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ABSTRACT: Gas-phase nucleophilic substitution reactions of Y-benzyl chlorides with X-phenoxide and X-
thiophenoxide nucleophiles were investigated theoretically using the PM3 semi-empirical MO method. The Leffler–
Grunwald rate-equilibrium and Brønsted correlations predict that the degree of bond formation in the transition state
(TS) is approximately 45 and 40% on the reaction coordinate for the phenoxides and thiophenoxides, respectively.
For a weaker nucleophile, a later TS is obtained with an increased bond making and breaking. The variation of the TS
structure with substituents in the nucleophile is thermodynamically controlled and is well correlated by rate–
equilibrium relationships. In contrast, the TS variation (a tighter TS) with substituent (for a stronger acceptor Y) in the
substrate is dependent only on variations of the intrinsic barrier and so cannot be correlated by such thermo-
dynamically based rate–equilibrium relationships. The gas phaserX andrY values are much greater in magnitude
than those in solution. A similar gas-phase theoretical cross-interaction constant,rXY (caÿ0.60), is obtained for both
phenoxides and thiophenoxides, which is in good agreement with the experimental value (ÿ0.62) for the
thiophenoxide reactions in MeOH at 20.0°C. The oxy and sulfur anion bases lead to a similar TS structure, but a lower
reactivity for the former is due to a greater endothermicity of the reaction. A relatively wide range variation of the
reaction energies,DG°, can be ascribed to the loss of resonance stabilization of anion nucleophiles upon product
formation. 1998 John Wiley & Sons, Ltd.

KEYWORDS: cross-interaction constants; gas-phase nucleophilic substitution reactions; PM3 MO; benzyl chlorides;
phenoxides; thiophenoxides

INTRODUCTION

SN2 reactions have played a fundamental role in the
development of modern physical organic chemistry.1

Based on kinetic studies on the effects of substituents,
detailed mechanisms and transition-state (TS) structures
of the reactions have been characterized. In this regard,
linear free energy relationships (LFER) have played a
pivotal role.12 Although first-derivative parameters, the
Hammettri and Brønstedbi as shown in eqations (1) and
(2), respectively, are often used to examine the TS
structure, they have a limitation in their scope of appli-
cation as a measure of TS structure;ri (or bi) can be a
measure ofr ij (Scheme 1) only when the other reaction
center, Rj, remains constant, because the efficiency of
charge transmission between reaction centers Ri and Rj in
bond making and breaking may differ for different
reaction series.3

�i � @ logk=@�i �1�
�i � @ logk=@pKi �2�

As a way of resolving this difficulty, we have
introduced a second-derivative parameter, the cross-
interaction constant,rij , in equation (3), which can be
alternatively defined according to equation (4). A Taylor
series expansion of logkij around�i = �j = 0 leads to a

Scheme 1.
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simple second-orderexpression [equation (3)] with
neglectof the puresecond-order(rii andrjj) andhigher
order(riij , etc.)terms.Herei andj representanyof three
fragments,nucleophile (X), substrate(Y) and leaving
group (Z) in Scheme 2, comprising a typical SN2
transitionstate.3

log�kij=kHH� � �i�i � �j�j � �ij�i�j �3�

�ij � @2 logkij=@�i@�j � @�j=@�i � @�i=@�j �4�
It hasbeenshownthatthemagnitudeof rXY andrXZ is

inversely proportional to the distance, rXY and rXZ,
respectively.34 Moreover,we haveshownthat the rXZ

(and hencerXZ, the tightnessof the TS) is relatively
constantandtheTStightnessvariesvery little depending
on the classof reaction,5 at a primary carboncenterthe
TS is tight with rXZ � 0.33,but theTS for displacement
at a secondarycarbonis looser with rXZ � 0.11. In a
series of studies involving SN2 reactions of benzyl
derivativeswith various nucleophiles(mostly anilines
andbenzylamines)weobtaineda relativelyconstantrXY

of ÿ0.6 to ÿ0.8.36

Theseresultswereentirelybasedonthekineticstudies
in solution. However, condensed-phase studies suffer
from solvationandion pairingeffects,whicharedifficult,
if not impossible,to separatefrom factorsinherentto the
mechanism.It is important to probe the electronic
structuresof TSs through substituentstudies.On the
otherhand,gas-phasestudiesof substituenteffectsonthe
TS structure have been reported only for simple
systems.78f Theexperimentaldifficulties involving com-
plexreactionsystemsprecludeatpresentsuchsubstituent
studiesonlargesubstratesandnucleophilesasusedin our
solutionkinetics.

Theoryprovidesanalternativemethodfor studyingthe
SN2 mechanism involving relatively large reaction
systemsin the absenceof solvation.Over the past two
decades,the SN2 reactionhasbeenextensivelystudied
with ab initio methods,andmanyhigh-levelstudieshave

been reported.8 However, thesestudiesalso involved
relatively simplereactionsystemsowing to the prohibi-
tively long computational time required for a large
system.

In this work, we used a relatively efficient semi-
empirical MO method, PM3,9 to investigate dually
substitutedSN2 reactionsystems[equation(5)] for which
ab initio calculationsarenot practical.

Nuÿ � YC6H4CH2Cl! Nu-CH2C6H4Y � Clÿ �5�
whereNuÿ = XC6H4O

ÿ andXC6H4S
ÿ andX = Y = H,

p-Cl, m-CN, p-CN andp-NO2.
The objectives of this work were threefold: (i)

comparisonof thetheoreticalgas-phasecross-interaction
constants,rXY, for the phenoxideand thiophenoxide
nucleophileswith thecorrespondingexperimentalvalues
in solution;(ii) studyof substituenteffectson the trends
of transitionstatevariations,namelywhethera stronger
electronacceptorsubstituentin thenucleophileX (andin
the substrateY) leads to an earlier (kinetically or
intrinsically controlledreaction)or a later (thermodyna-
mically controlled reaction) transition state; and (iii)
studyof thedifferencesin thenucleophilicreactivityand
mechanismbetweennucleophilescontaininga first-row
(O) anda second-row(S) nucleophiliccenter.

We were specifically interestedin the comparisonof
thenucleophilicitiesof first- andsecond-rownucleophilic
centersof comparablebasicities, sowe usedoxy anions
(XC6H4O

ÿ) andsulfur anions(XC6H4S
ÿ) with electron-

withdrawing substituents,�X > 0; these two anionic
nucleophileswereshownto give comparablegas-phase
protonaffinities (seebelow).

Furthermore, we limited the substituents in the
substrate(YC6H4CH2Cl) to thoseof electronacceptors
(�Y > 0) to ensurethat the Hammettplots give linear
correlations,not a U-shapedplot as normally observed
for a wide variety of substituentsincluding electron
donors(�Y < 0) andacceptors(�Y > 0).10 Thischoiceof
the Y substituents(�Y > 0) also has an advantageof
allowingadirectcomparisonof our theoreticalgas-phase
resultswith the experimentalgas-phasedata involving
electronacceptorY-substituentsonly.7k

Whereverapplicable,wediscussourresultsin thelight
of availablepublishedgas-phaseand/orcondensed-phase
experimentalresults.

CALCULATION

Thelargenumberof heavyatoms(15–22)involvedin the
reactionsystemprecludedthe useof any ab initio MO
method in this work. We therefore adopteda semi-
empirical SCF MO method,PM3,9 which is known to
give reasonablyreliable resultsfor studiesof reactivity
and mechanisms.11 Geometriesand heatsof formation
(DHf) of all stationarypoint specieson the potential
energysurface(PES),reactants(R), reactantion–dipole

Scheme 2.
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complexes(RC), transition states (TS), product ion–
dipole complexes(PC) and products (P) were fully
optimized without applying any symmetryconstraints.
All minima and TSson the PESwere characterizedby
confirmingall positiveandonly onenegativeeigenvalues
in the Hessian matrix, respectively.12 Entropies of
reaction,DS°, andof activation,DS≠, werecalculatedat
298K. All calculations were performed using the
MOPAC 6.0 package.13

RESULTS AND DISCUSSION

Gas-phase basicities of nucleophiles

In order to comparethe gas-phasebasicitiesof the nu-
cleophiles,phenoxides(XC6H4O

ÿ) and thiophenoxides
(XC6H4S

ÿ), protonaffinities (PA) werecalculated.The
resultsin Table1 indicatethat both anionicspeciesare
stabilizedby delocalizationof negativechargeonO or S;
theexperimentalPA of OHÿ is greaterby 40kcalmolÿ1

than that of SHÿ, whereasthe differencein the PAs of
XC6H4O

ÿ andXC6H4S
ÿ is only 7 kcalmolÿ1. Onemight

haveexpectedastrongerbasicityof anionicoxygenbases
becauseof thehigherelectronegativityof O thanS.This
is only partly true.Wenotethatastheelectron-accepting
powerof thesubstituentX increases(��X > 0), thePAof
the thiophenoxideeventuallybecomesgreaterthan that
of thephenoxide(for X = p-NO2). Thiscanbeascribedto
a more efficient negativechargedelocalizationof the
anionicO basewithdrawinga greateramountof anionic
charge from the O than from the S atom in the
thiophenoxides.This is apparentwhenPAsarecompared
with those of OHÿ and SHÿ; DPA between the
experimentalPA of OHÿ and the calculated PA of
C6H5O

ÿ is 46kcalmolÿ1, whereasDPA betweenthe
experimentalPA of SHÿ and the calculated PA of
C6H5S

ÿ is only 13kcalmolÿ1 (Table 1). In thiophen-
oxidebases,delocalizationof negativechargeinvolvesa
pp –dp typeof overlap(with DPA� 18kcalmolÿ1 from

X = H to p-NO2) whichis weakerthanthepp –pp overlap
in the phenoxides (with DPA� 27kcalmolÿ1 from
X = H to p-NO2). This is also supportedwhen relative
stabilities(basedontherelativeheatsof formation,�DHf)
of the two anionic nucleophilesare compared.A �DHf

[ =DHf(S) - �DHf(O)] value relative to that for X = H
(�DHf = 42.1kcalmolÿ1) representsan increasein the
relative stability of the phenoxidedue to an increasein
theelectron-withdrawingpowerof thesubstituentX; the
increasein the relative(to X = H) �DHf valuesis 0, 2.4,
3.2, 6.4 and 10.9kcalmolÿ1 for X = H, p-Cl, m-CN, p-
CN andp-NO2 respectively.Thereis a largeincreasein
the stability of the phenoxideanion comparedwith the
thiophenoxidewhen the electron-withdrawingpowerof
the substituent X increasesfrom X = H to p-NO2,
especially for X = p-CN and p-NO2 for which direct
(strong)delocalizationof theanionicchargeis sostrong
thataseparatesubstituentscale,�ÿ,14 is required.It is for
suchstronglydelocalizingsubstituentsthatthephenoxide
ions become weaker bases than the corresponding
thiophenoxideions.This is in line with agreaterdecrease
in the pKa value (DpKa = 2.72) in water at 25°C from
X = H (pKa = 9.86) to X = p-NO2 for phenolscompared
with a relatively small decrease(DpKa = 1.93)underthe
sameconditionsfor thiophenols(pKa = 6.43for X = H).15

However,thereis noreversalin theorderof pKa in water,
as we found with the gas-phase PAs, from
C6H5OH> C6H5SH to p-NO2-C6H4OH< p-NO2-
C6H4SH.

ThePAs for XC6H4O
ÿ andXC6H4S

ÿ arecomparable
and differ by only ÿ2–7kcalmolÿ1 and the choice of
electronacceptorX is justified.For electrondonorX the
two PAs shouldhavea greaterdifference.

Energetics

Although there are two loosely bound ion–dipole
complexes(RC andPC) on the PES,which is therefore
a double-welltype,1d the TSsare in all casesabovethe
reactantlevels,DG≠ > 0, so we disregardedthe central
barriers, DG0

≠ = G≠ÿGRC, and consideredonly the
activationenergies,DG≠, from the reactantlevels. The
energydatasummarizedin Tables2 and3 showthat the
reactionsaremostly endothermicfor both nucleophiles.
This is againdueto theenhancedstabilitiesof theanionic
nucleophilesin the initial (reactant)statesasa resultof
strongchargedelocalizationwhich is lost in theproduct,
especiallyfor the strongelectronacceptorsubstituents.
The endothermicitiesare greater for the phenoxides.
Anotheraspectof interestis that theentropiesof theTS
arevery low, i.e. the TSsarehighly structured,for both
reactions with the two nucleophiles, leading to
DS≠�ÿ40 cal Kÿ1 molÿ1 (e.u.).This is consistentwith
large negativeDS≠ valuesobservedexperimentallyfor
SN2 reactionsin solution.

The two facts that the reactionsare endothermicto

Table 1. Proton af®nitiesa (PA) of nucleophiles in kcal molÿ1

X XC6H4O
ÿ XC6H4S

ÿ

H ÿ345(ÿ391)b ÿ338 (ÿ351)c

(ÿ342)d

p-Cl ÿ339 ÿ334
m-CN ÿ334 ÿ329
p-CN ÿ329 ÿ327

(ÿ325)d

p-NO2 ÿ318 ÿ320
(ÿ321)d

a Experimental value of 367.2kcalmolÿ1 is used for DHf(H
�)

following theprocedureadoptedby Dewaret al.37 in their calculation
of PAs usingthe AM1 method.
b ExperimentalPA for OHÿ.7g

c ExperimentalPA for SHÿ.7g

d ExperimentalPA reportedby Lias et al.38
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Table 2. Calculated heats of formation (DHf) of reactants, activation energies and reaction energies for the reactions Y-benzyl
chlorides with X-phenoxides (in kcal molÿ1)

DHf
Activation energies Reactionenergies

Y X (reactants) DH≠ ÿTDS≠ DG≠ DH° ÿTDS° DG°

H H ÿ32.69 16.53 11.95 28.48 ÿ4.79 3.49 ÿ1.30
p-Cl ÿ45.71 19.20 12.03 31.23 1.46 3.58 5.04

m-CN ÿ8.84 20.78 12.02 32.80 6.54 3.59 10.13
p-CN ÿ14.36 23.48 12.10 35.58 11.43 3.73 15.16
p-NO2 ÿ70.12 28.22 12.05 40.27 22.33 3.25 25.58

p-Cl H ÿ39.31 14.70 11.92 26.62 ÿ4.87 3.41 ÿ1.46
p-Cl ÿ52.33 17.48 11.99 29.47 1.43 3.62 5.05

m-CN ÿ15.46 19.15 12.02 31.17 6.48 3.68 10.16
p-CN ÿ20.98 21.89 12.09 33.98 11.50 3.71 15.21
p-NO2 ÿ76.74 26.76 12.02 38.78 22.49 3.23 25.72

m-CN H 2.83 11.79 12.09 23.88 ÿ5.05 3.57 ÿ1.48
p-Cl ÿ10.19 14.66 12.18 26.84 1.37 3.70 5.07

m-CN 26.68 16.50 12.16 28.66 6.59 3.59 10.18
p-CN 21.16 19.25 12.25 31.50 11.58 3.69 15.27
p-NO2 ÿ34.60 24.28 12.19 36.47 22.78 3.31 26.09

p-CN H 2.77 11.44 11.99 23.43 ÿ4.99 3.48 ÿ1.51
p-Cl ÿ10.25 14.35 12.08 26.43 1.40 3.56 4.96

m-CN 26.62 16.17 12.06 28.28 6.68 3.68 10.36
p-CN 21.10 18.98 12.15 31.13 11.72 3.67 15.39
p-NO2 ÿ34.66 24.05 12.13 36.18 22.88 3.19 26.07

p-NO2 H ÿ40.86 8.34 12.51 20.85 ÿ5.13 3.54 ÿ1.59
p-Cl ÿ53.88 11.39 12.60 23.99 1.36 3.72 5.08

m-CN ÿ17.01 13.31 12.59 25.90 6.78 3.78 10.56
p-CN ÿ22.53 16.21 12.67 28.88 11.85 3.74 15.59
p-NO2 ÿ78.29 21.45 12.59 34.04 23.20 3.29 26.49

Table 3. Calculated heats of formation (DHf) of reactants, activation energies and reaction energies for the reactions Y-benzyl
chlorides with X-thiophenoxides (in kcal molÿ1)

DHf
Activation energies Reactionenergies

Y X (reactants) DH≠ ÿTDS≠ DG≠ DH° ÿTDS° DG°

H H 9.43 5.00 11.93 16.93 ÿ8.61 3.47 ÿ5.14
p-Cl ÿ1.27 6.43 12.02 18.45 ÿ4.35 3.30 ÿ1.05

m-CN 36.39 8.10 12.01 20.11 ÿ0.24 3.69 3.45
p-CN 34.14 8.60 12.10 20.70 2.14 3.36 5.50
p-NO2 ÿ17.14 11.28 12.06 23.34 9.02 3.37 12.39

p-Cl H 2.80 3.17 11.64 14.81 ÿ8.45 3.01 ÿ5.44
p-Cl ÿ7.90 4.69 11.72 16.41 ÿ4.34 3.07 ÿ1.27

m-CN 29.76 5.91 11.78 17.69 0.33 3.01 3.34
p-CN 27.51 6.99 11.78 18.77 2.23 3.11 5.34
p-NO2 ÿ23.77 9.79 11.75 21.54 9.31 3.30 12.61

m-CN H 44.94 0.35 11.99 12.34 ÿ8.70 3.50 ÿ5.20
p-Cl 34.24 1.96 12.05 14.01 ÿ4.50 3.68 ÿ0.82

m-CN 71.90 3.35 12.15 15.50 0.36 3.65 4.01
p-CN 69.65 4.70 12.19 16.89 2.18 3.67 5.85
p-NO2 18.37 7.36 12.08 19.44 9.59 3.34 12.93

p-CN H 44.88 ÿ0.20 11.95 11.75 ÿ8.58 3.34 ÿ5.24
p-Cl 34.18 1.44 12.07 13.51 ÿ4.40 3.38 ÿ1.02

m-CN 71.84 2.81 12.14 14.95 0.42 3.39 3.81
p-CN 69.59 3.95 12.17 16.12 2.16 3.68 5.84
p-NO2 18.31 6.95 12.09 19.04 9.56 3.36 12.92

p-NO2 H 1.25 ÿ3.56 12.53 8.97 ÿ8.88 3.72 ÿ5.16
p-Cl ÿ9.45 ÿ1.77 12.63 10.86 ÿ4.63 3.75 ÿ0.88

m-CN 28.21 0.31 12.67 12.98 0.07 3.70 3.77
p-CN 25.96 0.95 12.71 13.66 2.22 3.79 6.01
p-NO2 ÿ25.32 4.18 12.60 16.78 9.80 3.38 13.71
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weaklyexothermicandtheTSsarehighly structured,i.e.
havevery low entropy,will makethereactionunsuitable
for gas-phaseexperimentalstudies.7g,16

The Leffler–Grunwaldrate–equilibriumrelationships
for variationsof substituentsX [equation(6)] areshown
in Fig. 1.

��G6�X � ���G�X �6�

Excellentlinearities(regressioncoefficientsr � 0.99)
arefoundfor all theplotswith slopesa rangingfrom 0.44
(Y = H) to 0.47 (Y = p-NO2) for phenoxidesand from
0.36 (Y = H) to 0.42 (Y = p-NO2) for thiophenoxides.
The excellentlinearitiesobtainedare an indication that
the reactionsoccur by a single-stepconcertedprocess,
since the relationshipequation(6) applies only to an
elementaryreaction.The slope,a (which canbe defined
alternativelyby rkin/req), is viewedasa measureof the
TSstructure;2c,17hencethevaluesof 0.44–0.47and0.36–
0.42suggestthat the reactionshaveprogressedto ca 45
and 40% in the TS for the phenoxidesand thiophen-
oxides, respectively.This is consistentwith the Bell–
Evans–Polanyi(BEP) principle,18 sincethe more endo-
thermic reactionsof phenoxideslead to a later TS (ca
45%) than the less endothermicreactionsof thiophen-
oxides(ca 40%).

A greaterendothermicdisplacementleadingto a later
TS for phenoxidesthanfor thiophenoxideis, however,in
sharp contrast to the trends found for the gas-phase
reactionsof OHÿ andSHÿ by theab initio calculations;
the reactionof OHÿ exhibitedmuchgreaterexothermi-

city thanthat of SHÿ with an earlierTS.19 This is again
due to a greater stability induced by the stronger
resonancedelocalizationof the negativechargeon O
which is lost in theproduct.

Examination of Tables 2 and 3 reveals another
interestingaspectof the rate–equilibriumrelations:the
DG° valuesareinsensitiveto variationsof substituentY
in the substrates,e.g.for X = H, they vary from ÿ1.3 to
ÿ1.6kcalmolÿ1 as Y is varied from H to p-NO2. This
meansthat the Leffler–Grunwaldrelationshipequation
(6) doesnot apply. In this caseDG° is approximately
constantregardlessof the substituentY in the substrate
ring, while theDG≠ valuesfor the reactionarevariable
and dependenton the natureof Y [varying from 28.5
(Y = H) to 20.9kcalmolÿ1 (Y = p-NO2) for X = H].
Consequently,the plot of DG≠ vs DG° (which is
equivalent to a Brønsted plot using carbon basicity
insteadof proton basicity; seebelow) for this reaction
must be a straight line of infinite slope. This sort of
anomalousBrønstedparametersis oftenobserved,20 e.g.
for an identity exchange process of Xÿ �RX �
XR� Xÿ,7k and raises questions about using the
Brønstedparameter,a, asa measureof theTS structure.
Suchanomalousparametersare observedwheneverthe
rate(�DG≠) is solely dependenton the intrinsic barriers,
�DG0

≠, as the simplified Marcus equation21 [equation
(7c)] indicates.

�G6� � �G6�0 ��G�=2� ��G��2=16�G6�0 �7a�

��G6� � ��G6�0 � ��G� �7b�

��G6� � ��G6�0 for ��G� � 0 �7c�
Equation (7b) requires that when DG° is constant

within a certainseriesof reaction,theactivationenergy,
DG≠, (i.e. the rate) is function only of intrinsic barrier,
�DG0

≠ [equation (7c)], and the reaction is therefore
intrinsic barriercontrolled.22 Forsuchanintrinsic barrier
controlled reaction series, the Leffler–Grunwald rela-
tionshipor theBrønstedequationdoesnothold,sinceany
rate–equilibriumrelationship[such as equation(6)] is
thermodynamic in nature and only applies to
thermodynamically controlled reaction series, i.e.
�DG0

≠< �DG° in equation(7b).3 The variation of the
intrinsic barrierrepresentsmovementalongthetightness
diagonal(line AD) in the More O’Ferrall–Jencks type
plots(Fig. 2) andcorrespondsto a perturbationalongthe
perpendicularcoordinateon thePES.3

The effectsof nucleophilicity and leaving ability on
the rates in a concerted (SN2) process (i.e. in an
elementaryprocess)in generaloriginatethermodynami-
cally, andtheBrønstedequationwill applysatisfactorily
to each effect separately.3 However, the effects of
substituentsin the substrateon the rate in SN2 reactions
arecomplex,sincebothbondformationandbreakingare
involved in the TS at the substratereactioncenter.In a

Figure 1. Plot of DG ≠ versus DG°
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sense,the effects of substituentsin the substrate(Y)
originatefrom a multiple electronprocess,not a simple
electronic change,involving both bond formation and
breaking simultaneouslyat the same reaction center.
Theseeffectsarepurelyelectronicandkinetic (intrinsic)
in nature8a,23 and not thermodynamic.This is why the
effects of substituentin the substrate(Y) on the rates
cannotbe usedin predictionsof TS structuresapplying
thermodynamically basedmethods,suchas the magni-
tudeof theBrønstedcoefficientsandmovementalongthe
reactioncoordinateon the More O’Ferrall–Jencksdia-
gram.3

In summary, the effects of substituents in the
nucleophile(X) and leaving group (Z) on the ratesof
SN2 reactionsat benzyliccarbonarethermodynamically
controlledand can be correlatedby a rate–equilibrium
relationship.In contrast,theeffectsof substituentsin the
substrate(Y) on the ratesarekinetically or intrinsically

controlled and hence cannot be correlated by such
thermodynamicallybasedrate–equilibriumrelationships.

Variations of TS structure and cross-interaction
constants, rxy

It wasnotedabovethat therate–equilibriumrelationship
holds satisfactorily [equation (6)] for variations of
substituentin the nucleophile,X. A similar plot based
on the Brønsted equation [equation (8)] provides a
Brønstedcoefficient, b, which is a measureof bond
makingby a nucleophilein theTS.

��G6�x � ���PAx� �8�
Here the PAs of the anion nucleophilesare usedto

deriveb insteadof thereactionenergies,DG° in equation

Figure 2. More O'Ferrall±Jencks diagram. An acceptor Y shifts the TS towards corner A, making the TS tighter

Table 4. The TS structures represented by various parameters for progress of the reaction

Nuÿ Y X a b r(C—Nu)
≠a %Dn(C—Nu)

≠ r(C—Cl)
≠a %Dn(C—Cl)

≠

XC6H4O
ÿ H H 0.44 0.43 1.929 43 2.188 49

p-NO2 1.846 49 2.266 55
p-NO2 H 0.47 0.48 1.929 43 2.151 46

p-NO2 1.850 49 2.221 52
XC6H4S

ÿ H H 0.36 0.35 2.359 41 2.105 41
p-NO2 2.274 48 2.153 46

p-NO2 H 0.42 0.43 2.352 42 2.074 38
p-NO2 2.276 47 2.121 43

a ThePM3 bondlengths(Å) in theTS.
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(6) for the calculation of a. Comparisonof the two
parametersin Table 4 showsgood generalagreement
between the two. The agreementbetween a and b
indicatesthat sensitivity of the reactioncenter (on R)
with variationof substituentsX in thenucleophilein the
additionwith a methyl cation (methyl cationaffinity or
carbonbasicity) is similar to that with a proton (proton
affinity or proton basicity). The relationshipof proton
basicity to carbon basicity has been explored in the
past.24 A goodcorrelationbetweenthe two is expected
sincethe heatsof formationof the two typesof adducts
(H—R andCH3—R) arenormally correlatedwell7f,25

Wehavealsoshownin Table4 bondlengths(Å) of the
forming (C—Nu) and cleaving bonds (C—Cl) and
calculatedpercentagebondorderchanges,%Dn≠ [equa-
tion (9)]26 {which is derivedby substitutingthe Pauling
bond order27, n = exp [(roÿ r)/a], for percentagebond
orderchanges}involvedfor thetwo bondsongoingfrom
thereactantto theTS.In equation(9), r≠,rR andrP denote
bondlengthin theTS,reactantandproduct(Tables5 and
6), respectively.

%�n6� � �exp�ÿr 6�=a� ÿ exp�ÿrR=a��
�exp�ÿrp=a� ÿ exp�ÿrR=a�� � 100 �9�

A constanta = 0.6wasadoptedin thecalculation.This
constantmust be selecteddependingon the type of

bonds.For covalentbonds,a = 0.26 is moreappropriate
and a = 0.9 is also applicable to certain types of
bonds.8i,28 The most suitable value of a should be
selectedby confirming the bond order conservation,
�ni

≠ = n(C—Cl)
≠� n(C—Nu)

≠ = 1.0. When the bond order
conservationwasconsidered,a = 0.26,0.6 and0.9 gave
�ni

≠ = 0.35–0.38,0.94–0.97and1.21–1.24,respectively.
Henceit is apparentthat for our reactionsystemsa = 0.6
is thebestchoice.It shouldbenotedthat thebondorder,
n≠, andpercentagebondorderchange,%Dn≠, in the TS
arerelatedby theequations

n6��CÿCl� � 1ÿ%�n6��CÿCl� �10a�
n6��CÿNu� � %�n6��CÿNu� �10b�

Referenceto Table4 revealsthat theprogressof bond
cleavagein theTS is greaterthanthatof bondformation
in the reactionsof phenoxides,whereasthe reverseis
true, i.e. thedegreeof bondcleavageis smallerthanthat
of bond formation, in the reactionsof thiophenoxides.
Thedegreesof bondformation,representedby %Dn≠, in
the phenoxidereactionsagreesatisfactorilywith those
representedby therate–equilibriumcoefficients,a andb.
Thereare,however,significant,butnot large,differences
betweenthetwo methods.In general,thedegreeof bond
cleavagein the TS increaseswith a strongerelectron
acceptor in the nucleophile (X = p-NO2) and in the

Table 5. Calculated bond lengths in AÊ and bond order (n≠) in the TS for the reactions Y-benzyl chlorides with X-phenoxides

Reactants TS Products Bondorder

Y X r(C—C)
a r(C—Cl) r(C—C)

a r(C—Cl) r(C—O) r(C—C)
a r(C—O) n(C—Cl)

≠ n(C—O)
≠

H H 1.484 1.788 1.473 2.188 1.929 1.503 1.419 0.51 0.43
p-Cl 1.484 1.788 1.473 2.205 1.909 1.503 1.419 0.50 0.44

m-CN 1.484 1.788 1.473 2.216 1.897 1.503 1.420 0.49 0.45
p-CN 1.484 1.788 1.473 2.233 1.880 1.502 1.420 0.48 0.46
p-NO2 1.484 1.788 1.473 2.266 1.846 1.502 1.422 0.45 0.50

p-Cl H 1.484 1.788 1.474 2.179 1.928 1.503 1.419 0.52 0.43
p-Cl 1.484 1.788 1.474 2.197 1.908 1.503 1.419 0.51 0.44

m-CN 1.484 1.788 1.474 2.207 1.896 1.502 1.420 0.50 0.45
p-CN 1.484 1.788 1.474 2.224 1.880 1.502 1.420 0.48 0.46
p-NO2 1.484 1.788 1.474 2.256 1.846 1.502 1.422 0.46 0.50

m-CN H 1.485 1.786 1.475 2.171 1.929 1.504 1.418 0.53 0.43
p-Cl 1.485 1.786 1.475 2.187 1.910 1.504 1.418 0.51 0.44

m-CN 1.485 1.786 1.475 2.198 1.897 1.503 1.418 0.50 0.45
p-CN 1.485 1.786 1.475 2.213 1.881 1.503 1.419 0.49 0.46
p-NO2 1.485 1.786 1.475 2.244 1.848 1.503 1.421 0.47 0.49

p-CN H 1.485 1.786 1.475 2.167 1.929 1.504 1.418 0.53 0.43
p-Cl 1.485 1.786 1.475 2.183 1.909 1.504 1.418 0.52 0.44

m-CN 1.485 1.786 1.475 2.194 1.897 1.504 1.419 0.51 0.45
p-CN 1.485 1.786 1.475 2.209 1.881 1.504 1.420 0.49 0.46
p-NO2 1.485 1.786 1.476 2.240 1.847 1.503 1.422 0.47 0.49

p-NO2 H 1.485 1.784 1.477 2.151 1.929 1.505 1.417 0.54 0.43
p-Cl 1.485 1.784 1.477 2.167 1.910 1.505 1.417 0.53 0.44

m-CN 1.485 1.784 1.477 2.177 1.898 1.505 1.418 0.52 0.45
p-CN 1.485 1.784 1.477 2.192 1.882 1.505 1.419 0.51 0.46
p-NO2 1.485 1.784 1.477 2.221 1.850 1.504 1.421 0.48 0.49

a r(C—C) denotesthebondlengthbetweenbenzylcarbonand ipso-carbonof thebenzenering.
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substrate(Y = p-NO2) for bothphenoxidesandthiophen-
oxides. In contrast, however, the degree of bond
formation in the TS is insensitiveto the substituent(Y)
in the substratefor both typesof nucleophiles.This is
reminiscent of the failure of the rate–equilibrium
relationship[equation(6)] for variationof substituentY
in the substrate,discussedearlier. This is, however,in
direct contradictionto more advancedbond formation
reflectedin largera andb. Wethereforeconcludethatthe
rate–equilibriumrelationships[equations(6) and (8)]
providea bettermeasureof theprogressof bondmaking
in the TS than the measureof progressbasedon bond
orderchanges[equation(9)].

Overall,theTSis earlieronthereactioncoordinatefor
the thiophenoxidesthan for the phenoxides(seeabove)
and the TS becomestighter with a strongerelectron
acceptorsubstituentY in thesubstrate.A tighterTS for a
strongeracceptorY is in accordwith the experimental
resultsof SN2 reactionsat benzylic carbon in the gas
phase,7k in MeOH29 andin 20%aqueousDMSO.30 These
conclusionsarealsoconsistentwith our earlieranalyses
basedon theenergeticsthat thevariationof TS structure
with the nucleophileis thermodynamicallycontrolled(a
weakernucleophileleadsto a later TS), whereasthe TS
variation with the substituentY in the substrateis
intrinsically controlled.Theeffectsof substituentsin the
substrate(Y) reflect changesin the intrinsic barrier, a

shift on the tightnessdiagonal in the More O’Ferrall–
Jenckstypeplots (Fig. 2).

On the otherhand,a greaterdegreeof bondcleavage
andof bondformationin theTS with a strongeracceptor
substituentin the nucleophile(X) is consistentwith that
expected from the thermodynamicbarrier controlled
reactionseries,a shift towardsthe productcorner,P, on
the reactioncoordinatein Fig. 2.

We havecalculatedthe Hammettcoefficients,rX and
Y in equation(11) and the cross-interactionconstants,
XY in equations(3) and(4) with i, j = X andY.

��G6�=ÿ 2:3RT � �� �11�

Owing to thestrongelectrondelocalizationof a strong
acceptorX, the useof the�ÿ scalewasrequired.14 The
resultsatT = 298K aregivenin Table7 andshowthatthe
magnitudeof rX

ÿ for the phenoxidesis greater(by ca
1.8-fold) thanthat for the thiophenoxides,in agreement
with thepredictionsbasedonthelargera andb valuesfor
theformer.However,thereis only a3–5%increasein the
progressof bondformationbasedontheincreasein a and
b (Da =Db =�3–5%)for phenoxidesthanfor thiophen-
oxides,but therX

ÿ valuesfor thephenoxidesaregreater
by ca 1.8-fold than for the thiophenoxides.Hencethe
magnitudeof rX

ÿ exaggeratesthe increasein thedegree
of bond making and is therefore of questionable

Table 6. Calculated bond lengths in AÊ and bond order (n≠) in the TS for the reactions Y-benzyl chlorides with X-thiophenoxides

Reactants TS Products Bondorder

Y X r(C—C)
a r(C—Cl) r(C—C)

a r(C—Cl) r(C—S) r(C—C)
a r(C—S) n(C—Cl)

≠ n(C—O)
≠

H H 1.484 1.788 1.474 2.105 2.359 1.488 1.828 0.59 0.41
p-Cl 1.484 1.788 1.474 2.116 2.339 1.488 1.830 0.58 0.43

m-CN 1.484 1.788 1.474 2.130 2.310 1.488 1.828 0.57 0.45
p-CN 1.484 1.788 1.474 2.132 2.309 1.487 1.831 0.56 0.45
p-NO2 1.484 1.788 1.473 2.153 2.274 1.488 1.828 0.54 0.48

p-Cl H 1.484 1.788 1.474 2.094 2.367 1.488 1.830 0.60 0.41
p-Cl 1.484 1.788 1.474 2.106 2.342 1.488 1.830 0.59 0.43

m-CN 1.484 1.788 1.474 2.118 2.321 1.488 1.830 0.58 0.44
p-CN 1.484 1.788 1.474 2.122 2.312 1.488 1.831 0.57 0.45
p-NO2 1.484 1.788 1.474 2.143 2.277 1.488 1.831 0.55 0.48

m-CN H 1.485 1.786 1.475 2.091 2.357 1.489 1.827 0.60 0.41
p-Cl 1.485 1.786 1.475 2.102 2.337 1.489 1.826 0.59 0.43

m-CN 1.485 1.786 1.475 2.111 2.320 1.489 1.829 0.58 0.44
p-CN 1.485 1.786 1.475 2.115 2.312 1.489 1.826 0.58 0.45
p-NO2 1.485 1.786 1.475 2.139 2.275 1.489 1.827 0.56 0.47

p-CN H 1.485 1.786 1.475 2.087 2.357 1.488 1.829 0.61 0.42
p-Cl 1.485 1.786 1.475 2.098 2.338 1.488 1.829 0.60 0.43

m-CN 1.485 1.786 1.475 2.111 2.319 1.488 1.829 0.58 0.44
p-CN 1.485 1.786 1.475 2.114 2.309 1.488 1.830 0.58 0.45
p-NO2 1.485 1.786 1.475 2.135 2.275 1.489 1.827 0.56 0.47

p-NO2 H 1.485 1.784 1.476 2.074 2.352 1.489 1.825 0.62 0.42
p-Cl 1.485 1.784 1.476 2.085 2.335 1.489 1.825 0.51 0.43

m-CN 1.485 1.784 1.476 2.099 2.309 1.489 1.825 0.60 0.45
p-CN 1.485 1.784 1.476 2.101 2.308 1.489 1.825 0.59 0.45
p-NO2 1.485 1.784 1.476 2.121 2.276 1.489 1.825 0.57 0.47

a r(C—C) denotesthe bondlengthbetweenbenzylcarbonand ipso-carbonof thebenzenering.
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reliability as a quantitativemeasureof bond making in
theTS.

Experimentallyin methanolat 20.0°C, the rX values
with XC6H4S

ÿ are much smaller, ranging from ÿ0.28
(Y = p-CH3O) to ÿ0.96 (Y = p-NO2 ),29 than the
correspondinggas-phasevaluesin Table 7 (rX =ÿ3.50
to ÿ4.26). TherX valuesfor the reactionsof XC6H4S

ÿ

with phenylbenzyldimethylammoniumions in DMF at
0°C wereÿ1.54toÿ1.83.23aClearly,thePM3gas-phase
X valuesaremuchgreaterthanthosein solution.

The experimentalgas-phaserY valuefor the thermo-
neutral SN2 reactions of Clÿ � YC6H4CH2Cl�
YC6H4CH2Cl�Clÿ at 350K (with Y = H, m-OCH3,
m-F, m-Cl and m-CF3) determined by plotting the
effective activationenergy,DEd (the energydifference
betweenseparatedreactantsand the SN2 TS) versus�
was�6.4(r = 0.98).31 TheDEd valuesdeterminedby the
semi-empirical AMl method32 gave a similar trend,
althoughtheSN2 barrierheightswereca 7–8kcalmolÿ1

higherthanthe gas-phaseexperimentalvalues.31 On the
otherhand,the PM3 rY valuesobtainedsimilarly using
DH≠ insteadof DG≠ were�4.57 (r = 0.97) and�4.77
(r = 0.97) for C6H5O

ÿ and C6H5S
ÿ, respectively, at

298K. The agreementbetweenthe experimentaland
theoretical(PM3) valuesis satisfactoryconsideringthe
different nucleophilesandtemperaturesinvolved. How-
ever,theuseof DG≠ [equation(11)] gavesmallervalues
of rX

ÿ =�4.3 and �4.4 for C6H5O
ÿ and C6H5S

ÿ,
respectively.TherY valuecalculatedfor thereactionsof
XC6H4S

ÿ with YC6H4CH2Cl in MeOH at 20.0°C was
0.58.3 Again, the rY value in solution is much smaller
thanthegas-phasevalues.ThesmallerrX andrY values
in solution than in the gasphaseare mostly due to the
short-rangesolute–solventdispersionand polarization
effects.33

We note that the rY values are all positive, since
electron-withdrawing Y substituentsare used in both
cases.7k ThepositiverY indicatesthatthereactioncenter,
Ca, becomesmorenegativelychargedin the TS andthe
overall TS structureis relatively tight. It is well known

that for electron-donatingY substituentsrY often
changessign to negativeand the TS becomeslooser.10

Also, when better leaving groups, such as
(CH3)2NC6H4Z

23aandÿOSO2C6H4Z
3, areused,negative

rY valuesareobtainedwith looserTSs.
The magnitudeof rXY is similar for the two reaction

serieswith rXY �ÿ0.60, which correspondsto ca 40–
45% progressof the reactions(Table4). The gas-phase
theoreticalvaluesofÿ0.60is in excellentagreementwith
the experimentalvalue of ÿ0.62 for the thiophenoxide
seriesin MeOH at 20.0°C reportedby Waszczyloand
Westaway,29 andis well within therangeof rXY (ÿ0.6to
ÿ0.8) found for SN2 reactionsat benzylic carbon in
varioussolvents.3,6Onemightsuspectthattheagreement
is fortuitous,sincethePM3 resultis thevaluein thegas
phase.However,this agreementin rXY, despitethelarge
difference found in the magnitudesof rX and rY

determinedexperimentallyin solution23a,anddetermined
in thegasphase,suggeststhatrXY maybeindependentof
environmentaleffects and may constitutean intrinsic
propertyfor a reaction.Thereis both experimentaland
theoreticalevidencein supportof this contention.5,34

In contrast to an intuitive expectation that bond
formationwill bemoreextensivewith a sulfur basethan
an oxy basesince (i) the former has a greaterpolar-
izability, (ii) the carbonbasicityof sulfur is larger than
that of oxygenin solution35 and(iii) the sulfur-centered
anionshave lower anodic peak potentialswith greater
reactivity towardsbenzyl chloride in MeCN compared
with oxygen-centeredanions,36 the degree of bond
making with the sulfur basein the TS is smaller than,
or similar to, that with theoxygenbasein the gasphase
even though the PAs are similar (DPA��7 to
ÿ2 kcalmolÿ1).

The difference in the reactivity between the two
nucleophiles (�DG≠) is strongly dependent on the
endothermicitiesof the reactions for the two bases,
which in turn are dependenton the loss of resonance
stabilization in the reactantnucleophilesupon product
formation.A greaterendothermicityfor thephenoxideis

Table 7. Simple Hammett r-valuesa and cross-interaction constants, rXY.a

X or Y H p-Cl m-CN p-CNb p-NO2
b

XC6H4O
ÿ rX

ÿ ÿ6.53 ÿ6.74 ÿ6.98 ÿ7.05 ÿ7.30 rXY = ÿ0.60
rY
ÿ 4.30 4.09 3.91 3.80 3.52

(4.57)c

XC6H4S
ÿ rX

ÿ ÿ3.50 ÿ3.68 ÿ3.90 ÿ4.00 ÿ4.26 rXY =ÿ0.59
rY
ÿ 4.43 4.22 3.97 3.93 3.65 (rXY =ÿ0.62)e

(4.77)c

(6.40)d

a Regressioncoefficientsarebetterthan0.98in all cases.
b �ÿ valueis used.
c ry valuecalculatedusingDH≠ insteadof DG≠.
d Experimentalgas-phasery valueusingDE≠ at 350K for the identity chlorideexchange.7k

e Experimentalvaluein MeOH at 20.0°C.29.
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reflectedalsoin agreaterdegreeof bondcleavage,which
is anothersourceof a higher activation barrier for the
phenoxides.
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