solvent effects. 

  Initially described are the outcome of the reactions in 

acetonitrile, and then in mixtures of the commonly used ionic 

liquid [Bmim][N(CF3SO2)2] 1 in acetonitrile to determine if the 

substituent effects are dependent on the proportion of ionic 

liquid in the reaction mixture.  It is also of particular interest to 

examine the effect of the ionic liquid 1 on the elimination step, 

as this was not able to be determined previously.36, 39  The ionic 

liquid solvent effects on elimination processes are not yet 

completely understood, with only a few examples in the 

literature.21, 28, 49-52  Hence, a thorough investigation of the 

effect of the ionic liquid on the outcome of the elimination 

process is an additional point of interest. 

 Scheme 1: The condensation of benzaldehydes 2 with the amine 3, which first undergoes addition to give the intermediate aminols 4 and then eliminates water to 

give the product imines 5.  
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Experimental 

Benzaldehydes 2a-f and hexan-1-amine 3 were all 

commercially available, and were either distilled (species 2a-c, 

2e and 3) or sublimed (species 2d and 2f) under reduced 

pressure then stored at 253 K prior to use.  Analytical grade 

deuterated acetonitrile was dried over molecular sieves for at 

least 48 h before use.  The ionic liquid 1 was prepared 

according to literature methods:53, 54 1-methylimiazole was 

treated with butyl bromide to afford the intermediate bromide 

salt ([Bmim][Br]), followed by salt metathesis with lithium 

bis(trifluoromethanesulfonyl)imide to give 

[Bmim][N(CF3SO2)2] 1.  The ionic liquid 1 was dried to 

constant weight at 70°C under reduced pressure immediately 

before use, and was found to have <0.1% water using Karl 

Fischer titration methodology and contained <0.1 mol% 

residual halide by ion chromatography.   

 Reaction progress was monitored using 1H NMR 

spectroscopy on either a Bruker Avance III 400, Bruker Avance 

III 500 or Bruker Avance III 600 spectrometer with either a 

BBFO or TBI probe using ca. 0.5 mL of reaction mixture 

(details below) in a 5 mm NMR tube.  Results were shown to 

be reproducible between the different spectrometers. 

 Kinetic analyses were carried out in solutions containing the 

benzaldehyde 2 of interest (ca. 0.02 mol L-1) and the amine 3 

(ca. 0.25 mol L-1) at a given temperature and specific mole 

fraction of the ionic liquid, with the remaining solvent being 

made up by deuterated acetonitrile.  NMR samples containing 

both the benzaldehyde 2 and amine 3 and the solvent mixture 

were prepared, and these samples were stored in liquid nitrogen 

to halt the reaction prior to analysis.   

 In each case the reaction was monitored in situ until more 

than 95% of the benzaldehyde 2 was consumed, with the 

spectrometer set to the desired temperature for the duration of 

the reaction, and all kinetic analyses were performed in 

triplicate.  NMR spectra were processed using either the Bruker 

TOPSPIN 1.3 software or the MestReNova 7.1.1 software.  For 

the 4-methylbenzaldehyde 2b cases, where no intermediate 

build up was detected, the pseudo-first order rate constants for 

the reactions were calculated using integrations of the aldehyde 

signal in the starting material 2 at δ ca. 10.0, obtained from the 

processed 1H NMR spectra, by fitting the natural logarithm of 

the integrations to a linear function using the Microsoft Excel 

14.4.3 LINEST function.  Bimolecular rate constants (k2,A) 

were obtained from the pseudo-first order constants by dividing 

by the initial amine 3 concentration in the reaction mixture.  

Where appropriate, the activation parameters were then 

determined through fitting the obtained data using the 

Microsoft Excel 14.4.3 LINEST function to the bimolecular 

Eyring equation31, 55 (Equation 1). 

�� � �2,�ℎ�	
�2
� = ∆�

‡


 − ∆�
‡


� 															(1) 

 For aldehydes 2d-f, where intermediate build-up was 

detected, integrations of the aldehyde signal in the starting 

material 2 at δ ca. 10, the corresponding proton in the 

intermediate 4 at δ ca. 5 and the imine proton in the product 5 

at δ ca. 8.5 were obtained from the processed 1H NMR spectra.  

This data was then numerically integrated (fourth-order Runge-

Kutta) to fit the mechanism outlined in Scheme 2 using the 

SOLVE function in Microsoft Excel 14.4.3 to optimize the rate 

constants.  This allowed determination of the unimolecular rate 

constants for the elimination step (k1,E) and the reverse of the 

addition process (k-1,A), and the pseudo-first order rate constant 

for the (forward) addition step (k1,A) which was then converted 

to the bimolecular rate constant (k2,A) by dividing by the initial 

amine 3 concentration in the reaction mixture.  For the 

elimination step the activation parameters were determined 

using the unimolecular Eyring equation (Equation 2).55 

 
Scheme 2: Mechanism to which the kinetic data was numerically integrated in 

cases where intermediate build-up was detected. 

�� ��1,�ℎ�	�
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� 															(2) 

 Tables containing the exact mole fractions of ionic liquid 1 

used in the reaction mixture, amine 3 concentrations, 

temperature and rate constants for all the systems described 

below can be found in the Electronic Supporting Information. 

Results and discussion 

 Before discussing the effects of substituents on the 

electrophile on the reaction shown in Scheme 1, it is necessary 

to discuss how the mechanism of the reaction influences 

analysis of the kinetic data.  The condensation of each of the 

benzaldehydes 2a-f with the amine 3 proceeds through an 

addition-elimination mechanism (Scheme 1); there is initial 

nucleophilic attack of the amine 3 onto the carbonyl of the 

benzaldehyde 2 and proton transfer to give the intermediate 

aminol 4; this has been found to proceed either via a concerted 

mechanism in the gas phase,56 or through a stepwise process in 

aqueous solutions.57  When performed in organic solvents, 

experimental work suggests that there is significant charge 

development in the transition state, which is consistent with 

either the concerted or stepwise mechanism.58  This addition 

step is then followed by the subsequent elimination of water 

from the aminol 4 to give the product 5.  The apparent 

bimolecular rate constant (k2,app) for this two step process (that 

is, the rate constant of product formation) will depend on the 

rate constant of both the addition (k2,A) and elimination (k1,E) 

processes, as well the rate constant for the reverse of the 

addition process (k-1,A), as shown in Equation 3. 

�2,app = ��,� 	× 	��,����,� + ��,� 															(3) 
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 Previous work on the unsubstituted36 and methoxy 

substituted36, 39 benzaldehydes 2c and 2a, respectively, found 

that for all the cases considered (different temperatures and 

different proportions of acetonitrile in a number ionic liquids) 

no build up of the intermediate 4 was ever detected.  This 

indicated that the elimination step was significantly faster than 

the addition step, and hence that the addition step was 

rate-determining.  This was unsurprising for these aldehydes as 

they bear an electron-donating group, which will deactivate 

them towards nucleophilic attack.   

 This previous work made an assumption that the bulk of any 

aminol 4 formed was converted to product 5 rather than 

reverting to starting material 2; that is k-1,A << k1,E.  This 

assumption was supported by the fact that for all systems 

considered (more than 25 solvent mixtures of 10 different ionic 

liquids) the apparent rate constant (k2,app) data produced linear 

Eyring plots.  This could be due to the value k-1,A / k1,E being 

constant over the range of temperatures considered, and hence 

both the reverse addition and elimination processes have the 

same activation parameters in all solvent systems though it is 

considered that this is unlikely.  Alternatively, a linear Eyring 

plot suggests that k-1,A is negligible compared to k1,E and that 

therefore k2,app = k2,A for aldehydes 2a and 2c (see Equation 3).  

The validity of this assumption will be further reinforced in the 

subsequent discussions on the Hammett relationships. 

 One of the main conclusions from the previous 

investigations on benzaldehydes 2a36, 39 and 2c36 was that the 

use of an ionic liquid accelerated the reaction due to an 

entropically favourable interaction between the cation of the 

ionic liquid and the nucleophilic nitrogen centre on the amine 3.  

It is important to note that the cation – nucleophile interaction 

also resulted in an enthalpic cost relative to the reaction in 

acetonitrile, yet the entropic benefit was more significant.  In 

that work it was only possible to examine the addition process, 

as the elimination step was significantly faster than addition.  

Hence it was of interest to investigate the aldehydes 2b and 

2d-f, firstly to examine the substituent effects on the process in 

acetonitrile and the ionic liquid 1, as well as a number of 

mixtures of acetonitrile and [Bmim][N(CF3SO2)2] 1 and, 

secondly, to attempt to monitor the second step of the reaction 

to allow the effects of the ionic liquid 1 on the elimination 

process to be examined.  It was anticipated that increasing the 

electron withdrawing ability of the para substituent (σp) would 

further remove electron density from the electrophilic carbon, 

activating it and hence increasing k2,A.  It was hoped that this 

increase in the rate constant of the addition step would result in 

k2,A no longer being significantly smaller than k1,E, leading to 

intermediate build-up and hence allowing k1,E to be determined. 

  Initially the reaction between the benzaldehydes 2 and 

hexan-1-amine 3 was monitored in acetonitrile; unsurprisingly 

for the methyl substituted aldehyde 2b, which has a substituent 

with a σp value intermediate to that of the substituents on 

substrates 2a and 2c, no intermediate build up was observed.  

Interestingly, for aldehydes 2d-f, containing an electron 

withdrawing group, significant build up of the intermediate 

aminol 4 was observed, allowing k2,A, k-1,A and k1,E to be 

determined (Table 1); importantly, for these cases k-1,A was 

found to be non-negligible when compared to k1,E.  Firstly the 

substituent effects of the addition step will be discussed, and 

then the importance of k-1,A for the different substituents will be 

considered further. 

 As the data in Table 1 shows, as the σp value of the 

substituent on the aldehyde substrate 2 was increased, there was 

an increase in the rate constant of the addition step (k2,A).  The 

Hammett plot of k2,A (Figure 1) is linear (R2 = 0.985), with 

gradient (or reaction constant, ρ) = 2.92 ± 0.09 indicating that 

this addition step is very susceptible to the electronic nature of 

the substituent.  Such a large and positive ρ value suggests that 

there is a flow of electrons towards the aromatic ring when 

moving to the transition state.  This trend is exactly as would be 

expected for this reaction type, and is consistent with related 

nucleophilic additions to carbonyl groups.59, 60  It should be 

noted that it is feasible to separately fit the rate constants for σp 

≤ 0 and σp > 0, and this results in large, positive ρ values for 

both fits (ρ = 3.19 ± 0.12 and ρ = 2.17 ± 0.06, respectively, 

Figure S9).  A decreased reaction constant at higher σp could 

suggest that there is a shift from an open transition state for σp ≤ 

0 to a more closed transition state for σp > 0. 

Table 1: The rate constants for the reaction between the substituted 

benzaldehydes 2 and hexan-1-amine 3 in acetonitrile at 281 K for the 

addition step (k2,A) and, where possible, for the reverse addition process (k-

1,A), the addition equilibrium position (KA),  elimination rate constant (k1,E) 

and the overall rate constant of reaction (k2,app =  (k2,A× k1,E)/(k-1,A + k1,E)).  

Uncertainties quoted represent the standard deviation of three replicates. 

Substituent k2,A / 10-3 L 

mol-1 s-1 

k-1 A  

/ 10-3 s-1 

KA / L 

mol-1 

k1,E  

/ 10-3 s-1 

k2,app  
/  10-3 L mol-1 

s-1 

2a R = MeO36, 39  0.13 ± 0.02 a a a 0.13 ± 0.02 
2b R = Mea 0.27 ± 0.03 a a a 0.27 ± 0.03 

2c R = H36 0.75 ± 0.06b b b 7.51 ± 0.07b 0.75 ± 0.06 

2d R = Cl 6.74 ± 0.03 7.51 ± 0.11 0.9 ± 0.1 1.73 ± 0.10 1.26 ± 0.12 
2e R = CF3 33.0 ± 0.9 8.21 ± 0.23 4.0 ± 0.2 0.60 ± 0.05 2.26 ± 0.21 

2f R = NO2  98.6 ± 5.4 7.03 ± 0.67  11.7 ± 1.2  0.24 ± 0.03 3.23 ± 0.35 

a As the addition step was rate determining, no formation of the intermediate 
was detected using NMR spectroscopy so only k2,A could be determined.        
b k1,E could be determined using a greatly increased nucleophile concentration 

([3] = 2.5 mol L-1), yet under these conditions k2,A was too fast to be 
accurately measured and hence k-1,A

  and KA were unable to be determined.  

k2,A was determined from a different set of experiments using a lower  

nucleophile concentration. 

 The linearity of the fit in Figure 1 is particularly important 

in the context of the earlier discussion suggesting that for 

aldehydes bearing an electron donating group k-1,A << k1,E.  The 

data in Table 1 and Figure 1 assumes that k-1,A is negligible for 

aldehydes 2a-c where σp ≤ 0, but not for aldehydes 2d-f with σp 

> 0 where intermediate build up was readily observed; the 

values of k-1,A for these cases were determined from fitting as 

described in the Experimental section.  This linear correlation 

yielding a ρ value as would be expected further reinforces the 

validity of the assumptions made, and indicates that for 

substrates bearing a para substituent with σp ≤ 0, k-1,A is not 

kinetically significant, and that for electron withdrawing 

substituents the value of k-1,A becomes kinetically significant.  It 

is also important to highlight that during the fitting it was noted  
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Figure 1: Hammett plot of the second order rate constant for the addition step 

(k2,A) of the reaction between benzaldehydes 2a-f and the amine 3 in acetonitrile 

at 281 K.  Uncertainties are reported as the standard deviation of three 

replicates. 

that k1,E was not sensitive to the values of k-1,A, hence the 

assumptions discussed above are only relevant for k2,A. 

 It is also of interest to examine the activation parameters of 

the addition step in acetonitrile, as these values will be 

compared to those determined in the ionic liquid 1 subsequently 

to determine the origin of any ionic liquid solvent effect.  The 

activation parameters for the chloro substrate 2d were 

determined as an exemplar electron-withdrawing case to 

compare with the parent 2c and methoxy 2a aldehydes (Table 

2).§  It was found that with increasing σp of the substituent on 

the aldehyde 2 there was an increase in both the enthalpy and 

entropy of activation, with the increased entropy being more 

significant, leading to an overall reduction in the activation 

energy. This resulted in an increase in k2,A as the electron 

withdrawing nature of the substituent was increased (see Table 

1 and Figure 1).   

Table 2: The activation parameters for the addition step in the reaction of 

each of the aldehydes 2a, 2c and 2d in acetonitrile. 

Substrate σp ∆H‡ / kJ mol-1 a ∆S‡ / J K-1 mol-1 a 
2a R = MeO36 -0.27 14.2 ± 1.0 -333.1 ± 3.3 

2c R = H36 0 27.2 ± 2.5 -272.1 ± 8.6 

2d R = Cl 0.24 46.4 ± 3.7 -185.2 ± 13.3 

a Uncertainties quoted are from the fit of the linear regression. 

 The increased enthalpy of activation with larger σp suggests 

that as the electron-withdrawing ability of the substituent on the 

aldehyde 2 increases, the extent to which bonds are broken in 

the transition state increases.  All of this is consistent with the 

transition state lying later along the reaction coordinate as σp 

increases.  This is accompanied by an increase in the degrees of 

freedom in the transition state, as indicated by the less negative 

entropy of activation moving down Table 2. 

 The substituent effects on the addition step have been 

thoroughly discussed, so it is now of interest to examine the 

substituent effects on the elimination step; note that k1,E was 

only able to be determined for aldehydes 2c-f.  As the electron 

withdrawing ability of the substituent on the substrate 2 was 

increased the elimination rate constant (k1,E) decreased, with the 

Hammett plot of k1,E (Figure 2) being linear (R2 = 0.984) with  

ρ = -1.88 ± 0.08.  A negative ρ value suggests that on transition 

state formation there is a flow of electrons away from the 

aromatic ring, the opposite to what is seen for the addition step, 

and is consistent with positive change build up, with the ρ value 

comparable to that found for the hydrolysis of acetals.61  It is 

also important to note that the magnitude of ρ is smaller for the 

elimination step than for the addition step, indicating that the 

elimination process is less affected by the substituents’ 

electronic character than the addition case. 

 To determine the origin of these changes in the elimination 

rate constant, the activation parameters of the elimination 

process were determined for the chloro 2d, trifluoromethyl 2e 

and nitro 2f cases (Table 3). Interestingly the activation 

parameters for the trifluoromethyl 2e and nitro 2f cases were 

the same within uncertainty, while the activation parameters for 

the chloro 2d case were markedly different; although generally 

as the σp of the substituent increased, both the enthalpy and 

entropy of activation decreased.  This data shows that for this 

unimolecular process, the rate decrease in the elimination step 

on going from substrate 2d to 2e to 2f is due to a decrease in 

the entropy of activation.  This trend is consistent with the 

transition state lying earlier along the reaction coordinate as σp 

increases, resulting in a decreased extent of bond breaking with 

larger σp.  

 
Figure 2: Hammett plot of the first order rate constant for the elimination step 

(k1,E) of the reaction between benzaldehydes 2c-f and the amine 3 in acetonitrile 

at 281 K.  Uncertainties are reported as the standard deviation of three 

replicates 

Table 3: The activation parameters for the elimination step in the reaction of 

each of the aldehydes 2d-f in acetonitrile. 

Substrate σp ∆H‡ / kJ mol-1 a ∆S‡ / J K-1 mol-1 a 

2d R = Cl 0.24 90.3 ± 6.7 21.2 ± 24.1 

2e R = CF3 0.53 54.7 ± 3.5 -111.8 ± 12.2 

2f R = NO2  0.78 51.5 ± 2.8 -130.1 ± 9.6 

a Uncertainties quoted are from the fit of the linear regression. 

 It is also interesting to note that as the electron withdrawing 

ability of the substituent increased (on going from chloro to 

trifluoromethyl to nitro) there was a shift in the equilibrium 

position of the addition process (KA, Table 1).  As a result, 

despite the decreased elimination rate constant, the overall rate 
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constant of the process (k2,app) still increases as the electron-

withdrawing ability of the substituent was increased.   

 This last point is best demonstrated by the Hammett plot of 

the apparent second order rate constant (k2,app) for the overall 

process (Figure 3); that is, k2,A for aldehydes 2a-c and k2,A×k1,E 

/(k-1,A + k1,E) for species 2d-f (Equation 3).  Clearly, with 

increased σp there is an increase in k2,app, indicating that as the 

electron-withdrawing nature of the substituent increases there is 

increased formation of the imine 5.  Immediately apparent is 

that the Hammett plot is not linear but instead has decreasing 

slope with increasing σp; this is clearly demonstrated by the 

large change in ρ from ca. 3 at low values of σp to ca. 0.5 at the 

higher values of σp.  This downwards curvature of a Hammett 

plot is consistent with a change in the rate-determining step of 

the process,42, 59 which can also be clearly seen by the rate 

constants presented in Table 1 where the rate-determining step 

is addition for low σp and elimination for high σp.  Further, it 

indicates a much greater dependence on the electronic nature of 

the substituent for the process that is rate determining at low 

values of σp than for the rate-determining step at high values of 

σp, as discussed earlier.  

 
Figure 3: Hammett plot of the apparent second order rate constant (k2,app) for 

the reaction between the benzaldehydes 2a-f and the amine 3 in acetonitrile at 

281 K.  Uncertainties are reported as the standard deviation of three replicates. 

 In summary, in acetonitrile the substituent effects on 

reaction outcome are relatively straightforward: increasing the 

electron withdrawing ability of the substituent increases the rate 

constant for the addition step with a concomitant decrease in 

the rate constant for the elimination process.  This increase in 

k2,A, and the decrease in k1,E, results in a change in the rate 

determining step from addition to elimination as the electron 

withdrawing nature of the substituents increases.   

 Given the above, it is of interest to investigate how the ionic 

liquid 1 would affect the substituent effects observed in 

acetonitrile.  For all the benzaldehydes 2a-f the reaction was 

conducted in a range of mole fractions of [Bmim][N(CF3SO2)2] 

1 in acetonitrile.   

 Firstly the effect of the ionic liquid 1 on the addition step 

will be considered; as mentioned earlier previous work on the 

electron-donating aldehydes 2a and 2c found that as the 

proportion of an ionic liquid in the solvent mixture was 

increased there was a steady increase in k2,A.36, 39  In those 

cases, the rate enhancement in the ionic liquid 1 was shown to 

be the result of an entropic benefit overcoming an enthalpic 

cost; this enthalpic cost corresponds to coordination and 

stabilisation of the nucleophile 3 by the cation of the ionic 

liquid (this can also be thought of as a decrease in the apparent 

nucleophilicity of hexan-1-amine 3 in [Bmim][N(CF3SO2)2] 1 

relative to acetonitrile).  On moving to the transition state, 

where the nucleophilic centre on 3 is no longer available to 

coordinate with the ionic liquid cation, there was an increase in 

disorder in the system resulting in a substantial entropic benefit 

relative to acetonitrile.  For all substrates 2b and 2d-f as the 

amount of [Bmim][N(CF3SO2)2] 1 in the reaction mixture was 

increased there was a gradual increase in k2,A, as expected 

(Table 4, Figures S2 and S5 for substrates 2d and 2e, 

respectively, and Figures 4 and S1 for substrates 2f and 2b, 

respectively, where k2,A was determined at a number of 

different values of χIL).  It is important to note the characteristic 

‘dip’ in the mole fraction plot at χIL ca. 0.4, this has appeared 

many times in our previous work,28, 36, 39 and the source of this 

decrease in the rate constant at a particular proportion of ionic 

liquid is still under investigation.  Importantly, for all substrates 

considered use of the ionic liquid 1 increases the rate constant 

of the addition step relative to acetonitrile, highlighting the 

utility of ionic liquids in promoting nucleophilic attack of a 

nitrogen centre onto a carbonyl group. 

Table 4: The rate constant for the addition step (k2,A) for the reaction between 

the substituted benzaldehydes 2 and hexan-1-amine 3, in acetonitrile and at 

representative mole fractions of [Bmim][N(CF3SO2)2] 1 in acetonitrile at 281 

K. 

Substituent k2,A / 10-3 L mol-1 s-1 

 Acetonitrile χIL 0.2  χIL 0.9 

2a R = MeO39 0.13 ± 0.02 0.49 ± 0.02 0.81 ± 0.04 
2b R = Me 0.27 ± 0.03 1.46 ± 0.06 2.83 ± 0.01 

2c R = H36 0.75 ± 0.06 2.74 ± 0.03 4.86 ± 0.04 

2d R = Cl 6.74 ± 0.03 32.9 ± 1.5 37.4 ± 1.9 
2e R = CF3 33.0 ± 0.9 93.1 ± 1.6 136 ± 3 

2f R = NO2  98.6 ± 5.4 130 ± 16 250 ± 10 

a Uncertainties quoted represent the standard deviation of three replicates. 

 

 
Figure 4: The bimolecular rate constant for the addition step (k2,A) between 

4-nitrobenzaldehyde 2f and the amine 3 in different mole fractions of 

[Bmim][N(CF3SO2)2] 1 in acetonitrile at 281 K.  Uncertainties are reported as the 

standard deviation of three replicates. 
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 As the data in Table 4 shows, as the σp value of the 

substituent on the aldehyde substrate was increased there was 

an increase in the rate constant of the addition step (k2,A).  The 

Hammett plot of k2,A at χIL ca. 0.2 (Figure 5) is linear (R2 = 

0.937), with ρ = 2.43 ± 0.16, as is the Hammett plot at χIL ca. 

0.9 (Figure S10) with R2 = 0.967 and ρ = 2.41 ± 0.12.   For 

these cases the linear correlation is not as strong as that seen in 

acetonitrile, and hence it is reasonable to consider two separate 

linear correlations for σp ≤ 0 and σp > 0; at χIL ca. 0.2 ρ = 2.77 ± 

0.19 for σp ≤ 0, and ρ = 1.11 ± 0.11 for σp > 0 (Figure 6), with a 

similar trend seen at χIL ca. 0.9 (Figure S11).  For both mole 

fractions of [Bmim][N(CF3SO2)2] 1 in acetonitrile the 

magnitude of ρ is greater for σp ≤ 0 than σp > 0, suggesting that 

the reaction is more susceptible to electronic effects for electron 

donating substituents.  Such a trend is indicative of a shift from 

an open transition state for σp ≤ 0 to a more closed transition 

state for electron withdrawing substituents; this is consistent 

with previous studies.19, 31  

 
Figure 5: Hammett plot (using one linear fit) of the second order rate constant 

for the addition step (k2,A) of the reaction between benzaldehydes 2a-f and the 

amine 3 in [Bmim][N(CF3SO2)2] 1 / acetonitrile (χIL ca. 0.2) at 281 K. Uncertainties 

are reported as the standard deviation of three replicates.  

 
Figure 6: Hammett plot (using two linear fits) of the second order rate constant 

for the addition step (k2,A) of the reaction between benzaldehydes 2a-f and the 

amine 3 in [Bmim][N(CF3SO2)2] 1 / acetonitrile (χIL ca. 0.2) at 281 K. Uncertainties 

are reported as the standard deviation of three replicates. 

 Regardless of whether one or two linear fits are used, large, 

positive ρ values result, indicating that once again there is 

electron flow towards the aromatic system on moving to the 

transition state, and that while the addition step is very 

susceptible to the electronic nature of the substituent when in 

the ionic liquid 1, it is slightly less effected by the substituent 

than when in acetonitrile (where ρ = 2.92 ± 0.09).  In order to 

investigate this further the activation parameters for the 

different substituents in acetonitrile and in the ionic liquid 1 (χIL 

ca. 0.2) need to be compared (Table 5). 

 As Table 5 shows, as σp increases the magnitude of the 

enthalpic cost when moving from acetonitrile to χIL 0.2 

decreases; that is, the difference between the enthalpy of 

activation in acetonitrile and χIL 0.2 is largest for the methoxy 

substrate 2a, and is smallest for the chloro case 2d.  The same 

trend is also seen for the entropy of activation; this is shown 

clearly in Table 6. 

Table 5: The activation parameters for the addition step in the reaction of the 

aldehydes 2a, 2c and 2d, and the amine 3 in acetonitrile and in 

[Bmim][N(CF3SO2)2] 1 / acetonitrile (χIL ca. 0.2). 

Substrate χIL ∆H‡ / kJ mol-1 a ∆S‡ / J K-1 mol-1 a 

2a R = MeO36, 39 0 14.2 ± 1.0 -333.1 ± 3.3 

 0.22 37.0 ± 0.9 −242.1 ± 3.1 

2c R = H36 0 27.2 ± 2.5 −272.1 ± 8.6 

 0.22 34.5 ± 1.5 −233.2 ± 1.7 
2d R = Cl 0 46.4 ± 3.7 -185.2 ± 13.3 

 0.22 47.5 ± 3.0 -168.1 ± 11.1 

a Uncertainties quoted are from the fit of the linear regression. 

Table 6: The difference in the activation parameters for the addition step in 

the reaction of the aldehydes 2a, 2c and 2d and the amine 3 moving from 

acetonitrile to χIL ca. 0.2 of [Bmim][N(CF3SO2)2] 1. 

 χIL 0 0.2 

Substrate ∆(∆H‡) / kJ mol-1 a ∆(∆S‡) / J K-1 mol-1 a 

2a R = MeO36, 39 22.8 ± 1.4 91.0 ± 4.5 
2c R = H36 7.3 ± 2.6 38.9 ± 8.8 

2d R = Cl 1.2 ± 4.8 17.1 ± 17.4 

a Uncertainties quoted are compounded from those reported in Table 5. 

 It is unlikely that on changing the substituent on the 

benzaldehyde 2 that the extent of interaction between the cation 

of the ionic liquid and the amine 3 would change, hence it is 

likely that these changes in activation parameters are the result 

of differences in the solvation of the transition state.  This can 

be best explained by recalling what was discussed earlier for 

the addition step in acetonitrile: as σp increased both the 

enthalpy and entropy of activation increased and a later 

transition state was suggested.  Such a change would also result 

in a greater build-up of charge (both on the oxygen and 

nitrogen centres) and hence a greater extent of interaction 

between the ionic liquid 1 and the transition state.  The 

energetic result of such an interaction would be to decrease the 

enthalpy (benefit) and entropy of activation (cost) relative to 

acetonitrile; the opposite of the energetic result of cation – 

nucleophile 3 interaction.  Therefore, increasing ionic liquid – 

transition state interaction would result in a greater ‘offsetting’ 

of the enthalpic cost and entropic benefit from the cation – 

nucleophile interaction, bringing the activation parameters for 

the ionic liquid 1 and acetonitrile closer together.  This is 

clearly demonstrated in Table 6.   
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 Another important consideration is the effect of use of an 

ionic liquid on the rate constant for the elimination step; for the 

chloro substrate 2d the rate constant was essentially unaffected 

by use of [Bmim][N(CF3SO2)2] 1 while for substrates 2e and 2f 

there is a gradual increase in k1,E as the proportion of ionic 

liquid in the reaction mixture was increased (Table 7, Figures 

S3 and Figure S6 for substrates 2d and 2e, respectively, and 

Figure 7 for substrate 2f where k1,E was determined at a number 

of different values of χIL).   Interestingly, this data shows that 

the magnitude of the rate enhancement seen when using the 

ionic liquid 1, relative to acetonitrile, increases as the 

electron-withdrawing ability of the substituent is increased.  

Table 7: The rate constant for the elimination step (k1,E) for the reaction 

between the substituted benzaldehydes 2 and hexan-1-amine 3, in acetonitrile 

and a selected number of mole fractions of [Bmim][N(CF3SO2)2] 1 in 

acetonitrile at 281 K. 

Substituent k1,E / 10-3 s-1 a k1,E (χIL 0.9) / 

k1,E 

(acetonitrile) b 

 Acetonitrile χIL 0.2  χIL 0.9 

2d R = Cl 1.73 ± 0.10 1.99 ± 0.03 1.73 ± 0.18 1.00 ± 0.12  

2e R = CF3 0.60 ± 0.05 1.38 ± 0.05  2.62 ± 0.14 4.34 ± 0.10 

2f R = NO2  0.24 ± 0.03 0.71 ± 0.08 1.27 ± 0.06 5.31 ± 0.15 

a Uncertainties quoted represent the standard deviation of three replicates.      
b Uncertainties quoted are compounded from those previous in the Table. 

 
Figure 7: The unimolecular rate constant for the elimination step (k1,E) between 

4-nitrobenzaldehyde 2f and the amine 3 in different mole fractions of 

[Bmim][N(CF3SO2)2] 1 in acetonitrile at 281 K.  Uncertainties are reported as the 

standard deviation of three replicates. 

 In order to understand the microscopic origin of the changes 

in k1,E seen when using [Bmim][N(CF3SO2)2]  1 in the reaction 

mixture, the activation parameters of the elimination process 

were determined in a number of mixtures of 

[Bmim][N(CF3SO2)2]  1 and acetonitrile for aldehydes 2d-f 

(Table 8).  For each case the activation parameters were 

determined in acetonitrile (as discussed earlier) and at χIL ca. 

0.2 to allow comparison between the different substrates, with 

additional activation parameters determined for the 

trifluoromethyl 2e and nitro 2f cases to determine whether the 

activation parameters varied as the mole fraction of ionic liquid 

in the solvent mixture was changed. 

 Immediately apparent is that the use of the ionic liquid 1 

resulted in an increase in both the enthalpy and entropy of 

activation for the elimination step in the reaction of 

benzaldehydes 2e and 2f with the amine 3, relative to 

acetonitrile.  Such a trend is indicative of the ionic liquid 1 

ordering about and stabilising the species 4 to a greater extent 

than the transition state leading to the product 5.  Based on 

previous studies that suggest that interaction between an ionic 

liquid cation and a nitrogen lone pair is important,28, 31, 33, 35, 36, 

38, 39 it is reasonable to assume that the main interaction here is 

once again between the cation and the nitrogen lone pair on the 

aminol 4.  Such an interaction would inhibit bond formation, 

resulting in an increased enthalpy of activation relative 

toacetonitrile.  Once again the entropic benefit incurred when 

using the ionic liquid 1 is more significant than the enthalpic 

cost, resulting in an entropically driven rate enhancement; this 

further reinforces the importance of entropic effects when using 

ionic liquids.  This conclusion is supported by kinetic studies 

on the base-induced, bimolecular elimination of a 

benzisoxazole, a nitrogen-containing substrate, where a similar 

trend in the activation parameters was found when using an 

ionic liquid.52 

Table 8: The activation parameters for the elimination step (k1,E) in the 

reaction between the substituted benzaldehydes 2 and hexan-1-amine 3 in 

acetonitrile, and mixtures of [Bmim][N(CF3SO2)2] 1 in acetonitrile. 

Substituent χIL
 

∆H‡ / kJ mol-1 a ∆S‡ / J K-1 mol-1 a 

2d R = Cl 0 90.3 ± 6.7 21.2 ± 24.1 

 0.22 71.8 ± 2.1 −40.5 ± 7.6 

2e R = CF3 0 54.7 ± 3.5 −111.8 ± 12.2 

 0.21 70.5 ± 4.1 −48.6 ± 14.9 

 0.95 67. 2 ± 2.1 −55.5 ± 7.7 
2f R = NO2 0 55.2 ± 4.3 -117.2 ± 14.9 

 0.06 72.6 ± 3.0 -51.8 ± 11.0 

 0.22 84.8 ± 2.6 -6.1 ± 9.0 
 0.88b 87.6 ± 4.4 11.4 ± 16.2 

a Uncertainties quoted are from the fit of the linear regression. 
b The substrate 2f was not completely soluble in 1, so a small amount of 

acetonitrile was used to aid solubility resulting in a slightly decreased χIL. 

 Interestingly, for the chloro substrate 2d there was the 

opposite trend in the activation parameters for the elimination 

step seen when using the ionic liquid 1; that is, a decrease in 

both the enthalpy and entropy of activation relative to 

acetonitrile.  This can be readily rationalised by considering the 

earlier conclusion that the transition state of the chloro 

analogue 4d involves significantly more bond breaking and 

charge development than the trifluoromethyl and nitro cases.  

With greater charge separation there will be increased ionic 

liquid – transition state interaction, which would stabilise the 

transition state and be enthalpically favourable, yet the 

increased ordering would introduce an entropic cost.  Hence, 

for the chloro case 4d, which involves significant build-up of 

charge in the transition state, it can be concluded that the extent 

of ionic liquid – transition state interaction is greater than the 

cation – nucleophile interaction, leading to the energetic result 

of the transition state interaction being dominant.   

 It is important to note that for all substrates 2d-f it is likely 

that there will be both cation – aminol 4 and ionic liquid – 

transition state interaction, and that the extent of charge 

development in the transition state will dictate which 
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interaction is dominant.  The importance of considering the 

subtle balance of the different interactions between the ionic 

liquid and species along the reaction coordinate has been 

highlighted in a number of different studies,12 and further 

demonstrates the complexity of ionic liquid solvent effects, 

along with reinforcing the importance of gaining a thorough 

understanding of this reaction media so that their effect on 

reaction outcome can be readily predicted.. 

 Finally, for the elimination process it is also important to 

compare the Hammett plots in acetonitrile and the ionic liquid 

1; in the ionic liquid 1 the log plot£ was linear at χIL 0.2, with 

gradient = -0.83 ± 0.08 (R2 = 0.955, Figure S12).  This shows 

that: 1) build-up of positive charge in the transition state is key 

as was seen in acetonitrile, and 2) the magnitude of the slope is 

significantly smaller in the ionic liquid 1 than in acetonitrile.  

This suggests that the charge development in the transition state 

is decreased in the ionic liquid and hence k1,E is less susceptible 

to the electronic nature of the substituent when using the ionic 

liquid 5.  At a higher mole fraction (χIL 0.9, Figure S13), the 

equivalent log plot was no longer linear; this is likely due to the 

very different ionic liquid – transition state interactions for the 

different substrates 2d-f, as discussed above. 

 For the electron-withdrawing cases the rate constants for the 

reverse of the addition step (k-1,A) were able to be determined 

(Table 9, and Figures S4 and Figure S7 for substrates 2d and 

2e, respectively, and Figure S8 for substrate 2f where k-1,A was 

determined at a number of different values of χIL), showing that 

use of the ionic liquid 1 also increased the rate constant of this 

process relative to acetonitrile.  Importantly, while k-1,A 

remained relatively unchanged for substrates 2d-f in 

acetonitrile, when in the ionic liquid 1 there was a gradual 

decrease in k-1,A as σp increases.   

Table 9: The rate constant for the reverse addition step (k-1,A) for the reaction 

between the substituted benzaldehydes 2 and hexan-1-amine 3, in acetonitrile 

and a selected number of mole fractions of [Bmim][N(CF3SO2)2] 1 in 

acetonitrile at 281 K. 

Substituent k-1,A / 10-3 s-1 

 Acetonitrile χIL 0.2  χIL 0.9 

2d R = Cl 7.51 ± 0.11 39.2 ± 0.6 38.5 ± 0.2 
2e R = CF3 8.21 ± 0.23 24.7 ± 0.4 33.0 ± 0.6  

2f R = NO2  7.03 ± 0.67 10.2 ± 2.2 28.9 ± 1.6  

a Uncertainties quoted represent the standard deviation of three replicates 

 While data for the substrate 2c is not available, a plot of the 

log of the rate data£ is linear, with gradient = -1.08 ± 0.12 (R2 = 

0.951, Figure S14) at χIL 0.2, and gradient = -0.53 ± 0.05 (R2 = 

0.947, Figure S15) at χIL 0.9.  A negative value for the gradient 

suggests that on transition state formation there is a flow of 

electrons away from the aromatic ring. Interestingly, the 

magnitude of the slope decreases when moving from χIL 0.2 to 

0.9, suggesting that with increasing amounts of the ionic liquid 

1 in the reaction mixture k-1,A is less affected by the 

electron-withdrawing ability of the substituent.  The 

implications of this change in k-1,A will be discussed in the 

context of k2,app below. 

 To conclude this work, it is now essential to see how the 

overall rate constant for the process (k2,app) changed when 

moving between acetonitrile and [Bmim][N(CF3SO2)2]  1, and 

to compare the Hammett plot of k2,app in acetonitrile and 

mixtures of acetonitrile and [Bmim][N(CF3SO2)2]  1.  As the 

amount of the ionic liquid 1 in the reaction mixture was 

increased, there was a gradual increase in k2,app for all substrates 

2a-f (Table 10).  In other words, for all of the benzaldehydes 

2a-f the use of the ionic liquid 1 resulted in an increase in the 

rate of imine formation relative to acetonitrile.  This is 

significant as it further demonstrates the ability of ionic liquids 

to accelerate organic reactions, and highlights the utility of 

using an ionic liquid solvent to promote imine formation. 

Table 10: The apparent bimolecular rate constant (k2,app) for the overall 

addition-elimination reaction between the substituted benzaldehydes 2 and 

hexan-1-amine 3, in acetonitrile and a selected number of mole fractions of 

[Bmim][N(CF3SO2)2] 1 in acetonitrile at 281 K. 

Substituent k2,app / 10-3 L mol-1 s-1 

 Acetonitrile χIL 0.2  χIL 0.9 

2a R = MeO39 0.13 ± 0.02 0.49 ± 0.02 0.81 ± 0.04 
2b R = Me 0.27 ± 0.03 1.46 ± 0.06 2.83 ± 0.01 

2c R = H36 0.75 ± 0.06 2.74 ± 0.03 4.86 ± 0.04 

2d R = Cl 1.26 ± 0.12  1.58 ± 0.06 1.60 ± 0.15 
2e R = CF3 2.26 ± 0.21 4.95 ± 0.34 9.99 ± 0.69 

2f R = NO2  3.23 ± 0.35 8.41 ± 0.17 10.5 ± 0.69 

a Uncertainties quoted represent the standard deviation of three replicates. 

 Interestingly, in mixtures containing the ionic liquid 1 there 

was not a gradual increase in k2,app with increasing σp as seen 

for acetonitrile; this is best seen by considering the Hammett 

plot for k2,app in [Bmim][N(CF3SO2)2]  1 (Figure 8 for χIL 0.2 

and Figures S16 for χIL 0.9).  Clearly, the Hammett plot no 

longer shows a clear concave-down profile as seen for 

acetonitrile, with a similar trend seen across the range of 

proportions of ionic liquid used.  It is important to note that the 

k2,app values for the electron withdrawing cases 2d-f lie lower 

than expected based on the acetonitrile Hammett plot (Figure 

3), with the chloro case 2d in particular standing out, as it 

slower than the parent benzaldehyde 2c. 

 

 
Figure 8: Hammett plot of the apparent bimolecular rate constant (k2,app) for the 

overall addition-elimination reaction between benzaldehydes 2a-f and the amine 

3 in [Bmim][N(CF3SO2)2] 1 in acetonitrile (χIL 0.2) at 281 K. Uncertainties are 

reported as the standard deviation of three replicates. 
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 The different shape of these Hammett plots highlight that 

the ionic liquid 1 is affecting the overall condensation process 

differently to acetonitrile.  This difference can be rationalised 

by considering the three separate rate constants, discussed 

above, for the process in the ionic liquid 1, and how each would 

affect k2,app (see Equation 3, reproduced below).  The key points 

are: 1) k2,A increases with larger σp, and hence changes in the 

rate constant of the addition step could not explain the 

decreased k2,app values for σp > 0; 2) k1,E decreases as the 

electron-withdrawing ability of the substituent increases, with 

the chloro substrate 2d having a particularly low k1,E value, 

hence this could contribute to the lower k2,app and 3) k-1,A also 

decreases as σp increases, with k-1,A being significantly larger 

for the chloro case 2d than for nitro 2f.  By considering 

Equation 3 it is clear that this difference in k-1,A would have the 

largest impact on k2,app for all electron withdrawing substrates, 

and would account for the decreases in the apparent rate 

constant.  

�2,app = ��," 	× 	��,#���," + ��,# 															(3) 

 

 In other words, for the chloro substrate 1d the large rate 

constant for the reverse of the addition process shifts the 

equilibrium position of the addition step to the left, resulting in 

a significant decrease in the overall rate constant of formation 

of the imine 5.  This decrease in k2,app is compounded by the 

lower k1,E values for substrate 1d, further decreasing k2,app.  The 

magnitude of k-1,A decreases when moving from chloro 1d to 

trifluromethyl 1e to nitro 1f, resulting in the extent to which 

k2,app is decreased by k-1,A becoming less significant as σp 

increases.  Importantly, this trend in k2,app further reinforces the 

assumptions described earlier that k-1,A is significant for σp > 0 

and is not significant for σp ≤ 0: the k2,app values for aldehydes 

2a-c follow the expected trend, with deviations seen only for 

the electron withdrawing substituents highlighting that the rate 

constant for the reverse of the addition process is only 

significant for σp > 0.  It is also important to highlight than in 

acetonitrile k-1,A remains relatively unchanged between the 

electron withdrawing cases, resulting in a smooth concave-

down profile of the Hammett plot of k2,app. 

 Lastly, the work presented throughout this manuscript 

suggests that the typically used substituent parameters 

describing electronic effects in molecular solvents are still valid 

in ionic liquid media for the reaction of substituted 

benzaldehydes 2a-f.  The Hammett plots for each of the 

separate steps produced good linear correlations, with reaction 

constants in line with what would be expected for these reaction 

types.47 This allows us to suggest that it is not necessary to 

modify the substituent parameters when utilising ionic liquid 

solvents. 

Conclusions 

 In summary, use of the ionic liquid 1 resulted in increased 

imine formation relative to acetonitrile, highlighting the 

possible synthetic utility of using an ionic liquid solvent for 

condensation reactions.  Extensive kinetic analysis showed that 

the ionic liquid 1 increased the rate constant for each of the 

three individual steps that make up the reaction relative to 

acetonitrile, with the rate increases generally driven by the ionic 

liquid solvating the reagents to a greater extent than the 

transition state.  The effect of changing the para substituent on 

the substrate 2 on the rate constant of each of the three 

processes was found to vary between acetonitrile and the ionic 

liquid 1, with the Hammett plot for the overall addition-

elimination process being markedly different in 

[Bmim][N(CF3SO2)2]  1 than in acetonitrile.  These differing 

substituent effects were found to arise due to the greater 

susceptibility of the ionic liquid 1 to respond to subtle changes 

in the extent of charge development in the transition state as the 

electronic nature of the substituent was varied; this is important 

as it is the first time that the sensitivity of an ionic liquid to 

differing degrees of charge development has been demonstrated 

through activation parameters.  Overall, the importance of 

considering the delicate balance of microscopic interactions 

between the ionic liquid and species along the reaction 

coordinate has been further reinforced.   
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