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Single-ion enthalpies of transfer for transition-state anions of imidide ion plus ethyl iodide reactions 
have been determined in acetonitrilemethanol mixtures and have been partitioned into component 
en t h a I p i es, 4 H 2!;FeoH a n d 4 H $,""" eoH . Statistical analysis led to the empirical correlation 
incorporating nucleophiles and transition-state anions between specific interaction enthalpies, 
AtH $IN-Meo and the number of methanol molecules participating in the specific interaction with 
the anion. The molecular mechanistic origin of the specific interaction has been rationalized by 
introducing the concept of 'effective atomic charge on the oxygen atom' which has been derived 
through semi-emipirical M NDO/PM3 molecular orbital calculations. 

Characterization of transition-state properties is of great 
importance in mechanistic organic chemistry. l4 The evalu- 
ation of transfer thermodynamic quantities for activated 
complexes on the basis of a thermodynamic cycle, i.e. through 
the combination of the activation parameters for the reaction 
with the transfer thermodynamic quantites for the substrates 
and the reactants, has been taken as the most relevant and 
direct experimental means for deducing transition-state proper- 
ties. 5-7 

Thermodynamic properties, partly because they are the sole 
experimental properties usually available through standard 
procedures, are invoked to reflect unambiguously the molecu- 
lar mechanistic properties of the initial state and the transition 
state. As it is possible that very many of molecular interactions 
are simultaneously reflected in the thermodynamic quantities, 
a critical examination by theoretical means is desirable for 
deductions made through empirical analysis to be laid on a 
firmer theoretical basis. 

In previous work' the solvation patterns of imidide ions 
(conjugate-base anions of imides) in acetonitrile-methanol 
mixtures have been discussed successfully through the empirical 
correlation between the specific interaction enthalpies for the 
anions, AtHhN+MeoH and the atomic charges on the oxygen 
atom in the imidide ion, determined by semi-empirical, 
MNDO/PM3 molecular orbital calculations. 

In this work, the transfer enthalpies for the transition-state 
anions will be determined and analysed according to the 
procedures developed previo~sly,~-'  and then the reliability of 
the procedures developed for the analysis of solvation patterns 
of imidide ions will be examined by analysis of transition-state 
anions for the reaction of the imidide ion plus ethyl iodide in 
acetonitrile-methanol mixtures. Molecular interactions at the 
transition-state will then be discussed. 

Results 
Rate constants and activation parameters for five reactions of 
the imidide ion with ethyl iodide in acetonitrile-methanol 
mixtures are summarized in Table 1. There is a 200-fold 
variation in rate constants in acetonitrile according to 
structural variations in the nucleophile, and the variation of 
the activation enthalpy prevails over that of the activation 
entropy, except for reaction of 4-nitrophthalimidide. For most 
of these reactions the activation enthalpies in methanol exceed 

those in acetonitrile by ca. 30 kJ mol-'. These features all 
indicate the significance of enthalpy analysis on mechanistic 
discussion for this type of reaction. 

Single-ion enthalpies of transfer for transition-state anions 
(acetonitrile is taken as the reference solvent) have been 
calculated on the basis of a thermodynamic cycle, using the 
single-ion enthalpies of transfer for nucleophiles and transfer 
enthalpies for ethyl iodideg and are summarized in Table 2. 
Those for two transition-state anions, in the reaction of 3,3- 
dimethylglutarimidide ion and 1 -methylhydantoin anion indi- 
cate a minimum at low contents of methanol, while those for 
other reactions indicate a smooth variation with solvent 
composition. The general trend observed for transferring a 
transition-state anion from acetonitrile to a mixed solvent is 
predicted well by eqns. (1) and (2), which have also been used 
for the analysis of transfer enthalpies for nucleophiles.' 

4HAN'mix = 

AtHpqfiNMeoHXMeOH[l - .23xMeOH(1 - XMeOH)I + 
A ~ H & ~ ' ~ ~ ~ ~ K  se x MeOH/(XAN + KseXMeOH) 

+ 
The first term on the right-hand side of eqn. (1) generates a 

smooth variation of transfer enthalpies with solvent compo- 
sition and serves to delineate contributions arising from the 
'more physical' interactions such as ion-dipole, dipole-dipole 
and protophobic interactions. The second term on the right- 
hand side of eqn. (1) provides for a rather sharp change of 
transfer enthalpy in the methanol-poor region and serves to 
quantify 'specific' or 'more chemical' interactions such as 
hydrogen-bonding and dipole-dipole association interactions; 
Kse is the equilibrium constant for the solvent exchange process 
in the solvation site around a The calculations of 
enthalpies were carried out iteratively, gradually changing the 
parameters, AtHSqN+MeoH and K,,, and one of the most plausible 
set of parameters is listed in Table 2. Transfer enthalpies for 
three transition-state anions, viz. the 3,3-dimethylglutarimidide 
ion, the 1 -methylhydantoin anion and the 3,4,5,6-tetrachloro- 
phthalimidide ion, were calculated using the equations with 
a maximum deviation of 1 kJ mol-'. Those for reaction of the 
4-nitrophthalimidide ion showed a more linear variation 
than predicted by eqns. (1) and (2) with the condition, 
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Table 1 Rate constants and activation parameters in acetonitrile-methanol mixtures (30 "C) 

3,3-Dimethylglutarimidide + EtI l-Methylhydantoin anion + EtI 

xMeOHLl k/104 dm3 mol-' s-' AH'/kJ mol-' AS'/J K-' mol-' k/104 dm3 mol-' s-' AHf/kJ mol-' AS'/J K-' mol-' 

0 1.48 x 104 51.0 - 73.6 
0.10 1.60 x 10' 77.2 - 24.8 
0.25 31.0 81.4 - 24.6 
0.50 6.70 84.5 -27.1 
0.75 2.86 83.8 - 36.5 
1 .O 0.954 84.2 -44.3 

1.05 x 103 60.6 -63.9 
21 .o 83.1 - 22.2 
5.03 86.8 -21.9 
1.55 89.1 - 24.1 
0.685 89.9 -28.2 
0.283 92.0 - 28.6 

4-Nitrophthalimidide + EtI 3-Nitrophthalimidide + EtI 

xMeOH k/104 dm3 mol-' s-' AH'/kJ mol-' ASt/J K-' mol-' k/104 dm3 mol-' s-l AH'/kJ mol-' AS'/J K-' mol-' 

0 1.54 x 10, 56.7 - 92.7 
0.10 9.92 78.0 - 45.2 
0.25 2.84 83.7 - 36.8 
0.50 0.916 84.6 -43.3 
0.75 0.392 87.8 - 39.8 
1 .o 0.191 90.0 - 38.5 

1.14 x 10, 63.9 -71.5 
9.65 80.4 - 37.6 
2.62 84.9 -33.5 
0.879 87.5 - 34.0 
0.345 98.9 - 4.2 
0.188 99.7 - 6.6 

3,4,5,6-Tetrachlorophthalimidide + EtI 

xMeOH k/104 dm3 mol-' S-' AHt/kJ mol-' ASt/J  K-' mol-' 

0 61.5 
0.10 7.35 
0.25 2.41 
0.50 0.849 
0.75 0.419 
1 .O 0.184 

66.8 - 67.0 
81.7 - 35.5 
83.9 - 37.5 
84.9 - 42.9 
87.4 -40.5 
89.5 -40.5 

xMeOH is the mole fraction of methanol. 

Table 2 Single-ion enthalpies of transfer and interaction parameters for transition-state anions in acetonitrile-methanol mixtures 

%=OH TS- (Me,-Glutar) TS- (Me-Hydantoin) TS- (CNO,-Phthal) TS- (3-N02-Phthal) TS- (C1,-Phthal) 

0 
0.10 
0.25 
0.50 
0.75 
1 .O 
A, H ;:&M 
A1HiN -Meon 
Ks e 
Z 

0.0 
- 10.5 
- 11.1 
- 8.65 
- 5.0 

0.7 
15.2 

- 14.5 
40.0 

1.2 

0.0 
- 9.0 
- 8.5 
-4.55 
- 0.4 

7.3 
19.8 

- 12.5 
47.0 

1 .O 

0.0 
2.2 
8.1 

10.3 
16.45 
22.65 
22.65 
0.0 
1 .o 
0.0 

0.0 
- 1.2 

2.1 
5.9 

19.9 
25.3 
30.3 

13.0 
0.5 

- 5.0 

0.0 
0.9 
1.9 
3.45 
8.7 

14.2 
15.7 
- 1.5 

8.0 
0.1 

a Enthalpies are in kJ mol-'. Me,-Glutar, 3,3-dimethylglutarimidide; Me-Hydantoin, l-methylhydantoin anion; 4-NO2-Phthal, 4-nitro- 
phthalimidide; 3-NO2-Phthal, 3-nitrophthalimidide; C1,-Phthal, 3,4,5,6-tetrachlorophthalimidide. 

A,HSqN-*MeoH = 0 and Kse = 1.0, indicating that the contribu- 
tion from specific interactions is insignificant at the transition 
state. Those for reaction of the 34trophthalimidide ion 
indicated a negative deviation of 7.3 kJ mol-' at xMeOH = 0.75 
from the value estimated by eqns. (1) and (2). 

Discussion 
Empirical correlations between the thermodynamic quantities 
of activation provide a method of deriving molecular mechan- 
istic notions on solvation through the evaluation of the number 
of solvent molecules participating in a specific interaction with 
a solute. The number of solvent molecules, 2, is related to the 
specific interaction enthalpy, AiHkN+MeoH by eqn. (3), 

where AseH is the enthalpy change associated with the solvent 

exchange process on the solvation site around an a n i ~ n . ~ - ' ~  
The single-ion enthalpy and entropy of transfer due to specific 
interactions are given by eqns. (4) and (5). 

A , H ; ~ ' ~ ~ ~ ~ K  se x MeOH/(XAN + KseXMeOH) (4) 

When the solvation numbers for the nucleophile and the 
transition-state anion are known, the solvent effects on the 
activation enthalpy and on the activation entropy due to the 
'more physical' interactions can be calculated by eqn. (6), 
substituting the relevant quantities derived above into eqn. (6), 

6A Y i H Y S  = 6A Ys - A, YhN+miX(TS-) + 
A, YkN+miX(N~-)  (6) 
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Table 3 Specific interaction enthalpies and solvation numbers for nucleophiles and isokinetic temperatures 

Nucleophiles AtH,A,N'MeoH/kJ mol-' Z (Nu-) j?pHYS/K 

3,3-Dimethylglutarimidide - 49.0 
1 -Methylhydantoin anion - 40.0 

Phthalimidide -26.0" 

3-Nitrophthalimidide - 23.0 
3,4,5,6-Tetrachlorophthalimidide - 18.5 

Succinimidide -37 .012  

4-Nitrophthalimidide - 22.5 

4.1 200 
3.4 210 
3.0 l 2  355 l 2  

2.4 l 2  406 '' 
1.2 485 
1.9 342 
1.4 580 

2 

0 20.0 40.0 
6AS */JK-'mol-' 

Fig. 1 Empirical correlations between activation enthalpies and 
activation entropies for the reaction of 3,3-dimethylglutarimidide ion 
with ethyl iodide in acetonitrile-methanol mixtures. 0, Overall 
quantities; a, 'more physical' interaction quantities, (-) calculated 
quantities (see text). 1, Acetonitrile; 2, methanol. 

where Y stands for enthalpy or The required 
quantities for these calculations, except the solvation numbers, 
have already been determined, and summarized in Table 2 (for 
transition-state anions) and in Table 2 of ref. 8 (for nucleo- 
philes). Calculations were repeated iteratively for assumed sets 
of Z (Nu-) and Z (TS-), until a linear correlation held between 
activation parameters due to the 'more physical' interaction, 
6A YiHys. The isokinetic temperature, PPHYS, defined by eqn. (7), 
and solvation numbers for the transition-state anions and 
nucleophiles deduced using these treatments are summarized 
in Tables 2 and 3. 

Internal consistency has been tested through correlation of 
6AH6,,, us. 6AGiH,,, which is recommended on the grounds 
of  statistic^,'^ and through the back-calculation of 6AHt and 
6ASs An example is shown in Fig. 1. 

PPHYs increases with the specific interaction enthalpy of the 
nucleophile, AIHhN 4MeoH, except for reaction of 3-nitro- 
phthalimidide (see Table 3). The specific interaction enthalpy 
reflects the amount of negative charge on oxygen:' as the 
anionic charge becomes more delocalized, the hydrogen- 
bonding interaction between the anion and methanol is 
weakened,' and the weakening of hydrogen-bonding inter- 
action due to the dispersion of anionic charge on going from 
reactants to transition state is also shown by the increase in 

2TS 
0-0 

0-m 

-0.50 -0.45 -0.40 -0.35 
Atomic Charge on Oxygen 

Fig. 2 Empirical correlation between specific interaction enthalpies, 
AtH$N+MeoH and atomic charges on oxygen. The A,HSqN+MCoH values 
and atomic charges on oxygen for nucleophiles are from ref. 8. 0, 
Nucleophiles; 0 , transition-state anions; 0 ,  effective atomic charges 
for transition-state anions (see text). 1, 3,3-Dimethylglutarimidide ion; 
2, 1-methylhydantoin anion; 3, succinimidide ion; 4, czs-hexahydroph- 
thalimidide ion; 5 ,  2,3-napthalimidide ion; 6, phthalimidide ion; 7, 3- 
nitrophthalimidide ion; 8, 4-nitrophthalimidide ion; 9, tetrachloroph- 
thalimidide ion. iTS, transition state anion for the reaction of ethyl 
iodide with the nucleophile i. 

AtHSqN+MeoH (see Table 2 and Fig. 2). Solvent molecules firmly 
oriented around the oxygen atom in the nucleophile become 
partially relaxed at the transition state according to the 
delocalization of their anionic charge, and the extent of 
variation from a 'more oriented' to a 'partially relaxed' state 
would be diminished with increasing charge delocalization in 
the nucleophile. The reaction of the most charge-localized 
nucleophile, 3,3-dimethylglutarimidide, shows the largest 
variation in AtHkN+MeoH, i.e. from -49.0 to. - 14.5 kJ mol-', 
while that of the most charge delocalized nucleophile, 
tetrachlorophthalimidide, shows the least variation, i. e. from 
- 18.5 to - 1.5 kJ mol-' (see Table 2). The general trend ob- 
served between PpHys and AIH$N-'MeoH for the nucleophile 
suggests that the differential effects of charge delocalisation on 
thermodynamic quantity of solvation between the initial and 
transition states can be sensed by PpHys; this is analogous to 
the observation for Menschutkin reactions. l4 

Statistical analysis of the enthalpy, AtHkN+MeoH , us. solva- 
tion number, 2, leads to eqn. (8), which holds for nucleophiles 
and transition-state anions (A,HhN +MeoH values for the 
transition-state anions in the reactions of phthalimidide and 
succinimidide ions are from ref. 12). 
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H 

Scheme 1 

AtH&N+MeoH = -0.80 - 11.6*2, n = 13, r = 0.98 (8) 

This has the physical consequence that the more basic anions 
are solvated by larger numbers of methanol molecules, and 
that the enthalpy change, A,,H, or the enthalpy change of 1 : 1 
interaction amounts to - 11.6 kJ mol-’. A similar analysis for 
oxygen anions and uncharged amines led to the value, AseH = 
- 13.3 kJ mol-’ .I5 These analyses, together with the analysis of 
thermodynamic quantities of acid ionization in the aqueous 
phase, emphasize the significance of the ‘more chemical’ 
character of anion solvation in protic  solvent^.^*^.' 

Semi-empirical molecular orbital methods provide con- 
venient procedures for appraising the molecular and chemical 
properties of anions. An empirical correlation between specific 
interaction enthalpies, AtH&N-*MeoH and the atomic charges on 
oxygen calculated by the MNDO/PM3 method has been found 
for the imidide ion series.8 In order to examine critically the 
reliability of the physicochemical notions derived from the 
correlation, approximate saddle points for imidide ion plus 
methyl iodide reactions have been determined by MNDO/ 
PM3 methods. l 6  Specific interaction enthalpies for transition- 
state anions are plotted against atomic charges on the oxygen 
atom together with relevant values for imidide ions determined 
previously (Fig. 2). In the 4-nitrophthalimidide ion and the 
N-methylhydantoin anion the two carbonyl oxygen atoms are 
not equivalent. However, the differences are not significant and 
the average values are taken as the relevant atomic charges on 
oxygen either for nucleophiles or for transition-state anions. 
For the reaction of the 3-nitrophthalimidide ion, only the 
atomic charge on the oxygen that is distant from the nitro 
group is taken into account (see the Discussion in ref. 8). 
Although a moderate correlation exists between the relevant 
quantities for transition-state anions, the specific interaction 
enthalpies for transition-state anions generally deviate up- 
wards compared with the extrapolated enthalpies from the 
correlation for imidide ions. 

On going from the initial state to the transition state, the 
orientation of solvent molecules around the oxygen atom may 
well be affected by steric interactions with the bulk and the 
partial charge of the methyl group in the approaching methyl 
iodide. In other words, the hydrogen atoms, on the approach- 
ing methyl iodide and the hydrogen atoms in methanol bear 
partial positive charges, and this might bring about significant 
repulsive interaction into the system. An estimate of this effect 
can be carried out in terms of electrostatic interactions between 
various atomic charges in a transition-state anion and the 
atomic charge on the hydroxy protons in the solvating 
methanol. The sum of the Coulombic energy, E,, between 
the atomic charge on oxygen in the nucleophile, Q, and that 
on hydrogen in the solvating methanol, Q H , ,  and the energy 
between the charge on the nearest hydrogen in the reacting 
methyl iodide, QH, and the charge on hydrogen in the solvating 
methanol, Q H , ,  is given by eqn. (9), 

where r X H ’  stands for the distance between atom, X in the 
transition-state anion and the hydroxy hydrogen in the 
solvating methanol. At the initial state where the distance 
between nucleophile and the reacting methyl iodide can be 
taken as infinity, i.e. TH-H’ z co, the quantity in square brackets 
converges to Qo, giving theoretical support for the linear 
correlation observed previously between specific interaction 
enthalpies for the nucleophile and the atomic charges on 
oxygen in the nucleophile.8 The quantity in square brackets 
can then be taken as the ‘effective atomic charge on oxygen’ 
incorporating nucleophiles and transition-state anions. For the 
evaluation of r0-H‘ and TH-H,, optimizations were carried out for 
four reaction systems using the configuration shown in Scheme 
1 (in order to save on computation time, the N-C and C-I 
distances were fixed at the value determined above and the 
methanol was kept in the molecular plane). None of these 
distances varies significantly between systems, and average 
values, r0-H’  = 4.46 x lo-’’ m and TH-H, = 1.78 x lo-’’ m are 
used in the following calculations. When specific interaction 
enthalpies for transition-state anions are plotted against 
‘effective atomic charges on oxygen’ (Fig. 2), the nucleophiles 
and transition-state anions seem to fall on a single line, and a 
least squares analysis leads to eqn. ( 1  0). 

AtHSqN+eoH = 137.5 + 369.2*[Q0 + QH/(4.46/1.78)]; 
n = 16, r = 0.968 (10) 

The equation predicts that the specific interaction enthalpy 
becomes zero at an ‘effective atomic charge on oxygen’ of 
-0.372e. As described elsewhere,8 -0.372e is very close to 
the atomic charge on oxygen for uncharged N-methylated 
imides and an analysis of the tranfer enthalpies for uncharged 
N-ethylated imides did not show definitely any detectable 
contribution from hydrogen-bonding interactions in aceto- 
nitrile-methanol.8 There is therefore an analogy between the 
prediction from the empirical correlation [eqn. (lo)] and 
thermodynamic measurements. 

Through these analyses, two types of correlations, both 
incorporating nucleophiles and transition-state anions and 
both covering a range of ca. 50 kJ mol-’, were found 
empirically. The correlations and the analogy mentioned 
above indicate that the molecular properties at the transition 
state can be evaluated approximately on thermodynamic 
grounds, and they provide a way for bridging the gap 
between kinetic parameters, thermodynamic quantities and 
molecular properties derived through quantum-mechanical 
calculations. 

Conclusion 
Quantum-mechanical procedures have usually been used to 
deduce molecular mechanistic information on reactions in 
the gas phase. On the other hand, molecular mechanistic 
information on reactions in solution has had to be deduced 
through empirical analysis of the thermodynamic quantities 
which, in principle, reflect only statistically averaged charac- 
teristics of the processes concerned. The procedures of analysis 
presented in this work, i.e. the empirical correlation of thermo- 
dynamic and kinetic quantities with molecular properties 
derived through quantum-mechanical methods, might provide 
a way to examine critically the physico-chemical theories 
derived through more sophisticated treatments of reactions in 
solution. 

Experiment a1 
Materials.-Tetraalkylammonium salts containing the con- 

jugate-base anion of imide have been prepared from tetra- 
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alkylammonium hydroxide and a relevant imide in methanol 
and purified as described previously. Other materials were 
treated as described elsewhere."-12 

Product Analysis and Kinetic Procedures.-Stock solutions of 
ethyl iodide and of the relevant tetraalkylammonium imidide 
were mixed in a round-bottomed flask and kept overnight. 
After near completion of the reaction, the reaction mixtures 
were carefully evaporated to dryness and the solid precipitates 
were washed with several portions of ether several times. 'H 
NMR spectra of the crude products (in CDCl,) essentially 
agreed with those of the purified products [after purification by 
chromatography (silica-gel column) or recrystallization, the 
composition was confirmed by elemental analysis, as described 
elsewhere '1, Thus ethylation seems to proceed at the nitrogen 
atom in imidide ions as far as can be detected. Reactions were 
followed by measuring the iodide ion produced in the reaction 
by potentiometric titration using silver nitrate solution and 
rates were measured at four of the following temperatures, 0.0, 
10.0, 20.0, 30.0, 40.0, 50.0 and 60.0"C. Experimental errors 
were estimated to be ca. 2%, 0.5-1.0 kJ mol-' and 1.7-3.0 J 
K-' mol-' for rate constants, activation enthalpies and 
activation entropies, respectively. 

Calculations.-Semi-empirical molecular orbital calculations 
were carried out using the MNDO/PM3 method.16 In order to 
save on computation time, the following restrictions were 
imposed; the framework of imidide ion has C,, or C, symmetry, 
methyl iodide has C3, symmetry, and one of the H-C bonds in 
the methyl iodide approaching the imidide ion is in the plane 
perpendicular to the molecular plane; thus the entire reacting 
system retains C, symmetry throughout. Partly because of the 
rather flat nature of the energy hypersurface around the saddle 
point, the calculated reaction coordinate for the reverse re- 
action was not quite the same as that of the forward reaction. 
Optimizations around a saddle point were carried out iter- 
atively with the restrictions described above being imposed for 
ca. 80-100 sets of fixed N-C and C-I distances. Contour lines 
were drawn as a function of two independent variables, N-C 
and C-I distances, using the calculated enthalpies, and the 

saddle points were determined by visual inspection. No other 
refinements were carried out. 
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