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The 42 reactions X + CHzY — Y~ + CHzX have been investigated in the gas phase and in solution using

the Hartree-Fock level with 6-3%G* and 3-21G* bases, respectively. In the gas phase the interpretation
has been done in the context of the HSAB principle usirigdBaz’s formalism using the polarizability
(proportional to softness) of the two minima corresponding to the twe mmalecule complexes, and the TS,

the softness of the nucleophile and the charge on the leaving group. The thermodynamic study shows that the
reaction energyAE;—, and the energy differences between the two-iolecule complexes\E, are close

to the experimental data available. The application of the MHP indicates that in these reactions the molecules
arrange themselves to be as hard as possible. The polarizable continuum model (PCM) has been used to

study the influence of the solvent on the kinetics of th@ 8action. The application of @gquez’s formula
provides fundamental information in a case study, wite=XCl and Y = I: the activation energy calculated

with the PCM model yields a very good correlation with the values obtained witlqza's formula. Finally,

we concentrate on the influence of solvation on the nucleophilicity and the kinetics using the (PCM) model
with X = F, | and Y = Br and compare the results with the gas phase. The order of reactivity in the gas
phase is F > |17, which is the same order as in the solvent using the polarizable continuum model, but
opposed to experiment. If, however, we take into consideration the interaction energy caused by the hydrogen
bond, the order of reactivity in solution is reversed yielding the same results as experiment.

I. Introduction in which the two previous principles have been studied and have
) ) been publishe8-14 In particular, some important group proper-
The development of density functional theory from the (a5 have been calculated such as the softness, the hardness,
Hohenberg-Kohn theorems, which show that the electron 4.4 4150 the electronegativity both in gas pRaaed in different
density contains the necessary information to describe all solventsts thereby paving the way to study solvent effects on
properties of a system, has been of great interest in the evolutionq 4 ctions via conceptual DFT.
of quantum chemistry from both computational and conceptual Parket” divided solvents into two groups, the first one being

i i 1

pogns of wev;/.h il inclusi ol lation. DET dipolar aprotic solvents, and the second one being dipolar protic

ecause of the partial inclusion of electron correlation, DF solvents; the difference between these two categories resides
computational techniques allow computatlons.comparable with ;- the ability to form hydrogen bonds. Dipolar aprotic solvents
the beyond SC.F . level "?‘t Iower. compgtatlonal cost thus are characterized by a large dielectric constant, a sizable dipole
per_vadmg organic, inorganic and b'O.Chem'Stry' Furtherrr_]ore_, 4 moment, and the inability to act as a hydrogen-bond donor since
Series of quantities, which are readily used when co_ns!derlng their C-H bonds are not strongly enough polarized. Protic
chemical reactivity, appear in a most natural way within the solvents contain hydrogen atoms bound to electronegative
framework of density functional theory (conceptual DFT). For elements and are, therefore, hydrogen bond donors
example, a sound theoretical basis was established for the A change in soivent can (;onsiderably change bot.h the rate
frontier molecular orbital (FMO) HOMO and LUMO reactivit
indices as introduced b)f Fukﬁ)JiThese FMO indices Whicg and order of homogeneous chemical reactions. Already in 1890,

. Menschutkin demonstrated that the rate of reaction depends on

are used in the study of site selectivity of a reaction, can be ! e g
seen as an approximation to the Fukui functions introduced in th€ choice of the solvent. The reaction rates of homogeneous
DFT. Other basic concepts in this theory are the chemical chemical reactions can be affected via electrostatic effects, due

hardness and softness which can be used as reactivity indexC the solvent. When the reactants and the transition state are

both in their global and local forms. Two important principles solvated, the solvent can modify the rate of the chemical reaction

have been formulated, involving these quantities: the hard andPY changing the Gibbs energy of activatitit?

soft acids and bases principle (HSABand the maximum Since the 1970s, much work has been delivered on both gas

hardness principle (MHP)® phase and solution reactidA8? in order to understand the
For some years our group has been involved in both energetic evolution related to the electronic and nuclear rear-

computational and conceptual aspects of DFT and several studie§angements along the reaction path, with the nucleophilic
substitution reaction as a prominent example.

* Corresponding author. E-mail: pgeerlin@vub.ac.be. Tel: 00 32 2 629 In this paper, DFT concepts are used to study _the influence
33 14. Fax: 00 32 2 629 33 17. of the solvent on the & reaction of alkyl halides. Bimolecular
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X +CHsY calculate the energy of all critical points such as the reagent
complex, X ---CHsY, the transition state [XCkY] ™, the product
AE., complex Y ---CHgX, the reactants X + CHgY, and the
products Y + CHsX. These energies will be used to calculate
the reaction energiedE,—, between the reactants and products
andAEy, between the two complexes) in a thermodynamic study
AE, in the gas phase. For a kinetic investigation we will calculate
the central barrier energiesE,: which are associated with the
' activation energy (vide supra). All these values will be correlated

[XCHsY]
A

Y+CH:X o

X CHY AE,, with the experimental data available.
. As a second objective, these reaction energies will be
Y...CHX interpreted using quantities such as the polarizability of the two
Figure 1. Reaction profile for an @ reaction in the gas phase. minima and the TS, the softness of the nucleophilic groap X

and the charges in the leaving group Y in the-XCHsY
nucleophilic substitution reactions at tetrahedral carbon centerscomplexes. The polarizability is introduced based éadbaz's
represent one of the most basic chemical transformations. Overworks?® instead of the softness, due to computational problems
the past 20 years, research efforts have focused on simple S when evaluating softness values for anionic species in the finite
reactions in order to explore the intrinsic chemical behavior of difference approximatiohGazquez developed a formalism to
the reactants in gas phase and on the solvent effects in therelate the reaction energy and the activation energy to differences
corresponding condensed phase systems. of the hardness between the reagent, products and TS. Thus,
The Sy2 reaction considered in this work is the result of an the reaction energy has been formulated as a function of the
interaction between an anion>and a neutral molecule GM softness (the inverse of the hardness) of the react8ntand
of the productsS,
X"+ CHY —Y +CHY ()
AE o Lo L1 @)
. . . S . . T—p
Generally, in solution this reaction is considered to unroll in Zsf ZS,J
one step, in particular in protic solverff24 However, many
studies show that thex8 reaction pathway can be subdivided ~ When the sum of the product softnesses is higher than the

in three steps, in the gas phase and in aprotic solVérs. reactant softnesses, it is seen via (3) th&, > 0, i.e,, the
reaction is endothermic; in the opposite casg;—, is smaller
X~ 4 CH,Y < X7 +«CH,Y < Y ++-CH,X < than zero and the reaction is exothermic. These interpretations
_ are in good agreement with experimental evidence, which shows
Y +CHX (2) that in the majority of cases reactions proceed into the direction

which produces the hardest molecule, or the products of highest
This is ascribed to the formation of two potentieal-wells, average hardnegs3’

X~++-CHgY for the reactants, and"¥:-CHsX for the products. The activation energfE.:mainly depends on the difference
The presence of the double-well potential surface as sche-petween the hardné$f the initial state of a reaction and the
matically presented below in Figure 1 is probably due to the hardness of the transition state. These two quantities can be
ion—dipole interactior® 2° between the anion Xand the  related to the softness of the reacting molecules and the softness
neutral molecule CkY. The depth of these minima was of the molecular fragments that characterize the transition state,

supposed to be governed by properties of the neutral systemsyy making use of the additivity properties of the softn&ssp

such as the polarizability and dipole moméhin a lot of work the activation energy can be written as a function of the reactant
the height of the central barrier, localized between the transition gnd TS softnesses.

state (TS) and the two iermolecule complexes, is considered

to be the activation energyE,.?1>3The central barrier values AE. ~ — 1( ) =— 1 1 4)

have been calculated using some statistical theéti&sin ac 2 Mts = i

particular the Rice RamspergerKasset-Marcus (RRKM)

theory3! Various theoretical result§; 42 which show that the TS is
DFT concepts remain poorly explored in studies along the softer than any other state of a system, are in line with the

reaction pathway. In this context we recently concentrated on positive AE,c values (TS higher in energy than reactants). The

the investigation of the reaction path in gas phase, using thesame equations have been applied to the study®fr&actions

HSAB and MHP principles. In the case of cycloaddition in solution; in the gas phase, however, the softness has been

reactions the HSAB and MHP principles provide an interpreta- replaced by the polarizabilityy*344of the complexes (X-+CHgY

tion of the evolution of the complexes between reactants andand Y ---CH3X) and the TS ([XCHY] ).

products through the transition st&®%* In the present work Specially in the solvent we will apply Gguez’s approach
we will extend these studies to the bimolecular nucleophilic to investigate the effect of the nucleophile involved in th2 S
substitution (§2) reaction in gas phase and in solutfd#?using reaction, and to describe trends in the kinetic aspects of reactions
DFT concepts, as in Pearso¥sind Gaquez’s works?3 of this type.

Our objective is the investigation of some sets gf2S Many properties have an influence on nucleophilicity. Those
reactions (vide supra) in gas phase and in solution witleoual generally considered to be most significant are the solvation

F,H, OH, NH,, HCC, CN-, I, Cl-, Br—, and SH, and energy of the nucleophile, the strength of its bond with carbon,
Y~ equal to F, ClI~, and Br with the calculation of quantities  and the electronegativity of the attacking atom. A high solvation
like local and global softness, polarizability, and the charges energy lowers the ground state energy relative to the transition
(related to local hardness) and their relationship to both the state, characterized by a more diffuse charge distribution, leading
kinetic and thermodynamic aspects of the reaction. We will first to a decrease inG*. A stronger bond between the nucleophilic
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atom and the carbon will be reflected in a more stable transition where theny, oy ando;values are obtained through the finite

state and therefore in a reduced activation energy; finally, a morefield method?*®

electronegative atom binds its electrons more tightly than a less  Starting from Gaquez’s equations in which the softness was

electronegative one. replaced by the polarizability due to computational problems
There is clearly a conceptual relationship between the when evaluating softness values for anionic species in the finite

properties called nucleophilicity and basicity, the most useful difference approximatiohwe have considered the following

qualitative approach for making predictions of this type being proportionality for the reaction energvE, as well as for the

the hard and soft acids and bases (HSA&®ncept. This concept  activation energyAEqc

proposes that reactions will occur most readily between species

that are matching in hardness or softness. Hard nucleophiles AEmN( 1 — 1 ) (6)

prefer hard electrophiles, while soft nucleophiles prefer soft Ox—cHyy  Oy—CHx

electrophiles. (For a recent review on the use of the HSAB

principle at global and local level, see ref 45.) A soft anion AE. ~ 1( 1 1 ) )

will preferentially interact with a spcarbon as a nucleophile ac 2

yielding substitution while a hard anion is more likely to abstract

a proton giving the elemination products. where the factors involving the polarizability will be denoted
Considering the literature about theZSreaction until now, as am ! and oacl, respectively. The electronegativity,

C

the following aspects about theySreaction discussed in this  identified by Parr et al. with the negative of the chemical
paper received little attention: in the first place the application potentialy, is defined a%®

of the MHP principle in the gas phase to investigate the

evolution of the stabilization of the complexes for this reaction, - = (ﬁ) 8)
and in the second place the use ofzGaez's formula to study H oN/u(r)

the S2 reaction in different solvents.

In the gas phase we will investigate both thermodynamic an
kinetic aspects. Thermodynamic quantities involved/sie
(the difference in energy between the products and the reactants
andAE, (the difference in energy between the two complexes). 1[9E
A correlation between these two quantities and the experimental = —(—) 9)
values will be investigated together with the effect of the 2\°N/o
nuclueophile and the leaving group. The results are interpreted
involving the HSAB principle by correlatingEq with the group
hardness difference between X and Y zGaez’'s work was then 1
used to calculate the softness-dependent factor in the reaction S= 2 (10)
energy (by replacing softness by polarizability) between the ion
complexes (X-++CHzY and Y™---CHszX) and to compare itwith  Assuming a quadratic relationship between the energy and the
AEn. Finally, the charge on Y in the iefmolecule complexes,  number of electrons, one obtains from (6) Mulliken’s fornigila

Ors  Ox—...chyy

¢ With E the energy of the systenN the number of electrons,
and u(r) the external (i.e., due to the nuclei) potential. The
?ardness, defined by Parr and Pear¥ads,given by

Finally, the global softness is defined®as

X~+--CHgY, will be correlated with the reaction energies. for the electronegativity

For the kinetic study we will consideAE,. the energetic
barrier between the iormolecule complexes %--CHsY and v = IE + EA (11)
Y ~---CH3X and the transition state (TS), as the central quantity. 2

We will investigate the effect of the leaving group and the
nucleophile on the kinetics of this reaction, and just as in the
thermodynamical study we will calculate the softness-dependent
factor in the activation energy (using polarizability instead of
softness) and correlate it WithE,g the charges in the Y part
of the ion—molecule complexes %--CHzY will be correlated
with the energetic barriekE,. Finally, we will apply the MHP
principle to investigate the evolution of the stabilization of the IE(€) + EA(€)
complexes when going from X--CHzY to Y ~---CHzX. x(€) = 5
The polarized continuum model (PCK,48 proposed by

Tomasi and co-workers, in combination with'£8@iez's ap-  jth jts obvious counterparts
proach, will be used to study the effect of protic and dipolar
aprotic solvents on the kinetics of a reaction of type Gi IE(e) — EA(€)
CHsl — 1= + CHsCI. Finally, we will concentrate on the 1(€) - 2 (13)
influence of the nucleophile both in the gas phase and in solvent
for the reaction of the type (1) with X F, | , and Y= Br. o) = 1

IE(¢) — EA(e)

with IE and EA the vertical ionization energy and electron
affinity, respectively.

Upon the introduction of a SCRF model the energy of the
neutral system, cation and anion will become a function of the
dielectric constart of the solvent so that (9) can be generalized
to

(12)

(14)

Il. Methodology

where |IE€) and EAg) are the vertical ionization energy and
electron affinity in a dielectric medium characterized by a
Sdielectric constant, yielding solvent-dependent group proper-

In this work, the polarizabilitye, is calculated according to
eq 5, as the arithmetic average of the three diagonal element
of the polarizability tensor

ties.
We propose to use expressions (13) and (14) as working
o= Ox + 0y + 0, ®) equations to calculate the group hardness and softness in a

3 solvent. Following our previously designed methodolédiyis
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TABLE 1: Calculated Polarizability, o, of X~+-+CH3Y (minl), the Transition State (TS) and Y ---CH3X (min2) and the Factor

Combination Proportion to the Reaction Energy, a1, Calculated from Eq 6 (in ag~%)?

X~ CHzY o(minl) o(TS) a(min2) om ! AEnm AE—p AH
F CHgF 18.40 21.80 18.40 0.0 0.0 0.0 0.0
H~ 28.56 31.01 17.84 —0.0210 —57.76 —92.65 —57.0
OH~ 23.30 27.99 2151 —0.0036 —18.07 —24.42 —-14.0
NH>~ 32.62 37.00 26.26 —0.0074 —42.38 —44.23 —37.0
HCC 45.20 46.72 37.70 —0.0044 —23.01 —21.08 —24.0
CN~ 34.62 37.30 30.58 —0.0038 —3.57 5.86 -5.0
Cl~ 28.72 34.30 28.94 0.0003 38.19 44.66 28.0
Br- 40.43 43.49 38.11 —0.0015 42.97 51.69 37.0
SH™ 42.51 49.45 35.75 —0.0044 18.32 19.61 9.0
F CHsCI 28.94 34.30 28.72 —0.0003 —38.19 —44.66 —28.0
H~ 45.70 47.51 27.36 —0.0147 —94.86 —137.31 —86.0
OH~ 35.60 41.25 32.08 —0.0031 —59.28 —69.08 —47.5
NH2~ 44.18 51.63 36.19 —0.0050 —76.63 —88.89 —66.1
HCC™ 56.23 64.67 48.35 —0.0029 —61.13 —65.74 —51.0
CN~ 45.05 54.36 42.36 —0.0014 —42.13 —38.80 —-32.0
Cl~ 39.79 53.29 39.79 0.0 0.0 0.0 0.0
Br- 51.83 65.16 48.12 —0.0015 4.51 7.03 8.0
SH™ 54.16 71.33 46.50 —0.00304 —24.72 —25.05
F CH3Br 38.11 43.49 40.43 0.00150 —42.97 —51.69 —36.7
H~ —144.34
OH~ 42.49 50.46 44.07 0.00084 —62.45 —76.12 —55.7
NH2~ 54.07 60.89 48.11 —0.00229 —78.46 —95.91
HCC™ 65.48 75.65 60.80 —0.00117 —63.34 —=72.77
CN™ 53.63 65.21 54.43 0.00027 —45.41 —45.83 —35.4
Cl~ 48.12 65.16 51.83 0.00149 —4.51 —7.03 —8.2
Br- 60.28 78.06 60.28 0.0 0.0 0 0
SH™ 58.84 83.91 58.82 —0.00000 —26.44 —32.08

aThe reaction energy\E, calculated between the iemolecule complexes, and the reaction enerfy; p, calculated between the reagents

and products and the experimental heat of the reactidrare also tabulated (in kcal/mol).

necessitates the calculation of the energies of the neMNgal (
electron system), cationi®Ng — 1 electron system), and anionic
(No + 1 electron system) for a group, taken as the correspondingEch,y]) and the energy differences between the two-ion
radical at the geometry the group usually adopts in a molecule. molecule complexe\Em (AEn = [Ey—...chsx] — [Ex—e--cHay])

In order to avoid the multiplicity problems in calculations
involving some system cations and anions, it was necessary toand Br-, respectively. These values were correlated with the
approximate |E and EA by the energy of the highest occupied experimental data\H?25%available for all X" in the three cases,
molecular orbital (HOMO)¢nomo, and the energy of the lowest
unoccupied molecular orbital (LUMOX.umo, according to

IIA.1. Thermodynamic Study¥he thermodynamic quantities
such as the reaction energyE,—p ([Ev- + Echxx] — [Ex +

have been calculated, as shown in Table 1, for=YF~, CI~,

Y~ = F-, CI7, and Br. High correlation coefficients are
obtained (2 = 0.978 in the three cases of Yor AE,—p, andr?

Koopmans' theorerd* This approximation leads to the current
working equation for the global hardness

= 0.995 forAEp). The analysis of these energies shows that
the values obtained witlAE;, (reaction energy calculated
between the double-well potential surface energy) are close to
the experimental data available, better th&B,  vaes AS
(15) indicated previously and confirmed by this result, the intermedi-
ate step involving the two complexes and the TS of thg S
The charges considered are electrostatic potential driven reaction In gas phase can b_e seen as th.e most relevant step of
according to the MerzSingh-Kollman scheme (k356 "the reac’qon, aI_though not directly ex_perlment_ally_obser_vable.

) On this basis, our thermodynamic investigation will be

In the case of the gas phase, all structures were optimized,cysed on the properties of the reactants and products and the
with the 6-31-G* basis set at HartregFock level using the  jon—_molecule complexesx-...chx andEy-...chyx.
GAUSSIAN 947 and GAUSSIAN 98° programs. As shown in previous work® the exothermiticity of the

In this paper we have used the polarizable continuum model reactions of nucleophiles with a single substrate reflect; the
(PCM) developed by Tomasi and co-workéré® to study the  thermodynamic affinity of the nucleophile. Following this idea,
solvent effects on the energetics of thg2Seaction, using the  the exothermicity trend, in this work, is given by the following
3-21G* basis set (cf. the absence of the 6-&* basis for I) sequences oAE,, as a function of the nucleophile X

with GAUSSIAN 987° programs, on the CRAY J-916 and With methyl fluoride (CHF) these data follow the order (see
ORCA computers of the Free University of Brussels. Table 1):

€Lumo GHOMO)

e = (02

[ll. Results and Discussion H™ >NH,>HCC >OH >CN >F >

IlIA. Gas Phase Investigation.As mentioned above, a first SH > Cl” > Br~
step involves the calculation of the electronic energies in each

of the critical points along the reaction path (the reactants, the  \vjith methyl chloride (CHCI) the same order is obtained (see
reactants complex, the transition state, the products complex,Taple 1):

and the products) with a 6-31G* basis set at the HF level. In

a second step the trends in the previous quantities have beer?_r N
interpreted using calculated molecular properties such as the
polarizability, the softness of the X group and atomic charges.

H,>HCC >OH >CN >F >
SH >CI” > Br
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Figure 3. Calculated reaction energEn (in kcal/mol) (see text), as
a function of the quantityu,~ (in ag™%) obtained via the Gajuez
approach Separate linear functions for hard=X, NH,, OH, F) and
soft (X = HCC, CN, SH, CI) nucleophiles are shown.

Figure 2. Calculated reaction energiEn (in kcal/mol) (see text), as
a function of the group hardness difference between the X group and
fluorine, Anx—¢ (in eV).

whereas with methyl bromide (GBr) all the reactions are ~ _ Cl > Br). This shows that the softer group has the higher

exothermic, the order being still the same as in the previous leaving group ability, influencing the stability of the neutral

case. ) . “molecule.
The tzhsrgee sequences are in good agreement with the EXPEM This discussion can still be applied when the two-ion
mentat>* and theoreticaf heat of reaction sequences. This 1o 1e complexes are considered, thereby explaining the

exothermicity can be clearly related to the nucleophili€ity stability of one complex toward an other. Indeed, the exothermic
of X~ which follows the same trend. reaction energies in Table 1 show that the second complex,
On the other hand, the global comparison of At&, values Y —++-CH3X, is more stable than the first one; %-CHzY. This
in Table 1 when going from ¥= F to Br clearly shows thatthe  can be explained, as above, by the hardness of the nucleophilic
exothermicity of this reaction increases in this direction. This group, X, for constant softness of the leaving group. For a
is certainly related to the leaving group ability which increases given Y, the exothermicity increases when the Kardness
in the order F< CI < Br in gas phas& These results confirm  increases, whereas for a given nucleophite tkie exothermicity
that there is some complicity between the nucleophile and the increases when the softness of the leaving group, Y, increases.
leaving group during the reaction. As indicated above, this exothermicity can be interpreted in
Following this principle, our results are compared to the terms of the polarizability (or softness) of iemolecule
hardness of the X and Y groups as calculated by us in thé‘past. complexes for the reactants %-CHsY and the products
The group hardness difference between X and Y gives a goodY ~---CH3X and also by the charge upon Y in the first complex
correlation with the reaction energyEn (1> = 0.928), as shown ~ X~---CHzY which is the initial complex of all exothermic
in Figure 2 for CHF, except for X= F and CI. This result  reactions. These polarizability values which are calculated by
shows that when the difference of the hardness between X andeq 5, have been used to calculatg* using eq 6 following
Y increases the exothermicity decreases. This result is in line Gazquez's work2® Figure 3 shows that in the case of=¥ F,
with the HSAB principle as proved by Pearson et®h the the values of the reaction energi&&, and reaction energies
case of {2 reactions, stating that when the nucleophile and o, obtained via Gaguez's approach yield fair but separate
the leaving group have similar hardness, the reaction rates arecorrelations for hard and soft nucleophiles X.
relatively high, and can be interpreted as follows: increasing The range of values,, 1 is, however, not large enough to
hardness of Y also hardens the neighboring C atom of the CH account for the experimentahH sequence. However, the
group, thereby favoring the attack of a harder nucleophile. In systematic negative values of, ! indicate that the product
the case of ChCI the correlation analysis yields a correlation  complex Y-+-CHzX has a lower polarizability (higher hardness)
coefficient of 0.941; in the case of GBIr the analogous trend  than the reagent complexX-CHsY (see Table 1). Following
is respected the correlation being however less outspoken.  these trends we can assert that the exothermicity of the reaction
In view of the definition of isodesmic reactions (number of is in the direction of forming systems with smaller polarizability.
formal identical bond types conservél)these {2 reactions As, in general, the polarizability shows a fair correlation with
can be considered as anionic isodesmic reactions. As showrthe softness, the previous results are in line with the experimental
by Hehre et alfl in the case of benzene and confirmed by us data which show that the reaction always evolves in the direction
in the hydrofullerene& isodesmic reactions can be used to of harder compounds or groups of compouffefs.
investigate the stabilizing effect of the substitutient. In this work ~ Moreover, the calculations of the charges (vide supra) on Y
the energy of the & reaction can be considered as a measure in the ion—molecule complexes, %--CHzY for Y = F, Cl,
of the stabilizing effect of the substitution of Y by X in GM. and Br, as indicated in Table 2, show a good correlation with
Following the reaction energies in Table 1 for=YF, CI, and the reaction energies3(= 0.958, 0.977, and 0.909 for F, Cl,
Br, respectively, we see that the reactions are more exothermicand Br respectively) (Figures 4 and 5). The analysis of these
in the case of Y= Br as compared to ¥= Cl and F. This values shows that the charge upon Y, in the complex, increases
explains the stability sequence gH> CH3Cl > CH3Br. This progressively when the exothermicity of the reaction increases
trend is the same as given by the hardness sequengé €H  too. The increase of the negative charge on Y when the
CHsCl > CH3Br. On the other hand, this explains the leaving exothermicity of the reaction increases is governed by the
group ability (F has lower leaving group capacities than Cl and electronegativity difference between the nucleophile X and the
Br) which is in good agreement with the hardness sequence (Fleaving group Y. The relation between charges and reaction
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TABLE 2: Calculated Charge g (in atomic units) on the Y B
Atom of the Complex X+--CH3Y (minl) According to the (J
Merz—Singh—Kollman Scheme, Calculated Group 0 a®
Properties of the Nucleophile, X (for the Corresponding SH
Radical Species), Such as the Electronegativityk) and the
Softness §x) (in eV), the Activation Energy (AEj,) 40 Feo ® cN
(Calculated and Experimental) and the Calculated Reaction
Enthalpy AH (in kcal/mol) AE:, Ol | I
X~ CHsY v xS 102 AE,. AH  AE.{exp) -80 .
F CHsF —0.4091 10.01 7.04 1855 0.0 26.2 NH2
H~ —0.4860 9.85 —57.0 16.0
OH~ —0.4273 6.95 8.79 16.74-14.0 9.1 -120
NH2~ —0.4449 6.16 8.28 15.13-37.0
HCC™ —0.4321 8.21 8.67 25.06—24.0 22.8 .H
CN™ —0.3857 8.63 9.86 30.64 —5.0 26.6
cl- -0.3767 7.65 10.89 41.18 28.0 -160
Br- —0.3705 4409 37.0 -0.5 04 0.3
SH™ 569 12.62 34.32 9.0 9.
E, CHCl :82222 1001 704 2629:22'8 gg Figure 5. Calculated values of the reaction energyg:—, (in kcal/
OH- —0.4097 6.95 8.79 1.38-475 B mol) (see text), as a function of the chamgg (in au) on chlorine in
NH2- —0.4079 6.16 8.28 2.07—66.1 _ the ion—molecule complex, X"'CH3C|.
HCC™ —0.3646 8.21 8.67 7.54—-51.0 6.2 o .
CN- —-0.3323 863 9.86 11.52—32.0 9.4 TABLE 3: Calculated Activation Energy (AE,), (in
cl- —0.3108 7.65 10.89 15.47 0.0 10.2 kcal/mol), the Factor Combination Proportional to the
Br- —0.3014 16.40 8.0 15.1 Activation Energy Calculated Using the Polarizability of the
SH™ —0.3449 569 1262 11.82 Complexes from Eq 5,0, (in ag~3), and the Experimental
E‘ CHsBr —0.3974 10.01  7.04  1.12-36.7 f-g Data Available for the Activation AE.{exp) (in kcal/mol)
OH- 6.95 879  1.06 —55.7 X~ CHsY AEq Olag * AEqc(exp)
NH2 —0.4129 6.16 8.28 .50 F- CHsF 18.55 0.004238 26.2
HCC™ —0.3361 8.21 8.67 4.38 5.0 H- 9.85 0.001382 16.0
CN~ —0.2946 8.63 9.86 8.19-35.4 7.4 OH 16'74 0'003590 9'1
Cl~ —0.3001 7.65 10.89 11.89 —8.2 9.0 _ ’ : '
- NH2 15.13 0.001842
Br ~02793 - e, 3490 112 HCC 2506  0.000358 22.8
SH- —0.2847 5.69 12.62 8.59 ' ' )
CN~ 30.64 0.001037 26.6
ClI- 41.18 0.002831
Br- 44.09 0.000870
SH™ 34.32 0.001648
F CHsCI 2.99 0.002698 6.9
H- 0.01 0.000416 2.7
OH~ 1.38 0.001926
NH2~ 2.07 0.001633
HCC 7.54 0.001160 6.2
CN~ 11.52 0.001900 94
Cl- 15.47 0.003182 10.2
Br- 16.40 0.001972
SH- 11.82 0.002222
F CH3Br 1.12 0.001621 4.8
H™ 1.9
OH~ 0.001859
NH2- 0.50 0.001034
HCC 4.38 0.001026 5.0
-0.50 -0.44 -0.40 -0.36 CN~ 8.19 0.001656 7.4
4, ClI- 11.89 0.002716 9.0
; ; ; Br- 13.49 0.001888 11.2
Figure 4. Calculated values of the reaction energy,—, (in kcal/ SH- 859 0.002539

mol) (see text), as a function of the chaigg(in au) on fluorine in the

lon—molecule complex, X:-CHyF. correlation with the experimental data availaBelhis is a

energies can be interpreted by the fact that the leaving group Y 'éason why we did not proceed to beyond SCF (including DFT)
tries to increase its electronic population in order to leave the calculations. . . .
starting molecule and quickly reach its anionic form At the The sequences given bYE, in the case of methyl floride
end of the reaction. (CH3F) show the following decreasing order (see Table 3):

Thus, in general, the evolution upon reaction can be inter- _ _ _ B _ _ B _
preted by the difference in the polarizability (softness) between Br > CI' > SH > CN" > HCC >F > OH >
the reactant and the product complexes (or between the reactants NH, > H
and the products) and also by the charge on the leaving group.

IIA.2. Kinetic Study.In the gas phase the most important ~ which is also the order for methyl chloride (GEI).
energetic barrier is localized between the-ignolecule com- Finally for methyl bromide (CHBr) an inversion between
plexes, X++*CHzY and Y~-:CHsX, and the transition state =~ OH and NH occurs
(TS), which is known as the central barrier. As the reaction _ _ B B B B
rate is determined by the step with the larger energy barrier toBr > Cl- > SH > CN > HCC >F > NH, >

overcome, the central barrier height can be considered as the OH >H
activation energy. This idea is supported by previous w&tiés.
The analysis of these central barrier valutg,., as indicated These results are in good agreement with the exothermicity

in Table 3 for Y= F, Cl, and Br respectively, shows a fair of the reactions given in lllA.1, showing that when the energetic
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AEGC CN -
(keal/mol) o 20
® HCC o %oH
20 — NH2
. F
/./%,/4 oﬂ 10] @ f
i oH ] 05 044 0.38
i | | 1 | qF
0.000 0.902 0.004 Figure 7. Calculated values of the energy of the central barfdt,.
Oac (in kcal/mol), as a function of the charggs(in au) on fluorine in the
Figure 6. Calculated values of the energy of the central barid,. ion—molecule complex, X:+-CHsF.

(in kcal/mol), as a function of the central barrieg™ (in ag~2.) obtained
via the Gaquez approach. Separate linear correlations for haret (X
H, NH,, OH, F) and soft (X= HCC, CN, SH, CI) nucleophiles are
shown as in Figure 3.

18

14

barrier decreases the exothermicity of the reactions increases.
These trends are in line with the Hammond postéftavhich
states that in exothermic reactions the transition state (TS) is
closer to the reagents than the products, whereas in endothermic
reactions the TS is closer to the products. What is more, for a 6
given nucleophile, X, the calculated energetic barrieXE,
decreases when going from ¢ F to Br (see Table 3). Once

AEac
10

) . S 2
more, these results confirm that the leaving group ability is
related to softness: the softer a given leaving group the lower 04 036 032 028
the energetic barrie\Eae q,

Combining the results of kinetic and thermodynamic inves- Figure 8. Calculated values of the energy of the central barrét,

tigations, one arrives at the following picture on the influence (in'kcal/mol), as a function of the chargas (in au) on chlorine in the
of the hardness of Xand Y on the reaction profile. The harder jon—molecule complex, X-+-CHsCl.

the X-, the smaller the energetic barrier, the more the reaction
is exothermic; for a given nucleophile,”Xthe softer the Y, Cl, and Br, given in Table 2, show a good correlation with the
the smaller the energetic barrier and the more exothermic thebarrier energy (around 0.90 in the cases F and Cl, as seen in
reaction. These trends are in good agreement with data availablé=igures 7 and 8 (cf. the thermodynamic part). The analysis of
for nucleophilicity and leaving group abiligp. these values shows that the charge upon a given leaving group,
As was also the case for thermodynamic aspects, the kineticY, increases progressively when the energy barrier decreases.
results can also be interpreted in terms of the polarizability of The increase of the negative charge upon Y when the energy
the TS ([XCHY] ") and the complex (X:--CHgY) and also barrier, AE;., decreases is governed by the electronegativity

via the charge upon the leaving group, Y of XCHgY. difference between the nucleophile X and the leaving group Y.
Again, separating hard and soft groups as in the thermody- The relation between charge and reaction energy can also be

namical discussion of they, ! obtained via the Gajuez interpreted, as in the thermodynamic part, by the fact that the
approach (Figure 3), we see that the values giveadgy* show leaving group Y tries to increase its electronic population in
in general a good trend with the calculated baridef,. (Figure order to leave the mother molecule and reach its anionic form
6 with again Y= F). The positive values;* of all indicate Y~ at the end of the reaction.

that the transition state (TS), [XGM] 1, has always a higher All results discussed so far show illuminating trends between
polarizability (lower hardness) than the reagent complex the polarizability and energy-related quantities of the complexes
X~-+-CH3Y (see Table 1). both from the thermodynamic and kinetic point of view. There

As indicated above, the polarizability follows the same trend is also a good agreement between the exothermicity of the
than the softness (inverse of the hardness), Consequently, theeaction (thermodynamic aspect) and the energy barrier (kinetic
previous results are in good agreement with theoretical evidenceaspect) as shown by Hammond'’s postulate. The evolution of
showing that the transition state is the softer complex along polarizability along the reaction path can finally be casted into
the reaction pathwa$?*Following theo,c * values, the lower  the framework of the maximum hardness principle (MHP)
the difference between the softnesses of the reagent complex Suppose, as also done in numerous other stddibst for a
and the TS, the smaller the energetic barrier. As the polarizability given ion—molecule complex the variation of chemical potential
(or softness) is related to the structure of complex, these resultsis slow as compared to the variation of its chemical hardness
are also in good agreement with Hammond’s postulate which along the reaction pathway. Within the requirement that the
predicts a correlation between the structure of the reagentexternal potentialy(r), is also constant along this pathway, the
complex and the TS on the one hand, and the energetic barrieMHP can then be applied following ‘@quez’s worké? In this
and the exothermicity of the reaction on the other hand. sense, the MHP can used to investigate the evolution of the

Moreover, the calculations of the charges (vide supra) in the stabilization of the complexes when going from-xCHzY to
Y part of the ion-molecule complexes, %--CHgY for Y = F, Y ~+--CH3X.
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RC. (RC range considered is between the two minima corresponding corresponding to the two iermolecule complexes.)

to the two ion-molecule complexes.) ) ) . . .
investigated in this work, except for some complexes with Br

and SH.

From Gaquez's formula we can deduce an important
result: am~t is negative if the polarizability of the reactants is
d 'arger than the polarizability of the products. If the products
are harder than the reactants, the reaction follows the direction
in which the products will be as hard as possible following the
idea of the MHP principle. For example, the reaction+ICH3F
— F~--:CH, is exothermic (experimental valutGg = —57
kcal/mol). Figure 9 clearly indicates that the polarizability of
the reactants is superior to that of the products, yielding via
Gazquez's equatiomy,* < 0.

Figure 11 on the other hand gives the hardness profile of the
endothermic reaction (F--CH3;OH — OH™---CHsF) (AH =
14 kcal/mol). From this figure we can deduce that the polar-

the ion—reactant complexes. Following the MHP the ion T . .
molecule complex stability is more important when going from izability of the products is superior to that of the_rea_ctants and
from Gazquez’s formula we obtain that the reaction is thermo-

TS to the products than to the reagents. This means that whend ically f ble in th ite directi
the nucleophile approaches the carbon atom of the methyl group ynamically favorabie In the opposite direction.

and simultaneously the leaving group F moves away, this . In conclusion, the ha_rdness profile turns out to be a very
complex is more stabilized than in the opposite case. This important tool to desgrlbe both thermodynamic and kinetic
stabilization trend is supported by the energy of the complexes aspects of the & reaction.

. . . . I1IB. Solvent Effects. llIB.1. Protic and Dipolar Aprotic
which gives the same trend along the reaction coordinate as . .
shown in Figure 10. Sobent Effects on Reaction Rates gR3Reactions of the Type

In th if id doth . i Cl~ + CHgl — I~ + CH3Cl. For §2 reactions involving anionic
(F—n CeH SO"J‘l_Te ng"_' ‘gﬁ' IC:c))nZS esrhi\r/]v:ri]n oFi;J;ZICl;ea:Eéon nucleophiles a change from protic to aprotic solvent causes an
«++CHsOH — «++CH3F), ,

polarizability (softness) decreases more sharply when going frommcrease in rate constant. The typical example is the reaction
TS to the reactants than in the exothermic direction in which CI™ + CHyl — 1~ + CH,CI (16)

the complex becomes more and more stable as indicated by

the MHP. This trend is also supported by the stabilization energy for which the experimenté and calculated activation energy
as shown in Figure 12. This result is confirmed for all reactions in several solvents are reported in Table 4.

In view of the relation between the polarizability and the
softnes®® and as softness calculations for the complexes might
be much more difficult than the polarizabilty evaluation (cf.
section 111A.1), we have chosen to use the polarizability instea
of the softness (hardness) to apply the MHP, thereby reducing
MHP to a “minimum polarizabilty principle” as was done by
us in our previous work on cycloaddition reacticig?

The calculation of the polarizabilty along the reaction path
as indicated in Figure 9 shows that the TS always has a
maximum polarizability. The analysis of this figure for the most
exothermic reaction, (Ft--CHsF — F---CHg) shows that
polarizability (softness) decreases more sharply when going from
the transition state (TS) to the isfproduct complexes than to
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TABLE 4: Calculated Activation Energies AG*(TS) and the 36.00 T I T I T
Experimental Relative Rate$® in Different Solvents for the
Reaction CHsl + CI= — |~ + CH3CI2 L -
AG*(TS) 34,00 Water ® ]
solvent & (kcal/mol) In (kselvenjgMeOH) :
acetone 20.56 28.77 6.2 | Alcohol® .
DMSO 46.45 30.40 4.6 Ac‘i‘fﬁ‘l’;‘ ekl
methanol 32.66 33.24 0 (keallme? oo | |
water 78.30 34.12 0.08
2 ¢ is the dielectric constant for the pure liquid at 25. § 7
DMGO @
TABLE 5: Softness for CHs, 1=, and CI~ Calculated in 30.00 -~ i
Various Solvents (All Values in eV) (I and CI~ Are Taken
as the Neutral Radical Valueg?)?2 -
. | ) | Acefond® |
solvent €r SCHQ,) S(Cl’) Sli) 1.40 1.50 1.60
acetone 20.56 0.1474 0.1483 0.2121 LSS/
DMSO 46.45 0.1509 0.1521 0.2190 Figure 13. Correlation between the activation enery§.c (in kcal/
methanol 32.66 0.1647 0.1734 0.2567 mol) given in Table 4 and the “hardness difference term” (eq 4).
water 78.30 0.1679 0.1776 0.2652
36.00
2¢, is the dielectric constant for the pure liquid at 25. I ' |
In this table it can be seen that the effects when passing from
a protic solvent to an aprotic solvent are spectacula2 S 34.00 —
reactions in solvents like dimethyl sulfoxide or acetone go faster
than in an alcohol. Solvation of the anion is of overriding Adi(‘f:;;"':;*;rgv 7
importance: the more strongly it is solvated relative to the 32.00 |
transition state the slower the reaction. The strongest solvation '
of anions, we know, is through hydrogen bonding which is J
possible for protic solvents but not for aprotic solvents; they
leave the anion relatively free and highly reactive. In our case 30.00 —
the nucleophile Cl is more solvated by water and alcohol than
acetone and DMSO leading to a decrease in the rate of reaction | . | . Acptond@® ]
in protlg solvents. ' o ' 1.63 1.64 1.65
In this paper we will show that the activation energy in n(TS)-n(i)

different solvents depends on the difference between the Figure 14. Correlation between the activation enemyEs. (in kcal/
hardness of the reactants and the hardness of the transition statenol) given in Table 4 and the “softness difference term” using the
To make use of eq 4, we suppose that the softness values foifrontier orbitals (HOMO and LUMO) (eq 17).
the reactants and for the molecular fragments in the transition
state can be determined using the methodology described in
our earlier worki® Using eq 14 we calculated the softness of
the halide groups in different solvents with varying dielectric
constant and with IE€) and EAg) respectively the ionization
energy and the electron affinity of the corresponding radicals,
as suggested by Pearsbfsee Table 5).

As an example, we take reaction 16 which is of the type (1)
with X =1 and Y = Cl. In this case the reactants are Gnd

and alcohol than in acetone and DMSQO, yielding an increase
of the activation energy and decreasing reactivity of the anion
when passing from dipolar aprotic to dipolar protic solvents.

We know that the hardness can be calculated approximately
by using the values of the highest occupied (HOMO) and the
lowest unoccupied molecular orbitals (LUMO), eq 4 then can
be written as

CHsl and the molecular fragments in the transition state are AE, .= %((EISMO - EI%MO - (EILUMO - EIHOMO)) (17)

CI~, CHjs, and I'; the softness of the group Glik taken from

ref 16; the softness of Cland I are evaluated with the same Figure 14 gives the correlation between the activation energy
methodology in ref 16. and the eigenvalues of the highest occupied (HOMO) and the

Figure 13 gives the correlation between the activation energy lowest unoccupied molecular orbitals (LUMO) in different
in different solvents reported in Table 4 and the difference solvents for reaction 16.
between the softness of reactants and the transition state, A very good correlation is observed confirming that the
according to eq 4. We clearly see that the activation energy activation energy increases when passing from an aprotic solvent
decreases when changing from a protic solvent such as watetto a protic one. In conclusion, the frontier orbitals play a crucial
and alcohol to an aprotic solvent as acetone and DMSO. role to describe reactivity. Equation 17 shows that for all

The correlation between the activation energy and the solvents the lowest value of the HOM@Q.UMO gap occurs at
“softness difference term” in Figure 13 points to the same the transition state, pointing into the same direction as the MHP.
direction as the HSAB principlé.In our case we know that I1IB.2. Comparing the Effect of the Nucleophile in the Gas
protic solvents such as water and alcohol are very hard becausd’hase and in Seent.We now concentrate on the influence of
they contain acidic, highly positive hydrogen atoms. Using the solvation on the nucleophilicity and so on the kinetics of the
HSAB principle, hard anions are better solvated by hard Sy2 reaction in the gas phase and in solution with=XF, |,
(hydrogen bonding) solvents and soft anions have strong and Y= Br. Table 6 gives the activation energy for this reaction
interactions with soft solvents (dipolar, non hydrogen bonding with various halide ions Xand in water calculated with the
donors). The Ci anion will thus be more solvated in water PCM model using the Hartred-ock level.
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TABLE 6: Calculated Activation Energies AG*(TS) in
Water for the Reaction X~ + CHz — Y~ + CH3X with X
F,land Y = Br

Safi et al.

a dipole moment and interacts via a dipeliipole mechanism
with the solvent. The transition state carries a full negative
charge too, but the charge is very dispersed. Bonding of the

nucleophile  AG*(TS)? (kcal/mol)  AGX(TS)" (kcal/mol) solvent to this dispersed charge carrier is much weaker than to
F 7.35 58.10 the concentrated charge of the small halide ion. Table 7 gives
1~ 38.47 23.76

aCalculated using the PCM modélCalculated using the PCM
model and using eq 18.

In the gas phase, the reactivity of halide ions is ¥ |-,
reflecting the strength of the -€X bond being formed. Yet
experimentally, one finds in water and meth&hthat the order
of reactivity is reversed.

the calculated solvation energy for the halide ions and for the
transition states. In this table, one can see that the solvatation
energy for the transition state is much weaker than that for the
halide ions.

The strength of solvation varies from one anion to another.
Fluoride is the smallest halide, with the most concentrated
charge; as we can see in Table 7, it forms the strongest ion
dipole bonds hydrogen bond in water and methanolslthe

In Table 6 it can be seen that we do not obtain the same piqqast of these halides, with a dispersed charge leading to the
sequence as in the experimental one. This has been explained 2 iest solvation

by the fact that reaction field theory is appropriate only for
solvents which do not lead to specific interactions, such as
hydrogen bonding, with the solute. Thus, it is not surprising
that the effect of water is not reproduced. Indeed, liquids
possessing hydroxyl groups or other groups with a hydrogen

atom bound to an electronegative atom are strongly associated

Hydrogen bonding plays a crucial role in the interactions

between ions and HBD solvents. Hence HBD solvents are good
anions solvators. Because of the small size of the atom, small

anions like F and CI are more solvated by such solvents than
the larger ones, e.g.; I This is also the reason why the Gibbs
energy of hydrationAGson, Of the halide ions increases in the
series F > |,

Our calculation of the activation energy in water for the
reaction (X= F, I, and Y = Br~) does not agree with
experiment. To solve this problem, we must take into consid-
eration the interaction energy caused by the hydrogen bond.

We recalculated the activation energy in water according to
the following procedure.

AG* = G[TS],, + 4G[H,0l,, — GlI “(H,0),]\ —
G[CH,Br],, (18)

whereG[X]w denotes the calculated free energy of formation
for the species X (TS, ion water complex(H.0)4, a water
molecule, and the reactant gBf) in the agueous medium. The
stoichiometry of this complexation reaction has been chosen in
this way on the basis of the results in ref 67.

Table 6 gives the final activation energy for the reactions
(X = F, I, and Y = Br) obtained via eq 18. The order of
reactivity is now reversed and becomes> F~.

IV. Conclusions

In the gas phase the reaction energi&s;, and AE;—p, and
the central barrier energies (involving the ion molecule com-
plexes )AE,, for the reaction X + CHzY — Y~ + CHgX
with X~ = F~, H, OH~, NH,~, HCC", CN~, I, CI, Br-,
and SH and Y- =F-, Cl~, and Br, calculated at the Hartree
Fock level using the 6-3tG* basis set, show the same trend
as the experimental data available. In general the reaction
energies, and the same trend as the experimental data available.
In general, the reaction energias,”* and the central barrier
0ac ! calculated using Gayuez’s equations with polarizability
instead of softness, reproduce the ab initio calculated values.

The variation of the exothermicity and the central barrier of
the reaction with X and Y can be interpreted in terms of the
hard and soft acids and bases principle (HSAB). The leaving
group ability parallels its polarizability (softness); the more the
leaving group is soft, the more its ability to leave the mother
molecule increases. The charges, which are a measure of the
electronegativity of Y, in the complexes, increase progressively
when the exothermicity of the reaction increases and the central
barrier energy decreases. The maximum hardness principle,
MHP, applied in the gas phase, and with replacement of the
softness by the polarizability, yields a firm basis to discuss the
energy stabilization and the determining role of the-ion
molecule complexes along the reaction pathway.

The polarizable continuum model (PCM) has been used to
study the influence of the solvent on the kinetics of th S
reaction. The application of Ggquez's formula provides

So, whereas the self-consistent reaction field theory provides fundamental information in a case study, with=XCl and Y=

a useful and computationally efficient model for the study of
solvent effects, the model should be corrected for solvents giving
hydrogen bonding with the reactant.

When explaining the inversion when we go from the gas

I: the activation energy yields a very good correlation with the
values obtained with Gauez's formula. The influence of
solvation on the nucleophilicity and the kinetics using the (PCM)
model with (X=F, | and Y= Br) is compared with the results

phase to a protic solvent, we must as always compare thein the gas phase. The order of reactivity is & |-, which is

reactant with the transition state, including the effect of the the same order as in the solvent using the polarizable continuum
solvent in the protic solvent case. In the rate-determining step model but opposed to experiment. If however we take into
of an 42 reaction we must take into account the two reactants, consideration the interaction energy caused by the hydrogen
the alkyl halide and the halide ion; the latter carries a full bond the order of reactivity in solution is reversed yielding the
negative charge, and binds to the solvent; the alkyl halide hassame results as experiment.

TABLE 7: Solvation Energy for the Nucleophile and the TS Calculated in Different Solvents (All Values in kcal /mol)

solvent F ClI- I~ Bre+-CHz--F Br++CHjz*-Cl Bre+-CHs-++l
acetone —93.64 —67.33 —56.76 —57.13 —52.53 —48.34
DMSO —96.20 —69.07 —58.46 —58.05 —53.62 —49.43
alcohol —111.28 —78.95 —66.36 —73.38 —53.53 —41.77
water —112.93 —79.76 —66.81 —69.15 —44.16 —41.16
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