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The Gibbs energies of activation of the Menschutkin reactions of triethylamine with ethyl iodide in 10 monoalcohols 
and nine dialcohols, were dissected into contributions from the initial state and transition state. To perform this study, 
the infinite dilution activity coefficient values of the solutes in the solvents, TO, were determined by the UNIFAC 
group-contribution method, using the modified Flory-Huggins equation in the combinatorial term. For triethylamine, 
the 7- values were calculated using group-interaction parameters from the VLE Parameter Table, due to the non- 
availability of specific 7- UNIFAC interaction parameters for the relevant groups. For ethyl iodide, the 7- values 
were calculated using the group-interaction parameters from the specific 7- UNIFAC Parameter Table, except for the 
solvents diethylene glycol and triethylene glycol, where VLE parameters were used for the same reasons as explained 
above for the triethylamine. The results were compared with those obtained for the unimolecular decomposition of 
tert-butyl halides. For the Menschutkin reaction, we conclude that solvent disruption and reorganization to a state 
appropriate to solvating the molecular species is a dominant interaction mechanisim. 

INTRODUCTION 
A variety of methods has been used in the investigation 
of reaction mechanisms, including not only the determi- 
nation of reaction rates and orders but also the changes 
in these rates with changing conditions. One of the most 
powerful means for influencing reaction rates is 
through solvent variation. 

Two main approaches for the examination of solvent 
effects on the rate constant, k, or on the Gibbs energy 
of activation, A'G, have been developed. In one of 
them, the kinetic data are correlated with solvent par- 
ameters using a multiple linear regression procedure, 
according to a consistent physico-chemical model. 
In the other method, solvent effects on the kinetic 
values are dissected into contributions from the initial 
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state and the transition state, from changes in the acti- 
vation property and the corresponding change for the 
initial-state property. '-' 

According to the second method, we need to calcu- 
late the transfer Gibbs energy of activation, 6A'G, the 
transfer Gibbs energy of the reactants, 6Gi, and the 
transfer Gibbs energy of the activated complex, 6Gt. 
The three types of transfer Gibbs energies under study 
are related through the equation: 

&GI= 6Gi + A'Gj - A*Gr = 6Gi + 6A'G (1) 

where A'Gj refers to the reaction in the solvent j and 
A'Gr in the reference solvent r. 

Values for 6 A'G are determined from k values by 
making use of the transition state theory. Values for 6Gi 
can be calculated using the following equation: 

6Gi = RT ln(-yT/yy) (2) 
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where y r  and 7;  are the infinite dilution activity 
coefficients of the solute in the solvent j and in a refer- 
ence solvent r, respectively. 

In a preceding paper, solvent effects on the Gibbs 
energies of transfer from ethanol for the initial state 
and transition state of the first-order unimolecular 
solvolysis of tert-butyl halides in mono- and dialcohols 
were analysed in terms of the contributions to the 
transfer Gibbs energy of the activated p r o c e ~ s . ~  

In the present study, we continue our analysis of 
solvent influences on the Gibbs functions of transfer for 
the second-order bimolecular Menschutkin reaction of 
triethylamine (EtsN) with ethyl iodide (EtI), using 
mono- and dialcohols as solvents. A similar study has 
been carried out before, using some polar and aprotic 
solvents. lo However, we are now in a position to extend 
this study to a larger variety of hydroxylic solvents, on 
account of the recently published k values, at 

To perform this analysis, we calculated the infinite 
dilution activity coefficients of iriethylamine and of 
ethyl iodide in the alcohols, at 25 C ,  using a predictive 
method: the UNIFAC group-contribution model. l3,I4 
The combinatorial activity coefficients were calculated 
using the modified Flory-Huggins equation in the 
Staverman-Guggenheim combinatorial expression, as 
suggested by Kikik et al.” 

The group-interaction parameters from the ym Par- 
ameter TableI6 and from the VLE Parameter 
Table”-” were used in the calculations carried out in 
this work. 

We also focused our attention on solvent effects 
arising from the change of a first-order unimolecular 
reaction (the solvolysis of tert-butyl halides) to a 
second-order bimolecular reaction (the Menschutkin 
reaction of Et3N with EtI). 

25 “c. 11,12 

RESULTS AND DISCUSSION 

In Table 1 are shown the Gibbs energies of activation 
for the reaction of Ft3N with EtI in the various hydrox- 
ylic solvents, at 25 C. These values were obtained from 
k data previously reported, ‘lV1’ by using the thermo- 
dynamic equations associated with the transition state 
theory. 

In Table 2 are summarized the yrn values for the 
substrates Et3N and EtI in alcohols, at the same tem- 
perature. (Some values of ym for the solvents under 
study have already been published.” However, we 
prefer to use only our ym data in order to obtain a more 
coherent list.) In this work, the UNIFAC group- 
contribution was used. The model has 
already been used in a previous paper,’ where a brief 
description and a presentation of the main equations is 
given. 

In the present work, for the combinatorial term we 
need the modified Flory-Huggins equation in the 

Table 1. Gibbs energies of activation for the Menschutkin 
reaction of triethylamine with ethyl iodide in alcohols, at 25 OC 

(kJ mol-’)a 

No. Solvent A ‘G 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

Methanol 
Ethanol 
Propan-1-01 
Propan-2-01 
Butan-1-01 
Butan-2-01 
Pentan-1-01 
2-Methylbutan- 1-01 
3-Methylbutan- 1-01 
Hexan-1-01 
Ethane-] ,2-diol 
Propane-1.2-diol 
Propane-] ,3-diol 
Butane-] ,2-diol 
Butane-1.3-diol 
Butane-2,3-diol 
Pentane-I ,5-diol 
Diethylene glycol 
Triethylene glycol 

95.85 
97.50 
99.11 
98.07 
99.88 
98.65 

100.97 
101.45 
100.67 
102.06 
94.28 
93.97 
91.88 
95.58 
94.58 
95.72 
95-35 
91.61 
92.10 

“Values calculated from data in refs (1 1) and (12). 

Table 2. Infinite dilution 
activity coefficients for 
triethylamine and ethyl iodide 

in alcohols at 25 ‘C 

No.” EtiN EtI 

1 4.05 - 
2 3.00 5.42 
3 1.94 3.91 
4 1.94 3.90 
5 1 -48 3-14 
6 1.48 3.14 
7 1.24 2.68 
8 1.24 2.68 
9 1.24 2.68 

10 1 -08 2-37 
11 13.21 13-26 
12 6.56 8.21 
13 6.56 8.21 
14 4.08 5.88 
15 4.08 5-88 
16 4.09 5.88 
17 2.90 4-59 
18 - 4.21 
19 - 2.69 

‘Numbering of solvents as in 
Table I .  
bValues for alcohols 1 to 5 and 9, 
obtained from experiment, are 
available in ref. 22. 
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Staverman-Guggenheim expression. l5 For the residual 
term we used group-interaction parameters from the 
UNIFAC-y" Parameter TableI6 for EtI, except for the 
solvents diethylene glycol and triethylene glycol. For 
EtI in these two solvents and for Et3N we used 
UNIFAC-VLE 17-21 parameters, because no ym par- 
ameters were availiable foi the relevant interactions. l6 

We were not able to calculate y" for Et3N in diethy- 
lene glycol and in triethylene glycol because there are no 
available parameters. Regarding the y" values of the 
two solutes in ethane-I,Zdiol, we used the interaction 
parameters for the alcohol group (OH), instead of con- 
sidering this solvent as a single group, as is usually 
advised, l 7 9 l 9  because relevant parameters for the diol 
group are not available. 

Table 3 gives the calculated Gibbs energies of transfer 
f9r the activation process, 6 A'G, the initial state, 6Gi, 
and the transition state, 6Gt, based on ethanol as the 
reference solvent. Equations (1) and (2) were used to 
obtain these results, taking into account that 
6Gi = 6Gi(Et3N) + 6Gi(EtI). Values for 6Gi(Et3N) in 
solvents diethylene glycol and triethylene glycol and for 
6Gi(EtI) in methanol (Table 3, in parentheses) were 
obtained by the following linear correlation analysis: 

hGi(Et3N) = 0.35224 + 1.4964 6Gi(EtI) 
(N= 16, r =  0.997, u = 0.16) 

where N is the number of pairs of points, r the correla- 
tion coefficient and u the standard deviation of the fit. 

Tabfe3. Gibbs energy of transfer from ethanol to other 
solvents of the Et3N with EtI reaction in alcohols at 25 "C (kJ 

mo1-l) 

No.= 6A'G 

1 -1.65 
2 0 
3 1.61 
4 0.57 
5 2.38 
6 1.15 
7 3-47 
8 3.95 
9 3.17 

10 4.56 
11 -3.22 
12 -3.53 
13 -5.62 
14 -1.92 
15 -2.92 
16 - 1.78 
17 -2.15 
18 -5.89 
19 -5.40 

6Gi(Et,N) 

0.75 
0 

-1.08 
-1.09 
-1.75 
-1.75 
- 2.20 
- 2-20 
- 2-20 
-2.53 

3.67 
1-94 
1.94 
0.76 
0.76 
0.76 

(- 0.58) 
(- 2.25) 

-0.09 

6Gi(EtI) 

(0.26) 
0 

-0.81 
-0.81 
-1.35 
-1.35 
-1.74 
-1.74 
-1.74 
-2.05 

2.22 
1.03 
1.03 
0.20 
0.20 
0.20 

-0.41 
-0.62 
-1.74 

6Gi 6Gt 

(1.00) (-0.64) 
0 0 

-1.90 -0.29 
-1.90 -1.33 
-3.10 -0.72 
-3.10 -1.95 
-3.94 -0.47 
-3.94 0.01 
-3.94 -0.77 
-4.57 -0.01 

5.89 2.67 
2.97 -0.56 
2.97 -2.66 
0.96 -0.96 
0.96 -1.96 
0.97 -0.82 

-0.50 -2.65 
(-1.21) (-7.10) 
(-3.99) (-9.39) 

'Numbering of solvents as in Table 1. 

and GGi(Et1). 
Estimated value from linear regression analysis between GGi(Et3N) 

It is generally accepted that alcohols are self- 
associated structures, stabilized by hydrogen bonds 
consisting of linear and/or cyclic polymers. Along the 
set of normal alcohols, the aliphatic group size 
increases and the concentration associated with linear 
hydrogen-bonded chain polymers over the alcohol gross 
concentration also increases. This structural nature of 
the alcohols is consistent with the 6 A'G increase. 

Also, the chain branching and the position and the 
number of OH groups in the solvent molecule play an 
important role. For instance, in monoalcohols, when 
the hydroxyl group moves from the end to the middle 
of the carbon chain, the formation of linear multimers 
decreases and consequently 6 A *G decreases. 

The results, shown in the two last columns in Table 
3, suggest that, in general, solvent initial state effects 
are usually greater than transition state effects, when 
ethanol is used as reference solvent. We can point out 
four exceptions: butane-l,3-diol, pentane-1 J-diol, 
diethylene glycol and triethylene glycol. 

If mono- and dialcohols are considered separately, 
we may say that, for solvent changes from ethanol, 
there is a decrease (negative values) of the Gibbs energy 
of the initial state for monoalcohols, except for 
methanol, and, conversely, the Gibbs energy of the 
initial state for dialcohols 11 to 17 shows an increase 
(positive values), except for pentane-l,Sdiol. The men- 
tioned stabilization for monoalcohols, as well as the 
destabilization for dialcohols, can be explained in terms 
of the disruption of hydrogen bonding in the solvents, 
which is quite relevant for the highly structured 
alcohols (methanol and dialcohols). 

As to the Gibbs energy of the activated complex, 
mono- and dialcohols show a similar behaviour: in both 
cases, the Gibbs energy of the activated complex shows 
negative values. The only exception is ethane-1 ,2-diol 
(6Gt value for solvent 2-methylbutan-1-01 is too small to 
deserve special mention). The behaviour of diethylene 
glycol and triethylene glycol, solvents 18 and 19 in 
Table 3, is somewhat different. Compared with the 
other dialcohols, 6Gi and especially 6Gt are strongly 
negative. 

Comparison with rerf-butyl halide solvolysis 

Despite the great number of experimental and interpre- 
tative studies of nucleophilic displacement reactions, 
published after the landmark study of Menschutkin 
about solvent effects,23 only in recent years have the 
deep mechanistic implications received considerable 
attention. 24-27 For the Menschutkin reaction of 
triethylamine with ethyl iodide, which can be seen as a 
creation of two charges of opposite sign from 
uncharged reactants followed by their subsequent sep- 
aration, there is no doubt that the reaction is favoured 
by the presence of polar solvents. The same is also true 
for the unimolecular decomposition of tert-butyl hal- 
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ides, for which the dominant step is the formation of 
an intermediate with a significant charge separ- 
ation. 3,9*25,28-30 There are good reasons to believe that 
the high charge separation of the transition state and 
the tendency of the transition state to interact with 
hydrogen-bond donor solvents, cause the electrostric- 
tion of the surrounding solvent. Accordingly, the polar- 
ization effect of the substrate molecules, the disruption 
of hydrogen bonding in the solvent and the interaction 
of solvent with the ion-pair-like structures of the acti- 
vated complexes may be expected to play the active 
role. Therefore, solvent effects can be quite different 
when the contributions from the initial state and from 
the transition state are compared. 

In our preceding study of the initial and transition 
state solvation of the solvolysis of rerr-butyl halides in 
16 mono- and dialcohols, also based on ethanol as the 
reference solvent, we reached the following main con- 
clusions: (i) values of 6Gi are small and negative for 
mono-alcohols (except for methanol) and small and 
positive for dialcohols; (ii) values of 6Gt for monoalco- 
hols tend to be small and positive but for dialcohols are 
always high and negative (the solvation of the activated 
complex in dialcohols is much more important than the 
solvation of the substrate); (iii) for dialcohols, the 
solvent structure and its particular interaction with the 
substrate and with the activated complex dominate over 
the polarization effect of these molecular species and, 
conversely, for monoalcohols the effect of the substrate 
and activated complex polarization have a marked 
influence on the solvent-solvent-solute interaction 
mechanisms. 

The similar investigation of the initial and transition 
state contributions to the solvent effects on the reaction 
of Et3N with EtI in almost the same set of alcohols led 
to different conclusions: (i) although 6Gi shows negative 
values for monoalcohols (except for methanol) and 
tends to be positive for dialcohols, solvent effects in the 
initial state always dominate over solvent effects in the 
transition state; (ii) 6Gt is almost always negative and, 
consequently, no difference can be ascribed to the 
behaviour of mono- and dialcohols. 

From these results, it seems that the participation of 
solvent in the Menschutkin reaction comes ‘earlier’ 
than in the solvolytic reaction. SolA er af.,26 from ab 
initio studies in the gas phase and in solution stated that 
‘whereas solvent reorganization may be considered to 
follow the chemical process, the opposite view may be 
also considered: the chemical process can be induced by 
solvent fluctuations’. This is what Hwang et af. 31 call a 
solvent-driven process. In this way, the reorganization 
of the solvent to a state appropriate to solvating the 
molecular species in the reaction of triethylamine with 
ethyl iodide, which takes place before the charge distri- 
butions on the reactants begin to change, is a dominant 
influence on the solvent-solvent-solute interaction 
mechanisms. 

Another feature corroborates this interpretation. In 

(3) 
is applied to the transfer Gibbs energy of activation and 
of the initial state, the statistically preferred equations 
are: 

6 A*G = 13.59OO - 18*0091~*- 3-93347 x lO-’C 
( N =  19,r=0*933,a= 1.27) 

6Gi = -13.2122 + 4*92428r* + 14.7531 x 10-3C 
( N =  19,f=0.910,a= 1.29) 

These equations show that the specific solute-solvent 
interactions, represented by the parameters a (acidity) 
and fi (basicity), are not relevant. Conversely, not only 
the non-specific solute-solvent interactions, repre- 
sented by r * (polarityfpolarizability), but also the 
solvent-solvent interactions, denoted by C (disrup- 
tionlreorganization), are the dominant interaction 
mechanisms. (The same treatment applied to 6Gt gives 
poor correlations that do not allow us to obtain reliable 
quantitative information. However, from a qualitative 
point of view, we observe that parameter C is not 
relevant.) 

fact, if correlation analysis through equation (3), 

XYZ = XYZO + a,** + a2a + a3p + a4c 
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