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The activation parameters and optimized structures of the reactants and transition states in the SN2 reactions
of substituted pyridines andN,N-dimethylanilines with methyl iodide were computed at the DFT level in
different solvents. The measured and calculated∆Gq/∆Hq/∆Sq versusσ plots proved to be linear, and
their slopes, theδ∆Gq, δ∆Hq, andδ∆Sq reaction constants, were determined. The least solvent-dependent
δ∆Gq reaction constants can be computed with acceptable accuracy. The calculatedδ∆Sq data decrease
only very slightly with the jointly increasing electron-withdrawing effect of the substituents and tightness
of the transition states. The measuredδ∆Sq values are influenced mainly by the change of solvation in
the reactions, andδ∆Hq is also influenced by the reorganization of the solvent. Consequently, the
experimental and calculatedδ∆Sq and δ∆Hq reaction constants may deviate considerably from each
other. In dipolar aprotic solvents the measuredδ∆Sq was less than zero, and in protic solvents it was
greater than zero. The ordering of the solvent molecules around the transition state with increasing charge
is increased in the former but decreased in the latter media, as compared to the bulk of the solvents. The
calculated∆Go

q, ∆Ho
q, and∆So

q parameters of the unsubstituted compounds agree relatively well with
the experimental data for reactions of neutral molecules in dipolar aprotic solvents (e.g., XC6H4N(CH3)2

+ CH3I). On the other hand, the measured and calculated activation parameters may show considerable
deviations for reactions of ions (e.g., XC5H4NCH3

+ + I-) and for any reaction in protic solvents.

Introduction

In previous papers1-3 the δ∆Gq, δ∆Hq, andδ∆Sq reaction
constants were defined (eqs 1-3) on the analogy of the Hammett
equation4,5 (eq 4).

∆Gq, ∆Hq, ∆Sq, and ∆Go
q, ∆Ho

q, ∆So
q are the activation

parameters obtained for the substituted and unsubstituted
compounds, respectively, andσ is the substituent constant, which
gives the best correlation with the Hammett equation. Theδ∆Gq,
δ∆Hq, and δ∆Sq reaction constants are the changes of the
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∆Gq ) δ∆Gqσ + ∆Go
q (1)

∆Hq ) δ∆Hqσ + ∆Ho
q (2)

∆Sq ) δ∆Sqσ + ∆So
q (3)

log k ) Fσ + log ko (4)
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corresponding parameters per unit change of theσ constant.
δ∆Gq and δ∆Hq are given in kJ mol-1 σ-1, but δ∆Sq is in J
mol-1 K-1 σ-1 units. The relationships between theδ∆Gq,
δ∆Hq, δ∆Sq, andF reaction constants and the temperature (T)
of experiments are given in eqs 5 and 6:

Theδ∆Gq, δ∆Hq, andδ∆Sq reaction constants were divided1,3

into internal and external parts (eqs 7-9), according to the
chemical reaction and the solvation process, respectively, by
analogy with the theory of Heppler.6-8

If remote substituents modify the structure of the transition
state (TS) to only a negligible extent, i.e., the internal entropy
of activation is independent of the substituents (δ∆Sint

q ≈ 0)3,9

and the contribution of the solvent reorganization to the change
of free energy of activation is near zero (eq 10),10-12 eqs 7-9
can be reduced to eqs 11-13:

This means that theδ∆Gq reaction constant is approximately
equal toδ∆Hint

q, which is the change of enthalpy of activation
for the reaction, andδ∆Sq is influenced mainly by the change
of the solvation with the substituents. Theδ∆Hq parameter is
less characteristic of the reaction as it depends both on enthalpy
and entropy changes. Similarly to the Hammett equation, eqs
1-3 and 5-13 can also be used for equilibria, with∆G°, ∆H°,
and∆S° instead of the activation parameters.

We intend to investigate the change of activation parameters
with the substituents in aliphatic SN2 reactions proceeding in
different solvents by the use of nucleophiles containing a
substituted aromatic ring. The mechanism of the SN2 reactions
was already widely studied by physical organic chemical
methods and by quantum chemical calculations, both in the gas
phase and in solutions. The effects of the structure of substrates,
nucleophiles, leaving groups, and the media were thoroughly
investigated by kinetic measurements.13-17 Detailed calculations

were performed on the energy profile of the reactions of simple
substrates with different nucleophiles16-18 and on the relation-
ship between the structure of the TS and the kinetic isotope
effect.19,20 The solvent effect was analyzed by using the
continuum model or by taking the specific interaction of solute
and solvent molecules into consideration.17,18

We have performed DFT calculations on some reactions in
which different types of electronic interactions take place
between the substituted aromatic ring and the reaction center.
Optimized structures and thermodynamic parameters for the
reactants and TSs were computed. The calculated activation
parameters were compared with the experimental data in order
to support the earlier suppositions1,3 concerning the indepen-
dence of the internal part of entropy of activation on remote
substituents (δ∆Sint

q ≈ 0) and the equivalence of the depend-
ences of free energy and internal enthalpy of activation on
substituents (eq 11). The solvents have been taken into
consideration as a continuum; the calculated entropy values are
practically equal for any media with those obtained for the gas
phase. The entropy changes connected with the rearrangement
of the solvent molecules could not be computed because of the
limitations of the continuum solvent models. Earlier, the
measured changes of entropy of activation with the substituents
were discussed qualitatively, and the desolvation of the reactants,
the solvation of the TS, and the reorganization of the solvent
molecules were taken into consideration.1,3 In aprotic solvents,
the desolvation of a reactant has a positive contribution to the
measured∆Sq, whereas the formation of the solvation shell of
the TS has a negative contribution. The solvation or desolvation
of dipolar or especially charged species gives rise to a high
change of the orientation of solvent molecules and a great
corresponding change of entropy of activation in the less polar
and less ordered aprotic solvents. On the other hand, in protic
solvents∆Sq changed in an opposite way with the substituents
as in aprotic media. The explanation offered for these observa-
tions has been that the solvent molecules in the second solvation
shell of large dipolar molecules or ions are less ordered in protic
media than in the bulk of the solvent.3

Calculation of δ∆Gq, δ∆Hq, and δ∆Sq Reaction
Constants from Experimental Data

The δ∆Gq, δ∆Hq, andδ∆Sq reaction constants were deter-
mined1,3 either from the dependence of the activation parameters
on the substituent constants21 (eqs 1-3) or fromδ∆Gq and the
â isokinetic temperature (eqs 14 and 15). The isokinetic
temperature, which is the ratio of the change of∆Hq and∆Sq

activation parameters with the substituents3,9 (eq 16), can be
calculated from the temperature dependence of the rate con-
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δ∆Gq ) δ∆Hq - Tδ∆Sq (5)

δ∆Gq ) -2.303RTF (6)

δ∆Gq ) δ∆Gint
q + δ∆Gext

q (7)

δ∆Hq ) δ∆Hint
q + δ∆Hext

q (8)

δ∆Sq ) δ∆Sint
q + δ∆Sext

q (9)

δ∆Gext
q ) δ∆Hext

q - Tδ∆Sext
q ≈ 0 (10)

δ∆Gq ≈ δ∆Hint
q (11)

δ∆Hq ≈ δ∆Hint
q + Tδ∆Sext

q (12)

δ∆Sq ≈ δ∆Sext
q (13)
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stants, by using the methods published by Exner,9 Linert,22,23

and Berthelot et al.24

To decrease the errors originating from the temperature
dependence of activation parameters,25,26 ∆Hq and ∆Sq were
calculated in the same temperature range for all compounds of
the reaction series and refer to the mean temperature of the
measurements. In many reactions∆Hq and∆Sq showed linear
dependence on the substituent constants, like the logk values
in the Hammett equation. Good correlations with eqs 1-3 were
obtained1,3 when the changes of the activation parameters with
the substituents were considerably greater than the experimental
errors.∆Sq regularly had the greatest uncertainty among the
activation parameters, and often only∆Gq and ∆Hq gave
acceptable correlations with the substituent constants. In entropy-
driven reactions. a similar situation may exist for∆Hq. In these
cases, more correct values forδ∆Sq or δ∆Hq were calculated
from eq 5 by using theδ∆Gq andδ∆Hq or δ∆Sq constants. If
the∆Gq/∆Hq/∆Sq versusσ plots show a break,3 and theδ∆Gq,
δ∆Hq, andδ∆Sq values change with the substituents, but theâ
isokinetic temperature remains constant, one may assume that
wrong σ constants have been chosen for the correlations. Ifâ
is also altered at the break, the rate-determining step or the
mechanism may change with the substituents.3,5,27

Computational Details

The geometry of each compound was fully optimized by using
the Gaussian 03 software package28 at the B3LYP level. The solvent
effect was incorporated by applying the polarizable continuum
model29 in the integral equation formalism30,31 (IEF-PCM) of the
corresponding solvent. The 6-31G(d) standard basis set was used
for all atoms except iodine, for which the SDD (Stuttgart/Dresden
ECP) was selected with the 6D option, because the 6-31G basis
set is only applicable up to Kr. All structures were characterized
as energy minima or TSs by calculating the harmonic vibrational
frequencies, with no or one imaginary frequency for reactants and
TSs, respectively, using analytical second derivatives. The ther-
mochemical data were obtained by the standard procedure in the
framework of the harmonic approximation.32,33

In cases of very flat potential energy surfaces, such as complexes
with explicit solvent molecules, discontinuity arising from the

solvent model may prevent finding a true minimum. In such cases,
the optimizations may result in oscillation or converge to higher
order critical points of the not perfectly continuous potential energy
surface. Even at convergence, the entropy values may not be
comparable since some degrees of freedom, the normal modes
corresponding to imaginary vibrational frequencies, are excluded.
None of the reported data suffers from such problems, which
prevented us from performing extensive studies with explicit solvent
molecules.

Free energies, enthalpies, and entropies of activation were
calculated from the differences of the sum of electronic and thermal
free energies (G) and enthalpies (H) and from the entropies (S) of
the TSs and reactants, respectively (see Table S1-S4 in Supporting
Information.∆Gq and∆Hq values were multiplied by 627.51 and
4.184 in order to convert them into kJ mol-1 units). The entropy
values, obtained by the Gaussian 03 program for a compound in
different solutions and in the gas phase, are practically equal to
each other. For CH3I, CH3CN, and CH3OH, S) 254.1, 245.1, and
239.8 J mol-1 K-1 were measured34 in the gas phase, andS) 264,
251 and 241 J mol-1 K-1 were calculated in CH3CN, CH3CN, and
CH3OH solutions, respectively, at 25°C.

Results and Discussions

Reaction of Pyridines with Methyl Iodide. Pyridines (1)
react with methyl iodide (2) in CH3CN solution through an
equilibrium reaction35 (Scheme 1, X substituents are given in
legends of Figures 1-3). The equilibrium is strongly shifted to
the right side, and∆G° ) -49.9 kJ mol-1 was obtained for
the unsubstituted compound (X) H). TheN-methyl pyridinium
ions (4) and the iodide ion (5) form ion pairs6 in CH3CN
solution (Scheme 1). The dissociation constant of the 4-cyano-
N-ethylpyridinium iodide ion pair was found36 to beKd ) 0.0104
mol-1, i.e., 64% of the salt forms ion pairs, at 0.05 M

(22) Linert, W.; Jameson, R. F.Chem. Soc. ReV. 1989, 18, 477-506.
(23) Linert, W.Chem. Soc. ReV. 1994, 23, 430-438.
(24) Ouvrard, C.; Berthelot, M.; Lamer, T.; Exner, O.J. Chem. Inf.

Comput. Sci.2000, 41, 1141-1144.
(25) Robertson, R. E.; Heppolette, R. L.; Scott, J. M. W.Can. J. Chem.

1959, 37, 803-824.
(26) Kohmstam, G.AdV. Phys. Org. Chem.1967, 5, 121-172 and

references therein.
(27) Ruff, F.; Csizmadia, I. G.Organic Reactions: Equilibria, Kinetics

and Mechanism; Elsevier: Amsterdam, 1994; pp 170-177.

(28) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Peterson, G. A.; Nakatsuji,
H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida,
M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li, X.; Knox,
J. E.; Hartchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, C.; Gomperts,
R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.;
Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.;
Dannenberg, J. J.; Zakrzewski, V. G.; Daprich, S.; Daniels, A. D.; Strain,
M. C.; Farkas, O¨ .; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, j. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski,
J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Koma´romi, I.;
Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, L. A.; Peng, C. Y.;
Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.Gaussian 03, Revision C.02;
Gaussian, Inc.: Pittsburgh, 2003.

(29) Tomasi, J.; Persico, M.Chem. ReV. 1994, 94, 2027-2094.
(30) Cance`s, E.; Mennucci, B.J. Chem. Phys.2001, 114, 4744-4745.
(31) Chipman, D. M.J. Chem. Phys.2000, 112, 5558-5565.
(32) McQuarrie, D. A.; Simon, J. D.Molecular Thermodynamics;

University Science Books: Sausalito, 1999.
(33) http://www.gaussian.com/g_whitepap/thermo/thermo.pdf.
(34)CRC Handbook of Chemistry and Physics; Lide, D. R., Ed.; CRC

Press: Boca Raton, 1995; Chaoter 5-4.
(35) Arnett, E. M.; Reich, R.J. Am. Chem. Soc.1980, 102, 5892-5902.
(36) Mackay, R. A.; Pozimek, E. J.J. Am. Chem. Soc.1970, 92, 2432-

2439.

SCHEME 1. Reversible Reaction of Pyridines with Methyl Iodide

δ∆Gq ) δ∆Hq(â - T)/â (14)

δ∆Gq ) δ∆Sq(â - T) (15)

δ∆Hq/δ∆Sq ) â (16)

Effect of Substituents on ActiVation Parameters

J. Org. Chem, Vol. 71, No. 9, 2006 3411



concentration of the salt, which was used in kinetic measure-
ments. The reactivity of the ion pair and the free ions proved
to be identical in nucleophilic substitutions.36

Selected data of the optimized structures obtained by DFT
calculation are listed in Table S5 of Supporting Information.
In the ion pairs6 (Scheme 1), the iodide ion is near to theortho-
proton{R(IH2) ≈ 3.1 Å} and to one of the H atoms of the CH3

group {R(IH7) ≈ 3.2 Å} and lies close to the plain of the
pyridine ring{æ(IC7NC2) ≈ -8°, Table S5}, where density of
positive charge is the greatest. DFT calculations indicated that
I- forms the molecular association8 in CH3CN solution with a
solvent molecule (Scheme 2). The I- is in the vicinity of one
of the hydrogens of the CH3 group {R(CH) ) 3.260 Å), and
the C-H‚‚‚I atoms are in a nearly linear arrangement (θ )
176°).

The TS 3, formed from both directions of the reversible
reaction, exhibits a trigonal bipyramidal geometry (Scheme 1,
Table S5), with collinear I‚‚‚C7‚‚‚N atoms (θ ) 179.8°) and
with C7‚‚‚N (∼2.2 Å) and I‚‚‚C7 (∼2.6 Å) bonds, which are
longer than in pyridinium salts4 (1.48 Å) and in CH3I (2.203
Å), respectively. The TS is reactant-like; the H atoms of the
CH3 group are bent toward the N atom{θ(H7C7N) < 90°, θ-
(H7C7I) > 90°}. With the increase of the electron-withdrawing
(e-w) effect of the substituents in the pyridine ring, the above
angles approach 90°, theR(IC7) distance increases, theR(C7N)
decreases, theQ(I) negative charge of the iodine and the positive
charge of the C7 carbon atom increase (Table S5), and the
reaction coordinate of the TS is shifted towardx ) 0.5. By
acceptingθ(HCI) ) 106.8° in CH3I for x ) 0 andθ(H7C7I) )
90° in a TS forx ) 0.5, reaction coordinatesx ) 0.38, 0.39,
and 0.45 were calculated for the TSs of 4-CH3O, H, and 4-NO2

derivatives, respectively. An early TS was also proposed for
the forward reaction on the basis of kinetic measurements.35

The bond ordersn(N-C7) ) 0.372 andn(C7-I) ) 0.613 were
calculated for the TS of the unsubstituted compound (X) H)
by using the Pauling equation37 (eq 17):

whereR is the C7‚‚‚N or the I‚‚‚C7 distance in the TSs (Table
S5) andRo ) 2.203 Å for CH3I and 1.481 Å for C5H5NCH3

+.
R ) 2.741 and 1.997 Å data, calculated for the symmetric
[I ‚‚‚CH3‚‚‚I-]q and [C5H5N‚‚‚CH3‚‚‚NC5H5

+]q TSs (n ) 0.5)
were used to determine the constantsa ) -0.7762 and-0.7444
in eq 17 for C-I and C-N bonds, respectively. A tighter TS is
formed in the presence of e-w substituents, as is shown by the
calculated sum of I‚‚‚C7‚‚‚N distances decreasing from 4.803
to 4.790 Å in the case of 4-CH3O and 4-NO2 substituted
compounds, respectively.

Kinetic investigations35 on the substituent effect indicated that
the forward reaction is accelerated by electron-donating (e-d)
groups (F ) -2.27) and the reverse reaction by e-w groups (F
) 5.95). The HammettF constants also support the early TS of
the forward reaction. The experimental activation parameters
of the methylation (Table 1, no. 1a) are in the usual range of

bimolecular reactions.38 The free energy and enthalpy of
activation of the slower demethylation are much higher (Table
1, no. 2a) and the entropy of activation is positive, although
this reaction is also bimolecular. The positive, unusually high
entropy of activation for the bimolecular reaction may be
explained by the desolvation of the ions and by the decreasing
order of the solvent molecules on the formation of the TS.
Experimental and calculated∆Gq, ∆Hq, and∆Sq values for the
forward and reverse reactions, and the∆G°, ∆H°, and∆S° data
for the equilibriums are plotted against theσ constants21 in
Figures 1-3. Theδ∆Gq, δ∆Hq, andδ∆Sq (δ∆G°, δ∆H°, and
δ∆S° for the equilibrium) reaction constants are given in Table
1. The calculated and measured values forδ∆Gq andδ∆Hq, as
well as for δ∆G° and δ∆H°, agree well, and the substituent
effect on∆Gq and∆Hq, as well as on∆G° and∆H°, parameters
can be calculated properly by the DFT method for the reactions
investigated (Table 1, nos. 1a,b, 2a,b,c, and 3a,b,c). Good
correlations were obtained for the forward reaction also with
σo constants21 (Table 1, nos. 1a,b, footnotes g and h) indicating
that no e-d through-conjugation takes place between theπ
orbitals of the pyridine ring and the orbital of the N‚‚‚C7‚‚‚I
atoms of the TS, occupying orthogonal positions. Practically
the same reaction constants were obtained for the separated ions
4 and5 and the ion pair6 in the reverse reaction (Table 1, nos.
2b,c) and in the equilibrium (nos. 3b,c). The dissociation of
the ion pair6 (Scheme 1) is not influenced significantly by the
substituents of the pyridine ring;∆G° ) -18.5( 1.0 kJ mol-1,
∆H° ) 4.09 ( 0.8 kJ mol-1, and∆S° ) 75.7 ( 3.6 J mol-1

K-1 were obtained on the average for compounds with different
substituents.

The calculated∆Sq and∆S° data decrease only slightly with
the increase of the e-w effect of the substituents in the forward
reaction and in the equilibrium (δ∆S< 0, Table 1, nos. 1b and
3b,c; Figures 1 and 3). The decrease of the calculated∆Sq may
also be explained by the increasing tightness of the TSs. A
higher decrease of∆Sq was observed for the same reactions
evaluating the data of kinetic measurements (Table 1, nos. 1a
and 3a; Figures 1 and 3). It may be assumed that the negative
charge of iodine and therefore the solvation of the TS increases
in the given series of compounds{Q(I) ) -0.503 and-0.548
for 4-CH3O and 4-NO2 substituted compounds, respectively;
see Table S5}. On the other hand,∆Sq does not show any
significant dependence on substituents in the reverse reaction
(Table 1, nos. 2a,b,c). The effect of X substituents on the charges
and the solvation of ions4, 6, and TS 3 may be similar.
Correlation coefficients (r) for the∆Sq versusσ plots are poor
because the entropy changes are small, and the errors of the
measured and calculated data are greater than those of the other
parameters. Nevertheless theδ∆Sq data in Table 1 may be
accepted because almost the same values can be calculated from
eq 5 by using the values ofδ∆Gq andδ∆Hq.

The calculated∆Go
q, ∆Ho

q, and∆So
q activation parameters

of the unsubstituted compounds do not agree well with the
experimental data. The forward reaction of the unsubstituted
compound proceeds 1900 times more slowly, while the reverse
reaction of the free ions4 and 5 is 7200 times faster than
calculated. The measured∆Go

q parameters are higher and
smaller than those obtained by the DFT method for the forward
and reverse reactions, respectively (Table 1, nos. 1a,b, 2a,c,
Figure 1). The equilibrium is less shifted toward the right side
than expected on the basis of computations, and experimental

(37) Pauling, L.J. Am. Chem. Soc.1947, 69, 542-553. (38) Reference 27; pp 143-148.

SCHEME 2. Solvation of Iodide Ion with Acetonitrile

R - Ro ) a ln(n) (17)
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∆Go° is higher than the computed one (Table 1, nos. 3a,c, Figure
3). Measured and calculated data are less different if the ion
pair 6 is taken into consideration instead of the free ions4 and
5 (Figure 2, Table 1, nos. 2a,b,c, 3a,b,c). The experimental and
calculated∆Sq values agree better in the forward reaction of
neutral molecules (Table 1, nos. 1a,b, Figure 1) than in the
reverse reaction (nos. 2a,c) and in the equilibrium (nos. 3a,c,
Figure 3), where ions take also part in the reactions. We tried
to improve the results by calculating the interactions of the
reactants and the TS with one or two solvent molecules, but
only the complex between I- and one CH3CN molecule could
be computed without imaginary frequency.∆G° ) 17.5 kJ
mol-1, ∆H° ) 0.78 kJ mol-1. and∆S° ) -55.9 J mol-1 K-1

were obtained for the equilibrium in Scheme 2. The calculated
parameters of the reverse reaction and the equilibrium in Scheme
1 become only slightly better if the complex formation of I-

and CH3CN is also taken into consideration according eqs 18

and 19 (Table 1, nos. 2a,c,d, 3a,c,d). One cannot correctly model
the entropy changes with complexes containing only one solvent
molecule.

Reaction ofN,N-Dimethylanilines with Methyl Iodide. The
kinetics of the nucleophilic substitution reactions ofN,N-
dimethylanilines (9) with methyl iodide (2) were studied in
acetone,39 CH3CN,39 and CH3OH40,41 solutions (Scheme 3, X
substituents are given in the legends of Figures 4 and 5. In CH3-
CN the same substituents were used as in acetone).

The optimized structures obtained by DFT calculations for
N,N-dimethylanilines in different solvents are identical within

(39) Matsui, T.; Tokura, N.Bull. Chem. Soc. Jpn.1970, 43, 1751-1760.
(40) Evans, D. P.; Watson, H. B.; Williams, R.J. Chem. Soc.1939,

1345-1355.

TABLE 1. Effect of Substituents on Activation and Thermodynamic Parameters and Data for Unsubstituted Compounds in the Equilibrium
Reaction of Pyridines with Methyl Iodidea

no. reaction Nb δ∆Gc,d (r) δ∆Hc,d (r) δ∆Sc,e (r) ∆Go
c,f ∆Ho

c,f ∆So
c,g

1a (exp)35 1 + 2 / 3 TS 5 13.7h (0.986) 10.1h (0.962) -11.9h (0.933) 92.6 54.2 -129
1b (calc) 1 + 2 / 3 TS 9 16.3i (0.974) 14.7i (0.975) -5.4i (0.816) 73.9 32.6 -139
2a (exp)35 4 + 5 / 3 TS 5 -34.0 (0.960) -29.2 (0.923) ∼0 143 152 31.8
2b (calc) 6 / 3 TS 9 -31.1 (0.981) -31.2 (0.980) ∼0 147 142 -14.3
2c (calc) 4 + 5 / 3 TS 9 -32.0 (0.981) -33.1 (0.985) ∼0 165 139 -86.9
2d (calc) 4 + 8 / 3 TS + 7 9 -32.0 (0.981) -33.1 (0.985) ∼0 147 138 -31.0
3a (exp)35 1 + 2 / 4 + 5 5 46.0 (0.931) 51.8 (0.946) -33.7 (0.908) -49.9 -97.9 -161
3b (calc) 1 + 2 / 6 9 47.5 (0.981) 45.9 (0.980) -5.1 (0.548) -72.6 -110 -124
3c (calc) 1 + 2 / 4 + 5 9 48.3 (0.983) 47.8 (0.983) -1.70 (0.443) -90.7 -106 -51.7
3d (calc) 1 + 2 + 7 / 4 + 8 9 48.3 (0.983) 47.8 (0.983) -1.70 (0.443) -73.3 -105 -108

aSchemes 1 and 2 and eqs 18 and 19, in CH3CN solution, atT ) 298 K. Experimental and calculated parameters were correlated with theσ substituent
constants.21 b Number of compounds.c δ∆Gq, δ∆Hq, δ∆Sq and∆Go

q, ∆Ho
q, ∆So

qfor rections nos. 1 and 2;δ∆G°, δ∆H°, δ∆S° and∆Go°, ∆Ho°, ∆So° for
the equilibrium no 3.d In kJ mol-1 σ-1. e In J mol-1 K-1 σ-1. f Data for the unsubstituted compounds are given in kJ mol-1. g Data for the unsubstituted
compounds are given in J mol-1 K-1. h δ∆Gq ) 12.9 kJ mol-1 σo

-1 (r ) 0.979),δ∆Hq ) 9.91 kJ mol-1 σo
-1 (r ) 0.961),δ∆Sq ) -11.4 J mol-1 K-1 σo

-1

(r ) 0.918) were calculated with theσo substituent constants.21 i δ∆Gq )17.6 kJ mol-1 σo
-1 (r ) 0.975),δ∆Hq ) 15.8 kJ mol-1 σo

-1 (r ) 0.975),δ∆Sq

) -5.86 J mol-1 K-1 σo
-1 (r ) 0.828) were calculated with theσo substituent constants.21

FIGURE 1. Experimental∆Gq vs σ (red circles),∆Hq vs σ (blue
downward-facing triangles),∆Sq vs σ (red left-facing triangles) and
calculated∆Gq vs σ (black squares),∆Hq vs σ (green upward-facing
triangles),∆Sq vs σ (gold right-facing triangles) plots for the forward
reaction of pyridines with CH3I (1 + 2 / 3 TS, Scheme 1), in CH3CN
solution, at 298 K. (XC5H4N; X ) H, 3-Cl, 3-Br, 4-CN, 3,5-Cl2 for
the experimental data, and X) 4-CH3O, 4-CH3, H, 4-Cl, 3-Cl, 3-Br,
4-CN, 3,5-Cl2, 4-NO2 for the calculated data, in the order of the
increasing values of theσ constants21). δ∆Gq, δ∆Hq, andδ∆Sq constants
are given in Table 1, nos. 1a,b.

FIGURE 2. Experimental∆Gq vs σ (red circles),∆Hq vs σ (blue
downward-facing triangles) and calculated∆Gq vs σ (black squares),
∆Hq vs σ (green upward-facing triangles) plots for the reverse reaction
of the ion pairs ofN-methylpyridinium iodides (6 / 3 TS, Scheme 1),
in CH3CN solution at 298 K. (XC5H4NCH3

+, I-; X ) H, 3-Cl, 3-Br,
4-CN, 3,5-Cl2 for the experimental data, and X) 4-CH3O, 4-CH3, H,
4-Cl, 3-Cl, 3-Br, 4-CN, 3,5-Cl2, 4-NO2 for the calculated data, in the
order of the increasing values of theσ constants21). δ∆Gq, δ∆Hq, and
δ∆Sq values are given in Table 1, nos. 2a,b.
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the errors of calculations; deviations of charges, atomic distances
and angles are less than(0.002 atomic unit,(0.002 Å and
(0.1°, respectively. Electron-withdrawing substituents decrease
the R(C1N) distance and move the N-CH3 groups toward the
plane of the aromatic ring{cf. æ(C7NC1C2) andæ(C8NC1C2)
angles in Table S6}.

The N‚‚‚C9‚‚‚I atoms are collinear in the TS10 {θ(NC9I) ≈
180°}, but their bonds are not perpendicular to the benzene ring
{æ(C9NC1C2) ≈ 65°}. One of the N-CH3 groups is in the plane
of the aromatic ring,æ(C7NC1C2) ≈ 180°, and theR(NC7) bond

distance is shorter thanR(NC8). The data calculated for the TSs
are practically the same, within the uncertainties of the
computations in every solvents. The only exception is that the
R(C9I) distances and theθ(NC9H) angles are greater whereas
the R(C9N) distances and theθ(IC9H) angles are smaller in
acetone than in the more polar CH3CN and CH3OH (Table S6).
In the latter two solvents the structural data of the TSs were
found to be the same. The TSs are reactant-like, and the H atoms
of the CH3 group are directed toward the N atom{ θ(NC9H) <
90°, θ(IC9H) > 90°}. From theθ(IC9H) angles, the reaction
coordinatesx ) 0.42, 0.43, and 0.51 were calculated for the
4-CH3O, H, and 4-NO2 substituted derivatives in acetone,
respectively, whereasx ) 0.41, 0.43, and 0.50 were obtained
for them in CH3CN and CH3OH solvents. Here the same
procedure was followed as in the reaction of pyridines with
CH3I. Bond ordersn(C9-N) ) 0.396 andn(I-C9) ) 0.587 were
obtained for the TS of the unsubstituted compound from eq 17
in CH3CN solution, by using theR(C9N) andR(IC9) distances
for the TS (Table S6),Ro ) 2.203 Å for CH3I andRo ) 1.515
Å for C6H5N(CH3)3

+. The calculatedR ) 2.741 and 2.048 Å
distances for the symmetric (n ) 0.5) TSs [I‚‚‚CH3‚‚‚I-]q and
[C6H5N(CH3)2‚‚‚CH3‚‚‚(CH3)2NC6H5

+]q were applied to get the
constantsa ) -0.7762 and-0.7650 in eq 17 for the I-C and
C-N bonds, respectively. TheR(C9I) distances are shorter, and
theR(C9N) distances are longer in CH3CN and CH3OH than in
the less polar acetone, indicating that slightly more reactant-
like TSs are formed in the more polar solvents (cf. ref 17). The
sum of theR(IC9) and R(C9N) distances (4.848 and 4.833 Å
for the TSs of 4-CH3O and 4-NO2 substituted compounds,
respectively) show that a tighter TS is formed if the nucleophile
has an e-w group.

Kinetic measurements showed that the reaction is accelerated,
i.e., the∆Gq and∆Hq values are decreased (δ∆Gq > 0, δ∆Hq

> 0, Table 2) by e-d groups (σ < 0) of N,N-dimethylanilines,
F ≈ -2.4 was obtained in each solvent from the Hammett
equation.39-41 As electron withdrawal through conjugation

(41) Baliah, N.; Kanagasabapathy, V. M.Indian J. Chem. B1978, 16,
64-66.

FIGURE 3. Experimental∆G° vs σ (red circles),∆H° vs σ (blue
downward-facing triangles),∆S° vs σ (red left-facing triangles) and
calculated∆G° vs σ (black squares),∆H° vs σ (green upward-facing
triangles),∆S° vs σ (gold right-facing triangles) plots for the equilib-
riums XC5H4N + CH3I / XC5H4NCH3

+, I- (1 + 2 / 6, Scheme 1),
in CH3CN solution, at 298 K. (X) H, 3-Cl, 3-Br, 4-CN, 3,5-Cl2 for
the experimental, and X) 4-CH3O, 4-CH3, H, 4-Cl, 3-Cl, 3-Br, 4-CN,
3,5-Cl2, 4-NO2 for the calculated data, in the order of the increasing
values of theσ constants21). δ∆G°, δ∆H° andδ∆S° values are given
in Table 1, nos. 3a,b.

FIGURE 4. Experimental∆Gq vs σ- (red circles),∆Hq vs σ- (blue
downward-facing triangles),∆Sq vs σ- (red left-facing triangles) and
calculated∆Gq vs σ- (black squares),∆Hq vs σ- (green upward-facing
triangles),∆Sq vs σ- (gold right-facing triangles) plots for the reaction
of N,N-dimethylanilines with methyl iodide (9 + 2 / 10 TS, Scheme
3), in acetone solution, at 313 K. (XC6H4N(CH3)2; X ) 4-CH3, 3-CH3,
H, 3-Cl, 3-NO2 for the experimental, and X) 4-CH3O, 4-CH3, 3-CH3,
H, 4-Cl, 3-Cl, 3-NO2, 4-NO2 for the calculated data, in the order of
the increasing values of theσ- constants21). δ∆Gq, δ∆Hq, andδ∆Sq

values are given in Table 2, nos. 1a,b.

FIGURE 5. Experimental∆Gq vs σ- (red circles),∆Hq vs σ- (blue
downward-facing triangles),∆Sq vs σ- (red left-facing triangles) and
calculated∆Gq vs σ- (black squares),∆Hq vs σ- (green upward-facing
triangles),∆Sq vs σ- (gold right-facing triangles) plots for the reaction
of substitutedN,N-dimethylanilines with methyl iodide (9 + 2 / 10
TS, Scheme 3), in CH3OH solution, at 313 K. (XC6H4N(CH3)2; X )
4-CH3O, 4-CH3, 3-CH3, H, 4-F, 4-Cl, for the experimental, and X)
4-CH3O, 4-CH3, 3-CH3, H, 4-F, 4-Cl, 3-Cl, 3-NO2, 4-NO2 for the
calculated data, in the order of the increasing values of theσ-

constants21). δ∆Gq, δ∆Hq, andδ∆Sq values are given in Table 4, nos.
3a,c.
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hinders the reaction, activation parameters were plotted against
the σ- constants21 in Figures 4 and 5. In the reaction ofN,N-
dimethylanilines with methyl iodide, the measuredδ∆Gq

reaction constants are at about 14 kJ mol-1 σ-1 in each of the
solvents (Table 2, nos. 1a, 2a, 3a,b). The solvents have only
minor influence on this reaction constant, supporting that eq
11 can be regarded as a good approximation. The calculated
values ofδ∆Gq andδ∆Hq are approximately equal and are at
about 30% higher than the least solvent-dependent experimental
δ∆Gq parameter (Table 2, nos. 1a,b, 2a,b, 3a,b,c).

The small negative values calculated for theδ∆Sq reaction
constants in each solvent (Table 2, nos. 1b, 2b, 3c) may also
be explained with the slightly increasing tightness of the TSs
having e-w groups. In acetone and CH3CN, the δ∆Sq values
obtained experimentally are more negative than the calculated
ones because they are influenced also by solvation (Figure 4,
Table 2, nos. 1a, 2a). Electron-withdrawing substituents (σ >
0) increase theQ(I) negative charge{Q(I) ) -0.519 and-0.571
for 4-CH3O and 4-NO2 substituted compounds, respectively,
Table S6} and the solvation of the leaving iodine in the TS10
and decrease this way∆Sq in aprotic media. The∆Go

q ∆Ho
q,

and∆So
q activation parameters of the unsubstituted compound

for the reaction betweenN,N-dimethylanilines and methyl iodide
can be calculated with good approximation in aprotic solvents
(Figure 4, Table 2, nos. 1a,b, 2a,b). The experimental∆Go

q

values are higher by∼7 kJ mol-1 compared to the calculated
ones, and thus the reactions proceed at about 10 times slower
than expected on the basis of the computations.

On the other hand, e-w substituents increase the entropy of
activation in CH3OH, the experimentalδ∆Sq > 0 (Figure 5,
Table 2, nos. 3a,b). The value of∆Sq for the unsubstituted
compound is higher by at about 40 J mol-1 K-1 in CH3OH
than in aprotic solvents. The increase of∆Sq is accompanied
by that of∆Hq (eq 12), whereas the experimental∆Gq values
are similar in each solvent (Table 2, nos. 1a, 2a, 3a,b).
Analogous behavior of the activation parameters in aprotic and
protic solvents were already found in the reactions of some
carboxylic acid derivatives, also.1,3

To discuss the solvent effect, one can divide the entropy of
activation into the contributions of the reaction (int) and to that

of the solvation (ext) in an approximation:

∆Sint
q is the entropy change of the reaction, which may be

approximately equal to the entropy of activation, calculated with
the DFT method, and is about-150 J mol-1 K-1 for bimolecular
reactions. The∆Sext

q values are the entropy changes connected
with solvation and regularly have negative values as the ordering
of solvent molecules is greater in the solvation shell compared
to the bulk of solvent.

The desolvation of the reactants has a positive contribution
and the solvation of the TS a negative contribution to the entropy
of activation, if the solvent molecules are bonded more strongly
to the given species than to each other in the bulk of the solvent,
e.g., in the case of apolar aprotic media. In these media, the
greater the charge of the solute molecules, the greater is their
solvation and the entropy change corresponding to the formation
or destruction of the solvation shell. Entropy of solvation for
the studied nucleophilic substitutions is determined mainly by
the polarity of the TSs, because their charges are greater than
those of the reactants (Tables S5, S6). In such cases, entropy
of activation decreases also with the decrease of the polarity of
solvents (Table 2), because the less polar solvent molecules are
less ordered in the bulk of the aprotic solvent and their ordering
is changed to a greater extent with the solvation of the polar
TSs.38

In protic solvents entropy of solvation depends not only on
charges of the reactants and the TS but also on the hydrogen-
bonded structure of the solvent. Entropy of solvation data
available mainly for water. The hydration entropy of uncharged
organic molecules42-44 is at about-90 J mol-1 K-1, i.e., entropy
of activation increases with approximately 90 J mol-1 K-1 at
the desolvation of a reactant in water. The great negative value

(42) Reichardt, C.SolVent and SolVent Effects in Organic Chemistry,
2nd ed.; Verlag Chemie: Weinheim, 1988; pp 25-34.

(43) Engberts, J. B. F. N.Pure Appl. Chem.1982, 54, 1797-1808.
(44) Schwetlick, K.Kinetische Methoden zur UntersuchungVon Reak-

tiosmechanismen; Deutscher Verlag der Wissenschaften: Berlin, 1971;
Chapter 4.

SCHEME 3. Reaction ofN,N-Dimethylanilines with Methyl Iodide

TABLE 2. Effect of Substituents and Solvents on Activation Parameters and Data for Unsubstituted Compound in the Nucleophilic
Substitution of N,N-Dimethylanilines with Methyl Iodide (9 + 2 / 10 TS; Scheme 3) in Acetone, CH3CN, and CH3OHa

no. solvent Nb T (K)c δ∆Gq d (r) δ∆Hq d (r) δ∆Sq e (r) ∆Go
q f ∆Ho

q f ∆So
q g

1a (exp)39 acetone 5 313 14.3 (1.000) 8.99 (0.959) -17.1 (0.888) 98.4 45.8 -165
1b (calc) acetone 8 313 21.6 (0.995) 21.1 (0.998) -1.6 (0.227) 91.6 41.1 -160
2a (exp)39 CH3CN 5 313 14.4 (0.999) 9.84 (0.996) -14.5 (0.994) 96.7 49.0 -152
2b (calc) CH3CN 8 313 20.7 (0.997) 20.4 (0.997) -0.6 (0.125) 90.6 40.4 -160
3a (exp)40 CH3OH 6 318 13.8 (0.997) 16.7 (0.974) 8.95 (0.974) 99.7 61.6 -120
3b (exp)41 CH3OH 13 318 14.7 (0.977) 19.7 (0.950) 15.5 (0.564) 99.8 60.0 -125
3c (calc) CH3OH 9 318 20.9 (0.992) 20.5 (0.996) -1.15 (0.209) 91.6 40.7 -160

a Experimental and calculated data were correlated with theσ- substituent constants.21 b Number of compounds.c Temperature of experiments.d In kJ
mol-1 σ-1. e In J mol-1 K-1 σ-1. f Data for the unsubstituted compound are given in kJ mol-1. g Data for the unsubstituted compound are given in J mol-1

K-1.

∆Sq ≈ ∆Sint
q + (∆Sext

q)TS - ∑(∆Sext
q)R (20)
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of ∆Sext
q of solvation was explained with the increased water-

water hydrogen bonding in the solvation shell, which surrounds
the uncharged organic molecule.44 The entropies of hydration
of small ions are greater, whereas those of large ions are smaller
negative values than those of uncharged molecules, e.g.,∆Sext

q

) -109, -50, -38, -13 J mol-1 K-1 were obtained for F-,
Cl-, Br- and I-, respectively.44-47 The observations were
explained with the decrease of the ordering of water molecules
in the second solvation shell of large ions or dipoles of low
charge density compared to the bulk of solvent.44-46 Protic
organic solvents were found to have water-like behavior,42,44,45

and also similar changes of∆Sext
q may be expected in these

solvents. In the case of SN2 reactions with neutral reactants and
polar TSs, the desolvation of the reactants may have a large
positive contribution and the solvation of the TSs a small
negative contribution to the entropy of activation in protic
solvents. The∆Sq value is higher and changes with the
substituents in the opposite way as in aprotic solvents. This may
be the reason why the signs of theδ∆Sq reaction constants are
different in protic and aprotic media.

Conclusions

Our aim was to calculate the dependence of the activation
parameters on both substituents and solvents in selected SN2
reactions, using the DFT method with a moderate basis set. The
δ∆Gq, δ∆Hq, andδ∆Sq slopes of the linear∆Gq/∆Hq/∆Sq versus
σ plots were compared with the experimental data. Theδ∆Gq

andδ∆Hq reaction constants could be calculated with acceptable
accuracy. The best agreements were obtained between the least
solvent-dependent experimental and the calculatedδ∆Gq data.
The calculatedδ∆Gq and δ∆Hq values were similar because
the calculatedδ∆Sq values are generally small. Remote sub-
stituents change scarcely the structure of the TSs; rather e-w
groups increase their tightness and so may decrease the
calculated∆Sq value only slightly. Because this effect is small,

we could accept the former supposition1,3 that the majority of
the experimentally observed change of∆Sq with the substituents
is caused by the change of solvation and by the reorganization
of the solvent. Since the latter effects cannot be calculated yet,
the experimentally obtained and calculatedδ∆Sq reaction
constants deviate considerably. The experimentalδ∆Sq can be
explained only qualitatively by discussing the change of
solvation in a reaction, where the desolvation of the reactants,
the solvation of the TSs, and the reorganization of the solvent
are taken into account.3 An increasing charge of the TS and
the increasing solvation may lead to a decrease of∆Sq in dipolar
aprotic solvents and to an increase of∆Sq in highly ordered
protic solvents. The sign ofδ∆Sq and consequently that of the
â isokinetic temperature (eq 16), as well as the temperature
dependence of the selectivity in a given reaction series,1 may
change with the solvent. Because enthalpy has a contribution
from the reorganization of the solvent (eqs 10 and 12), the effect
of substituents on∆Hq can be computed sometimes only with
slight accuracy, and thus the experimental and calculatedδ∆Hq

values may also deviate significantly.
The ∆Go

q, ∆Ho
q, and ∆So

q data for the unsubstituted
compounds in a reaction series can be computed satisfactorily
only if the reactions of neutral molecules are investigated in
aprotic solvents. In the reactions of ions or in case of the
reorganization of protic solvents by H-bond formation, the
calculated and experimental data may show considerable
deviations.
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