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Entropy of Activation for Reactions in the Condensed Phase: A Theoretical
Study of the SN2 Alkylation of Amines

Carlo Canepa,*[a] Marco Mosso,[a] Andrea Maranzana,[a] and Glauco Tonachini[a]

Keywords: Alkylation / Amines / Entropy of activation / Eyring equation / Solvation

A theoretical model for the evaluation of the entropy of acti-
vation for organic reactions in the condensed phase is pro-
posed. The required partition functions for solutes are com-
puted taking into account the hindered translation and rota-
tion in the solvent cavity. The activation parameters for the
alkylation of 3-bromopyridine by iodomethane in acetonitrile
were obtained by regression of experimentally determined
rate constants to the Eyring equation with different reference
volumes. While the gas-phase reference volume affords an
entropy of activation of –40.7 calmol–1 K–1, the corresponding
calculated quantity at the MPW1K/CRENBL·6-311(+)G(d)
level of theory is –34.9 calmol–1 K–1. The condensed-phase
reference volume gives ΔS� = –24.1 calmol–1 K–1, in better
agreement with the computed value of –22.6 calmol–1 K–1.

Introduction

Statistical theories characterize the potential-energy dif-
ference between the transition structure and reactants asso-
ciated with a chemical process as the most sensitive parame-
ter in regulating reaction rates. Among these theories, the
transition state theory (TST) in its classical[1] and varia-
tional (VTST)[2] formulation is the most popular, and its
thermodynamic interpretation represents a framework for
mechanistic considerations on most of the organic reactions
that take place in the gas and condensed phases. Equa-
tion (1) gives the rate constant according to TST, once a
suitable definition of the transition structure has been pro-
vided.

(1)

In Equation (1), σ represents the symmetry number, z the
partition functions of the reactants and transition structure,
V = N·vAvB/v� (the ratio of the molar volumes), ΔE� is the
potential-energy barrier, and β = (kT)–1. In the gas phase
all molar volumes are equal and we have V = RT/P. Con-
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Regressions with all reference volumes give an enthalpy of
activation of around 13 kcalmol–1, while the computed po-
tential-energy barriers lie between 16.8 and 18.4 kcalmol–1.
Transition-state theory, making use of calculated potential-
energy barriers and either gas-phase or condensed-phase
partition functions, affords second-order rate constants for
the reaction of CH3I with 3-bromopyridine at least three or-
ders of magnitude below the experimentally observed value.
This discrepancy does not appear to be a consequence of a
lack of accuracy of the pre-exponential factor, but might be
caused by either overestimated calculated potential-energy
barriers or the functional form of the Eyring equation.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

siderable effort has been expended in the evaluation of the
potential-energy barrier (ΔE�) from electronic structure
theory (both by ab initio and density functional methods)
for a wide variety of reactions. While a widely accepted for-
mulation for the volume and the partition functions in the
gas phase is available within the rigid rotor–harmonic oscil-
lator approximation, the corresponding quantities in the
condensed phase do not benefit from the same standardiza-
tion for the calculation of thermodynamic functions. In
their theoretical and experimental study of four paradigmic
Menschutkin reactions, Wiberg and co-workers[3] have
pointed out the lack of a satisfactory theoretical treatment
of reactions in solution in the literature. This work aims to
calculate activation parameters in the condensed phase
from the accurate partition functions for solutes, as ex-
ploited in a previous study.[4] The proposed method is gene-
ral, computationally affordable, and applicable to most or-
ganic reactions in solution. The procedure will be exem-
plified using the widely studied SN2 alkylation of amines, a
reaction that has attracted interest since its discovery in
1890 because of the dramatic dependence of its rate on the
polarity of the solvent. Consequently, the Menschutkin re-
action has been extensively studied both from the experi-
mental and theoretical points of view. A number of papers
have appeared concerning the potential-energy and free-en-
ergy profiles of the Menschutkin reaction in various envi-
ronments.[3,5–9] The paradigm methods for theoretical cal-
culations in the condensed phase rely on either the polariz-
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able continuum models (SCRF) developed over the years
by Onsager, Tomasi, and Barone, where the solute is embed-
ded in a cavity with a specified dielectric constant and
shape, or dynamics simulations. The free energy of acti-
vation calculated in ref.[3] by Monte Carlo simulations in
various solvents is in good agreement with the SCRF
model. The high dipole moment of the transition structure
for the alkylation of amines is thought to motivate the high
degree of sensibility of rates on the polarity and polarizabil-
ity of the medium. This behavior suggests this reaction as
a particularly suitable test for a model of processes in the
condensed phase. Gordon and co-workers[6] have studied
the effect of water molecules on the energy profile of the
alkylation of ammonia by methyl bromide both by explicit
ab initio treatment of solvent molecules in a supermolecule
approach and by the effective fragment potential (EFP)
method. Both methods agree on a dramatic reduction of
the reaction barrier induced by interactions with the solvent
with respect to the gas-phase process. Amovilli and co-
workers[7] have incorporated the polarizable continuum
model into the CASSCF framework to obtain solvation and
activation free energies that are in good agreement with ex-
perimental values and other ab initio and density-func-
tional methods. Another example of how the environment
affects the activation parameters of the Menschutkin reac-
tion comes from Schlegel and co-workers,[8]who studied the
simple alkylation of ammonia by methyl chloride in a car-
bon nanotube, finding a significant reduction in the poten-
tial-energy barrier with respect to the gas-phase process.
The extensive experimental study of the Menschutkin reac-
tion by Arnett and co-workers[9] is the basis for the present
study. Individual rate constants at various temperatures,
which are indispensable quantities in order to be able to
test partition functions alternative to the conventional gas-
phase formulation, are made available in this study.

Results and Discussion

Model for the Condensed Phase

Calculations of the thermodynamic and kinetic proper-
ties of polyatomic molecules in the condensed phase were
carried out with accurate partition functions with transla-
tional and rotational components corrected for the specific
interactions between the solute and the solvent cavity. The
electronic and vibrational parts are assumed to be identical
in the gas and the condensed phase. While we refer to ref.[4]

for the detailed form of the various contributions to the
total molecular partition function z, we briefly outline here
the contribution of the condensed-phase partition function,
which is responsible for the largest correction with respect
to the gas phase, that is the definition of a free volume
of translation according to the Lennard-Jones–Devonshire
theory of liquids.[10] The free volume of translation replaces
the perfect gas expression RT/P0 and is calculated as
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(2)

where the function u(r,x) in Equation (2) gives the potential
of the particle at a distance r from the equilibrium position
in a cavity of radius x. The partition functions for four
common liquids were used in ref.[4] to calculate molar en-
thalpies and entropies of vaporization and heat capacities.
While the molar enthalpies and entropies of vaporization
were found to reproduce well the experimental values, the
corresponding molar heat capacities were affected by a
larger relative error as a consequence of their dependence
on the second derivative of z with respect to the tempera-
ture.

Parameters of Activation

Regressions of experimental data at various temperatures
to the expression for the bimolecular rate constant are usu-
ally carried out making use of the thermodynamic in-
terpretation of the Eyring equation (see Atkins[11] and
McQuarrie[12])

(3)

by optimizing the two parameters of activation ΔS� (en-
tropy) and ΔH� (enthalpy). However, as pointed out by
Abraham,[13] different reference concentrations (ρ0) give
widely different values for the entropy of activation of the
Menschutkin reaction. In order to compare the activation
parameters calculated according to the condensed-phase
partition functions and the corresponding experimental val-
ues, the enthalpy and entropy of activation for the reaction
of CH3I with 3-bromopyridine in acetonitrile were obtained
by fitting the experimental rate constants to Equation (3)
with consistent reference volumes.

The values relative to the standard states (1/ρ0) 1 Lmol–1,
RT/P0 (24.5 Lmol–1 at 1 bar and 298 K), and N·vAvB/v� are
summarized in Table 1. The quantity vX represents the vol-
ume in the condensed phase corresponding to a free trans-
lation of species X, and is given by Equation (2). For each
regression, the relative standard deviation, σ, of the calcu-
lated values kr(Ti) with respect to the experimental points
k̄r(Ti) is also reported.

(4)

In Equation (4) the sum is over the number, n, of experi-
mental points.

While all standard states afford similar values for the en-
thalpy of activation, the corresponding entropy is more sen-
sitive to the particular choice of V. Table 2 reports the po-



C. Canepa, M. Mosso, A. Maranzana, G. TonachiniFULL PAPER
Table 1. Activation parameters for the reaction of CH3I with 3-bromopyridine in acetonitrile. The values were obtained by regression of
experimental rate constants at various temperatures to Equation (3). The ratio vAvB/v� was calculated at the MPW1K and the B3LYP
(in parentheses) levels of theory.

Reference volume ΔH� [kcalmol–1] ΔS� [calmol–1 K–1] σ

RT/P0 13.16 –40.656 1.495×10–2

1 Lmol–1 13.75 –32.335 1.421×10–2

1 Lmol–1[a] 13.82 –32.090 1.439×10–2

N·vAvB/v� 12.88 (12.83) –24.125 1.533×10–2

(–26.841) (1.549×10–2)

[a] Taken from ref.[9]

tential-energy barriers obtained by regression of the experi-
mental rate constants to Equation (1), with ΔE� as the only
variable. The additional constraint of making the depen-
dence of the factor z�V/(zAzB) on temperature explicit af-
fords slightly higher values of the relative standard devia-
tion with respect to the regressions reported in Table 1,
where the temperature dependence of the activation param-
eters ΔH� and ΔS� is neglected. It is worth stressing the
fact that the regression to Equation (1) does not rely on
this approximation, as Equation (3) does, and is therefore
physically more sound. Notably, the value of σ for the con-
densed-phase reference volume in Table 2 is one order of
magnitude lower than the ideal-gas value, which is an indi-
cation that the volume defined by Equation (2) is more ade-
quate to the description of processes in solution.

Table 2. Potential-energy barrier for the reaction of CH3I with 3-
bromopyridine in acetonitrile. The values were obtained by re-
gression of experimental rate constants at various temperatures to
Equation (1). The partition functions z and reference volumes V
were calculated at the MPW1K and the B3LYP (in parentheses)
levels of theory.

Reference vol- ΔE� σ
ume [kcalmol–1]

RT/P0 13.69 (13.86) 1.412×10–1 (1.506×10–1)
N·vAvB/v� 14.42 (14.65) 4.354×10–2 (5.862×10–2)

Figure 1 reports the geometries and relative energies of
iodomethane (1), 3-bromopyridine (2), and the transition
structure for the methyl transfer (TS-3). The gas-phase po-
tential-energy barrier of 26.60 kcalmol–1 at the MPW1K/
CRENBL·6-311(+)G(d) level of theory points out that spe-
cific modeling of the solvent is in order for this reaction. In
fact, the interaction with one molecule of acetonitrile per
molecule of reagent is sufficient to lower the potential-en-
ergy barrier to 17.99 kcalmol–1 at the same level of theory
(structures 4, 5, and TS-6 in Figure 2). Reoptimizing both
the gas-phase and the solvated structures with the B3LYP
functional and the same basis set does not significantly alter

Table 3. Parameters used for the evaluation of the partition functions of the solvated structures at the MPW1K and B3LYP (in parenthe-
ses) levels of theory. The frequencies of intermolecular modes were obtained with the supermolecule approach, and the CPCM approxi-
mation affords the remaining parameters.

Parameter CH3I 3-Br-pyridine TS

Frequencies [cm–1] 59.6616 (35.5058) 40.5105 (39.9482) 61.7699 (60.1722)
Force constants [Nw m–1] 0.81 (0.41) 0.93 (0.78) 1.97 (1.87)
Interaction energies [kcalmol–1] 1.95 (2.01) 2.87 (2.99) 5.23 (5.48)
Cavity radius [Å] 3.67 (3.90) 4.23 (4.54) 5.03 (5.34)
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the energy profile. Both the supermolecule approach of Fig-
ure 2 and the corresponding COSMO calculation afford
earlier transition structures with respect to the gas phase.
Table 3 lists the parameters used to construct the partition
functions in the condensed phase. The vibrational fre-
quencies and force constants for the solute in the cavity
were obtained by computing the analytical second deriva-
tives of the potential energy of the structures in Figure 2.
Cavity radii and energies of interaction between the solutes
and the cavity were obtained from SCRF calculations
within the COSMO approximation.

Figure 1. Potential-energy barrier (ΔE�) and enthalpy of activation
at 298 K (ΔH�) for the gas-phase alkylation of 3-bromopyridine
by iodomethane at the MPW1K/CRENBL·6-311(+)G(d) and the
B3LYP/CRENBL·6-311(+)G(d) (in parentheses) levels of theory.
Geometries are fully optimized at both levels; the reported
MPW1K/CRENBL·6-311(+)G(d) distances are given in Å.

Although most of the parameters needed by the theory
may easily be obtained either by explicit solvation by a lim-
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Figure 2. Potential-energy barrier (ΔE�) and enthalpy of activation
at 298 K (ΔH�) for the alkylation of solvated 3-bromopyridine by
iodomethane. Geometries are optimized at the MPW1K/
CRENBL·6-311(+)G(d) level; distances are in Å. Values at the
B3LYP/CRENBL·6-311(+)G(d) level of theory are reported in pa-
rentheses.

ited number of solvent molecules or by SCRF-based
approximations, explicit consideration of a relatively large
number of solvent molecules is necessary to calculate the
number of molecules directly interacting with the solute, a
parameter involved in the definition of the free volume of
translation given by Equation (2) through the potential en-
ergy term u(r,x). To this purpose, clusters 7 and 8 of sol-
vated iodomethane (12 acetonitrile molecules), pyridine (15
acetonitrile molecules), and the transition structure for the
methyl transfer TS-9 (13 acetonitrile molecules) were opti-
mized with mixed basis-sets for solute and solvent (Fig-
ures 3 and 4). The largest components of the transition ei-
genvector (i.e. the N–C and C–I distances) were fixed at the
gas-phase-optimized values, subsequently optimizing and
adding acetonitrile molecules until a whole first shell of sol-
vation was in evidence. Although the solvated structures 7,
8, and TS-9 might not be absolute minima, it is very likely
that the coordination number would be fairly constant if
other energetically close minima or other values of the N–
C and C–I distances were considered.

Table 4 gives the calculated factors (kT/h)·z�·V/(zAzB) at
298 K; the potential-energy barriers are reported for the
Menschutkin reaction. The corresponding values obtained
by regression of the experimental rate constants to the
equation kr = α·e–βΔE‡

(with α and ΔE� treated as parame-
ters) are 1.43×103 m3 mol–1 s–1 and 14.34 kcalmol–1, respec-
tively. While the computed value of the parameter α, includ-
ing both molecular partition functions and the molar vol-
ume, is affected by a larger absolute relative error (61% on
average) with respect to the potential-energy barrier, the er-
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Figure 3. Structures of the fully solvated reagents for the alkylation
of pyridine by iodomethane (CH3I·12CH3CN, C5H5N·15CH3CN).
Geometries are optimized at the MPW1K/CRENBL·6-311(+)G(d)·
STO-3G level.

Figure 4. Structure of the fully solvated transition structure for the
alkylation of pyridine by iodomethane (TS·13CH3CN). The geom-
etry is optimized at the MPW1K/CRENBL·6-311(+)G(d)·STO-3G
level with the N–C and C–I distances constrained to the corre-
sponding gas-phase values.

ror in the latter (28% averaged on the condensed-phase
methods) is more responsible for the poor reproduction of
the experimental rate constants (Table 5). The above quan-
tities have been evaluated making use of the MPW1K/
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Table 4. Calculated gas-phase partition functions, pre-exponential factor a = (kT/h)·z�·V/(zAzB) [m3 mol–1 s–1] at 298 K, and potential-
energy barrier [kcalmol–1] for the species involved in the Menschutkin reaction. A regression of the experimental rate constants for the
reaction of CH3I with 3-bromopyridine in acetonitrile to the expression kr = α·e–βΔE‡

affords values of 1.4346×103 m3 mol–1 s–1 and
14.34 kcalmol–1 for α and ΔE�, respectively.

Level of theory CH3I 3-Br-pyridine TS α ΔE�

MPW1K 1.8007×1018 3.7352 4.5872×10–14 6.2392×102 26.60
B3LYP 6.4017×1018 81.0104 4.6141×10–12 8.1396×102 25.82
MPW1K CPCM[a] 1.9140×1018 3.4679 3.4189×10–14 4.7121×102 18.42
B3LYP CPCM[a] 6.6429×1018 69.4111 3.1618×10–12 6.2734×102 16.84
MPW1K CPCM[b] 1.6813×1013 1.2853×10–5 2.5722×10–20 9.7132×102 18.42
B3LYP CPCM[b] 1.6082×1014 3.0724×10–4 2.3949×10–18 2.3973×103 16.84
MPW1K SM[a] 3.3072×102 5.0439×10–17 2.7813×10–47 1.5253×102 17.99
B3LYP SM[a] 4.8791×103 5.2866×10–15 3.3216×10–44 1.1781×102 17.11

[a] Computed with the gas-phase volume RT/P0. [b] Computed with the condensed-phase volume N·vAvB/v�.

CRENBL·6-311(+)G(d) and B3LYP/CRENBL·6-311(+)
G(d) levels of theory both in the gas phase and with two
approximations modeling the potential-energy barrier in
the condensed phase, i.e. the CPCM and the supermolecule
(SM) approach. The COSMO approximation of the struc-
tures in Figure 1 yields a potential-energy barrier very close
to the corresponding barrier of the explicitly solvated sol-
utes in Figure 2 (Table 4). The potential-energy barriers cal-
culated in the gas phase appear to be overestimated by both
the MPW1K and B3LYP functionals. The solvation method
based on the polarizable continuum model affords lower
values, although they are still in excess of the experimental
value by around 3 kcalmol–1. The quality of both calcu-
lated partition functions and the potential-energy barrier
may also be determined by computing absolute rate con-
stants according to the Eyring equation [Equation (1)]. The
ratios of calculated rate constants with various levels of
theory and reference volumes with the observed value are
at least three orders of magnitude too small (Table 5). This
fact, given the good quality of the pre-exponential factors,
has either to be attributed to an overestimated potential-
energy barrier or to the inability of Equation (1) to repro-
duce observed rate constants. Table 6 reports the calculated
values of the entropy of activation for the reaction of CH3I
with 3-bromopyridine. While entropies of activation calcu-
lated with gas-phase partition functions range from –38.3
to –34.3 calmol–1 K–1, the corresponding values computed
with the condensed-phase partition functions range from
–24.9 to –22.6 calmol–1 K–1. While Equation (3) has its
limitations due to the different standard states in the gas
and the liquid phase, it is the elected procedure to obtain
the entropy of activation experimentally. The relative error
of the computed entropy of activation at 298 K for the ref-

Table 6. Calculated absolute and relative entropies [calmol–1 K–1] of structures 1, 2, and TS-3 at 298 K.

Level of theory Partition function S(MeI) S(3-Br–pyridine) S(TS) ΔS�

MPW1K gas phase 62.671 78.181 105.992 –34.860
B3LYP gas phase 62.913 78.806 107.456 –34.263
MPW1K CPCM gas phase 62.674 78.235 105.533 –35.376
B3LYP CPCM gas phase 62.921 78.769 106.677 –35.013
MPW1K SM gas phase 102.789 113.397 178.213 –37.973
B3LYP SM gas phase 103.088 114.397 179.160 –38.325
MPW1K CPCM condensed phase 45.411 58.805 81.567 –22.649
B3LYP CPCM condensed phase 47.907 59.629 82.672 –24.864
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erence volume RT/P0 at the MPW1K-CPCM level, with re-
spect to the value obtained by regression to Equation (3)
(Table 1), is 12.99%. For comparison, the corresponding er-
ror for the condensed-phase reference volume N·vAvB/v� is
lowered to 6.12%. Also, the data in Table 2 provide evi-
dence to the effect that the condensed-phase reference vol-
ume defined in Equation (2) gives a better description of
the observed rate constants. Making use of this volume, we
obtain an entropy of activation of 25.5 calmol–1 K–1 as an
average of the MPW1K and B3LYP methods for the evalu-
ation of the volumes in Table 1. This result is consistent
with the first-principle average value of 23.8 calmol–1 K–1

of Table 6.

Table 5. Ratios of the rate constants, calculated at 298 K according
to Equation (1), to the corresponding experimental value at the
same temperature (3.59×10–4 Lmol–1 s–1). The two columns give
data obtained with the gas-phase and condensed-phase reference
volumes and partition functions.

Method V = RT/P0 V = N·vAvB/v�

MPW1K CPCM 4.12×10–5 8.52×10–5

B3LYP CPCM 7.91×10–4 3.04×10–3

MPW1K SM 2.76×10–5 –
B3LYP SM 9.42×10–5 –

Conclusions

The rate constants at different temperatures for the reac-
tion of CH3I with 3-bromopyridine in acetonitrile have
been used for regression to the Eyring equation with vari-
ous reference volumes. The obtained energy barriers are
similar in all cases, while the entropy of activation exhibits
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a marked sensitivity to the particular choice of the reference
volume.

The partition functions for the condensed phase devised
by restricting free translation and rotation have been used
to compute the entropies of activation for the Menschutkin
reaction, obtaining significantly lower values with respect
to the corresponding quantity calculated with the gas-phase
partition functions.

Both the gas-phase and condensed-phase approaches af-
ford absolute rate constants that are underestimated by a
few orders of magnitudes with respect to the observed
value. This discrepancy remains unresolved at this point,
but it might be due either to a systematic error of quantum
calculations in estimating the potential-energy barrier or
the inability of Equation (1) to accurately describe the de-
pendency of rate constants from ΔE�.

Computational Methods
Quantum chemistry calculations were carried out using the
GAUSSIAN 98 suite of programs,[14] utilizing redundant internal
coordinate-geometry optimization.[15] All structures were fully opti-
mized at the MPW1K[16] and B3LYP[17] levels of theory. Through-
out this study the CRENBL[18] basis set was used for the iodine
atom and the 6-311G(d) set for the other atoms of the substrates
CH3I and 3-bromopyridine. A set of diffuse functions with ex-
ponent 0.0639 was also added to the nitrogen atom of pyridine.
This combination of basis sets is designated CRENBL·6-311(+)-
G(d). For clusters with more than two molecules of CH3CN, the
atoms in the solvent molecules were assigned the STO-3G basis set.
This combination of basis sets is named CRENBL·6-311(+)G(d)·
STO-3G. Vibrational-frequency calculations were used to charac-
terize the stationary points as either minima or first-order saddle
points at the level indicated. Thermodynamic quantities in the gas
phase were evaluated at 298 K and 1 bar within the rigid rotor-
harmonic oscillator approximation.[19] Solvation calculations based
on continuum models were carried out with the conductor sol-
vation (COSMO) method.[20] Molecular graphics were obtained
with the program Moldraw.[21]
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