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The cross-interaction constant, ρij, is a second derivative parameter representing a change in
the intensity of interaction between the two reacting partners (or fragments) i and j in a re-
action. It can be either an activation or a reaction parameter. The sign and magnitude of ρij
have important mechanistic significances and are useful as a tool for the studies of organic
reaction mechanism. We have presented several more important applications of the
cross-interaction constants. A review with 42 references.
Key words: Cross-interaction constants; Transition-state structures; Mechanistic criteria; Re-
activity–selectivity principle; Reaction kinetics; Nucleophilic substitutions; Review.

1. INTRODUCTION

The Hammett and Brønsted equations have been useful in characterizing
transition-state (TS) structures, especially for reactions in solution1. The
slopes ρi and βi which are first derivatives of log k with respect to σi and pKi,
respectively, provide mechanistic information such as a favored pathway
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and TS structure. However, there are limitations in their application to
studies of reaction mechanisms.

First, a sign reversal of ρi (and βi) within a series of reaction occurs with-
out change in the reaction mechanism or pathway. For example, isokinetic
phenomena are observed with vanishing ρi (= 0) at a certain substituent of
the reacting partner, $σ j (Scheme 1), and ρi changes sign at $σ j with different
signs above (σj > $σ j ) and below (σj < $σ j ) the isokinetic point $σ j with no ap-
parent change in the reaction mechanism2.

Second, nonlinear changes in the magnitude of the ρi with TS variation
for two different series of reactions are observed, i.e., there is no simple lin-
ear relation between |ρi| and rij (the distance between Ri and Rj, Scheme 1)
when Rj is varied. For example, it is well known that fluoride is a much
worse leaving group (LG) compared with chloride owing to the weak elec-
tron-acceptor ability of the C–F or S–F bond, and, hence, this leads to a
tighter TS with a greater degree of bond formation in nucleophilic substitu-
tion reactions. However, it has been observed that the magnitude of ρnuc (or
ρX; X = nucleophile) is smaller for fluoride than for chloride (e.g., ρX(F) =
–1.31 and ρX(Cl) = –2.14 for the reactions of benzyl halides with anilines in
MeOH) in contradiction to the greater magnitude of ρX (ρnuc) expected nor-
mally for a greater degree of bond making3. This simply indicates that, ow-
ing to less effective charge transfer to C–F or S–F bond than to C–Cl or S–Cl
bond, the ρX value for fluoride is smaller although bond formation is actu-
ally more advanced. Thus the progress of bond-making in the TS, rij, is a
function not only of ρi but also of Rj (which, in turn, is dependent on σj,
Eq. (1)), so that the magnitude of ρi for different reaction series cannot be
directly compared to deduce changes in rij unless Rj (σj) is held constant.

rij = f(ρi,σj) (1)

Third, the effects of substituents in the two reacting partners, i and j, are
not additive, Eq. (2), refs3,4.
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log (kij/k00) ≠ ρiσi + ρjσj (2)

These and some of other limitations inherent to the first-derivative pa-
rameters are resolved by introducing cross-interaction constants (CICs),
which are second-derivative parameters.

2. THEORY3

The rate constant, k, is a function of structural and environmental factors
such as σ, pKa, Y, N, T, P, etc., where σ, pKa, Y, etc. have the usual meanings
of Hammett substituent constant, basicity, ionizing power, etc. Let us as-
sume that k is dependent only on the two of these rate variables, m and n,
with all the rest being kept constant. A Taylor series expansion of log k
around m = n = 0 with the assumption of negligible pure second-order5 and
higher-order terms6 (Eq. (3c)) leads to a simple second-order expression, Eq.
(3a). Let k = k(m, n) and k0 = k(m = n = 0), where m, n = σi, σj, ..., pKi, pKj, ...,
Y, T, P, etc.

Then,

log( / ) ,k k M m N n Q mnm n mn0
0 0= + + (3a)
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provided

Q Q Qnn mm nnm= = = =L 0 . (3c)

It should be noted that M m
0 , Nn

0 and Qmn are constants, whereas Mm and Nn
are variables. For example, Nn

0 is the first derivative of log k with respect to n
at m = 0, but Nn is a similar quantity at any m, i.e., m can be varied and is
not restricted to m = 0; in fact, Nn = Nn

0 + Qmnm, (Eq. (7b), vide infra).
Throughout this article, we adopt a convention of denoting a zero variable
of the reacting partner by a superscript degree symbol.
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As a special case, if the two rate variables, m and n, are the substituent
constants in the two reacting partners, we obtaine Eqs (4):

log( / ) ,k k i i j j ij i j0
0 0= + +ρ σ ρ σ ρ σ σ (4a)

where

ρ ∂
∂σ ∂σ

∂ρ

∂σ
∂ρ
∂σij

i j
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j

k=








 = =

2 log
. (4b)

Similarly, for m, n = ∆pKi and ∆pKj, we get a Brønsted-type cross-
interaction constant, βij, Eqs (5).

log( / )k k K K K Ki i j j ij i j0
0 0= + +β β β∆ ∆ ∆ ∆p p p p (5a)

= ′ + ′ + +β β βi i j j ij i jK K K K0 0p p p p const. , (5b)

where β β βi i ij iK0 0′ = − p etc.,
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It should be noted that β i
0 ’ ≠ β i

0 but βij is the same in Eqs (5a) and (5b). The
signs of ρij (Eqs (4) and βij (Eqs (5)) are the same in general, while the magnitudes
of the two are related by Eqs (6) so that they are interconvertible when structural
changes are due to substituents.

ρ β ρi i i= e (6a)

ρ β ρ ρij ij i j= e e , (6b)

where ρi
e = ∆pKi/σi etc. Some of the ρi

e values are2b: XC6H4NH3
+ (–2.96),

XC6H4NH(CH3 )2
+ (–3.05), XC6H4CH2NH3

+ (–1.06), XC6H4OH (–2.11), XC6H4SH
(–1.82) and XC6H4OSO2CH3 (–2.99) for methyl cation not for proton affinity.

The SN2 reaction is probably one of the most thoroughly studied and ana-
lyzed reactions in experimental as well as theoretical organic chemistry.
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The effects of substituents on the TS structure can be most conveniently
discussed using the SN2 TS which is composed of three fragments, the
nucleophile (X), substrate (Y) and leaving group (Z) (Scheme 2). Using the
SN2 TS as a prototype, discussion of the structural effects of two reacting
partners can be easily extended to most of other organic reactions3b, e.g.,
electrophilic substitution, elimination, solvolysis, etc., by a simple modifi-
cation to fit the specific reaction system.

It has been shown that in the SN2 reactions, ρij (and βij) represents change
in the intensity of interaction between two reacting partners (between two
substituents σi and σj through reaction centers, Ri and Rj, for ρij, but for βij it
is between two reaction centers) on going from the initial (reactants) to
transition state3,7. Since in the initial state the reacting partners can be consid-
ered to be infinitely apart (no interaction), ρXY (βXY) and ρXZ (βXZ) represent sim-
ply the intensity of interaction in the TS, which is inversely proportional to the
distance rXY

≠ and rXZ
≠ , respectively.

The sign and magnitude of the cross-interaction constants have impor-
tant mechanistic significances and are useful as a tool for the mechanistic
studies of organic reactions3,5.

In the following, we will present some of the more important applica-
tions of the cross-interaction constants to the mechanistic studies of or-
ganic reactions that have been developed mainly in our laboratory for the
past ten years.

3. APPLICATIONS

3.1. Isokinetic or Isoparametric Phenomena2

Within a series of reactions involving variations of two rate variables, m
and n, we can define an arbitrary constant, $m (or $n) for any one of them, Eqs
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(7). At this point, $m (or $n), the cross term Qmn vanishes and the two rate
variables, m and n, are no longer interactive, i.e., non-interactive.

log( / )

( )

k k M m N n Q mn

M m N Q m n

M m N

m n mn

m n mn

m n

0
0 0

0 0

0

= + +

= + +

= + n

M mm= 0 $ , (7a)
where

N N Q mn n mn= +0 (7b)

Nn = 0 at $m = –
N
Q

n
0

mn

(7c)

likewise

M n
M
Qm

m

mn

= =0
0

at $ – .

Moreover, the reactivity becomes constant at this point and the reaction is
therefore isokinetic. Since at $m the members of the other varibales, n1, n2, ...,
nn, do not incur any reactivity change and all have the same value, it can be
termed as isoparametric. Sometimes, this has been called a magic point8.

Application of Eqs (7) to the case where m and n are the substituent con-
stants in the two reacting partners leads to an isokinetic substituent or reac-
tant, $σ, for which the reactant does not cause reactivity change and iso-
kinetic condition is attained, Eqs (8).

log( / )

( )

k k i i j j ij i j

j j i ij j i
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0 0

= + +

= + +

=

ρ σ ρ σ ρ σ σ

ρ σ ρ ρ σ σ

ρ σ ρ σ ρ σ
ρ ρ

ρj j i i j j
i j

ij

W0 0
0 0

+ = = =$ – – , (8a)

where

ρ ρ ρ σi i ij j= +0 (8b)

and
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ρ σ
ρ

ρj i
j

ij

= =0
0

at $ – (8c)

likewise

ρ σ
ρ
ρi j

i

ij

= =0
0

at $ –

and

W i j

ij

= =
ρ ρ

ρ

0 0

const. (8d)

Since at $σ i , ρj = 0 and ρj changes sign without any mechanistic change in
the series of reactions, the mechanistic interpretation of the magnitude of
ρj as a measure of the extent of bond making or bond breaking becomes dif-
ficult; an exactly opposite trend will be obtained in the regions above and
below the isokinetic point $σ i .

In fact, we can use any two rate variables, m and n, in Eqs (3) and define
such an isokinetic or isoparametric point. A well-known example is the case
when m, n = σ and T. Since at isokinetic temperature $T, ρ changes sign, the
mechanistic interpretation of ρ becomes exactly opposite above and below
$T (ref.9).

ρ = 0 at $T isokinetic temperature.

Likewise,

ρ = 0 at $P isokinetic pressure

ρ = 0 at $Y isokinetic medium, or solvent, etc.

Most interesting cases are, however, experimental determination of $σ i at
which ρj = 0 as theoretically predicted by Eqs (8).

We will give three typical examples:

1) ρX = 0 at $σ Y
+

The reactions of 1-phenylethyl chlorides (1-PEC) with anilines in methanol
at 35.0 °C, Eq. (9), are found to proceed by an ion-pair (IP) mechanism
(Scheme 3)2b,10.

2 XC6H4NH2 + YC6H4CH(CH3)Cl →

→ YC6H4CH(CH3)NHC6C4X + XC6H4NH3
+ + Cl– (9)
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For this reaction series, ρX was found to vanish experimentally at $σ Y
+ ≈

–0.23. Applying Eq. (8c), it is predicted that ρX = 0 at $σ Y
+ = –(–0.47/–2.05) =

–0.23, in agreement with the experimental results.

Similarly, the reactions of benzhydryl chlorides (YC6H4CH(C6H5)Cl) and
XC6H4NH2 in MeOH at 35.0 °C gave ρX = 0 at σ Y

+ = +0.22 (ref.11). The exper-
imentally observed isokinetic points, $σ Y

+ , were exactly as predicted by Eqs
(8). Observation of $σ Y

+ , at which ρX changes sign, indicates that the reaction
series does not react by a simple classical SN1 (for which non-zero ρX is not
possible) or by a direct displacement, SN2, mechanism (for which ρX should
be always negative). It has been suggested that at $σ Y

+ , a repulsive electronic in-
teraction between Cα and N (at σ Y

+ < $σ Y
+ ) reverses to an attractive interaction (at

σ Y
+ > $σ Y

+ ) in the TS (ref.26). This is possible due to interaction of a high-
electron-density reaction center of the nucleophile with fully resonance de-
veloped π-orbital charge at Cα by the relatively strong resonance electron
donors at the para position (σ P

+ < $σ P
+ ) of the carbocation, and larger fraction

of this resonance effect is expressed in the TS than the polar effect, i.e., the
imbalanced TS (refs2b,12).

2) ρY = 0 at $σ X

Sign reversal of ρY is rather common and many examples belonging to this
category are reported. For the reactions of Y-substituted benzyl and benzoyl
halides with anilines in suitable solvents, the isokinetic points, $σ X at which
ρY = 0, were observed experimentally as predicted by Eqs (8) (Table I, ref.13).
For example, the reaction series A becomes isokinetic, ρY = 0, with 3,5-dinitro-
aniline ( $σ X = 2 × σ(3-NO2) = 2 × 0.71 = 1.41). The sign reversal simply
indicates that Cα of the substrate changes from positively charged (ρY < 0 at
σX > $σ X ) to negatively charged (ρY > 0 at σX < $σ X ) in the TS, which in turn
suggests changes in bond cleavage of halides from more advanced to less
advanced than bond making by anilines in the TS.

3) ρZ = 0 at $σ X
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Sign reversal of ρZ is rare. For the reactions of cumyl arenesulfonates,
C6H5C(CH3)2OSO2C6H4Z, with anilines (XC6H4NH2) in acetonitrile at 55.0 °C,
ρZ was found to vanish experimentally at the predicted $σ X (≈ 0.8 by inter-
polation) by Eq. (8); ρZ = 0 at $σ X = –( / ) –( . / – . ) .ρ ρZ

0
XZ = =062 075 083 (ref.14).

Cumyl derivatives always react normally by the limiting SN1 mechanism in
ionizing solvent, for which ρZ is zero i.e., nucleophile (aniline) has no effect
on the rate15, in contrast to the large effect of aniline nucleophiles on the
rate in the above reaction series. Again if the reaction were a direct backside
displacement (SN2) type, ρZ should be positive and cannot have negative
value, in contrast to a negative ρZ value observed. These and the fact that
ρXZ is large negative have been interpreted to indicate a front-side attack
SN2 mechanism for this reaction series.

There are many other examples of the observable isokinetic or isopara-
metric phenomena, (Nn = 0 or ρi = 0), at the predicted value ( $m or $σ j ) by Eqs
(7) and (8) (refs2a,16).

3.2. Ion-Pair Mechanism: SN1 vs SN2C+

Both SN1 and SN2C+ reactions proceed through an ion-pair (IP) intermedi-
ate. In the former, the leaving group (Z–) departure is the rate-determining
step (k1) and the ion-pair reacts with nucleophiles (XN) (or solvent, SOH) in
a subsequent fast step (Fig. 1a), whereas in the latter cation within the
ion-pair which is formed in a fast pre-equilibrium step (K = k1/k–1) reacts
with nucleophiles (XN) in the rate-limiting step (Fig. 1b), kobs = (k1/k–1)kN =
KkN, (see Scheme 3). In the classic SN1 mechanism, the nucleophile does not par-
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TABLE I
The $σ X values at which ρY = 0 (ref.13)

Solvent Reactants, °C ρX
0 ρY

0 ρXY
$σ X

A C6H5Cl–C6H12
(1 : 1, v/v)

YC6H4COCl +
XC6H4NH2 (25)

–3.35 1.09 –0.77 1.41

B C6H5Cl–C6H12
(1 : 1, v/v)

YC6H4COBr +
XC6H4NH2 (25)

–3.16 0.58 –0.62 0.94

C C6H5NO2 YC6H4CH2Br +
XC6H4NH2 (40)

–1.82 –0.29 –0.42 –0.69

D 1M Me2SO in
C6H5NO2

YC6H4CH2Br +
XC6H4NH2 (40)

–1.40 0.22 –0.57 0.39



ticipate in the TS so that any interaction which involves the nucleophile in the TS
is zero; thus ρXY = ρXZ = 0 and only non-zero interaction is that between the
substrate (RY) and leaving group, Z–, ρYZ (≠ 0), which is normally large posi-
tive17. On the other hand in the SN2C+ mechanism, the nucleophile partici-
pates in the TS by attacking the preformed cation within the IP (Eq. (10));
the nucleophile therefore interacts with the substrate, cation YR+, but does
not interact with the leaving group, Z–, which is no longer bonded cova-
lently to YR+ in the IP.

XN + YRZ YR+ –:Z YR+NX + Z– (10)

Thus, ρXY is nonzero (normally large negative) but ρXZ is zero. Here again,
ρYZ has a nonzero value.

The distinction between the two is clear: ρXY is zero for SN1, whereas for
SN2C+ it has nonzero value, ρXY ≠ 0. Moreover, in the latter, an isokinetic
behavior is likely to be observed.

We have given examples of SN2C+ mechanism above in Section 1. The re-
actions of 1-PEC (ref.10) and benzhydryl chlorides11 with anilines gave ρXY =
–2.05 and –1.46, respectively. Another example is the reactions of cumyl
chlorides with anilines in MeOH at 35.0 °C, for which ρXY was –0.54 and $σ Y

+ =
0.39 (extrapolated) at which ρX = 0 (ref.18).
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The most important features of the above examples of the SN2C+ mecha-
nism are observation of a large negative ρXY, and of a region where the ther-
modynamically more stable derivatives (δσX > 0) are kinetically more
reactive (δ log kXY > 0) so that ρX is positive. In such a region, an inverse
thermodynamic stability–reactivity relationship holds2b. Clearly, for the
classic SN1 and SN2 mechanisms, the positive ρX value is not observable.

Many examples of SN1 reactions can be found in the literature. We give
here only two of them where ρXY and ρXZ values are tested explicitly. For
the reactions of tert-butyl(phenyl)methyl arenesulfonates (YC6H4CHC(CH3)3·
OSO2C6H4Z) in methanol–acetonitrile mixtures at 65.0 °C (ref.17), added an-
iline nucleophiles (XC6H4NH2) had no effect on the rate, i.e., ρXY = ρXZ = 0.
In contrast the ρYZ values were large and positive, ρYZ = 0.6–1.0. For the
reactions of 1-adamantyl arenesulfonates in MeOH–MeCN mixtures at
65.0 °C, aniline nucleophiles had no effect on the rate indicating that ρXY =
ρXZ = 0) (ref.19).

However, for the nucleophilic substitution reactions of exo- and endo-
norbornyl arenesulfonates with anilines in methanol and acetonitrile, the
ρXZ values were very small but distinctly nonzero (≥ 0.01) as expected from
a very loose, open or “exploded” type SN2 TS (ref.20).

It is therefore possible to distinguish between SN1 (ρXY = 0) and SN2C+ (ρXY ≠ 0)
although both mechanisms involve ion-pair intermediate.

3.3. Tightness of the SN2 Transition State

The sign and magnitude of ρXZ are useful for predictions of TS variation
with substituent in the nucleophile (X) and leaving group (Z) and TS tight-
ness of the SN2 TSs. The definition of ρXZ, Eq. (11), requires that a stronger
nucleophile (δσX < 0) and/or a stronger nucleofuge (δσZ > 0) leads to an ear-
lier TS on the reaction coordinate with a lower degree of bond-making
(δρX< 0 → δρX > 0) and bond-breaking (δρZ < 0) when ρXZ is positive. Con-
versely, a later TS is obtained when ρXZ is negative. Experimental results are
entirely consistent with this prediction3.

ρ
σ σ

ρ
σ

ρ
σXZ

XZ

X Z

Z

X

X

Z

=
∂
∂ ∂

=
∂
∂

=
∂
∂

2 log k
(11)

On the other hand, the magnitude of ρXZ is inversely proportional to the TS
tightness, i.e., the distance between RX and RZ, rXZ

≠ (Scheme 2) is shorter for the
greater magnitude of ρXZ (refs7,21). Moreover, the magnitude of ρXZ has been
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found to be a relatively large constant value at a primary carbon (average
value of 0.33 in MeCN or MeOH at 45–65 °C), whereas it is a smaller con-
stant at a secondary carbon center (average of 0.12 in MeCN at 65 °C), irre-
spective of the size of the group attached to the reaction center21 (Table II).
These constant ρXZ values suggest that the TS is tight or loose (rXZ

≠ in
Scheme 2 is short or long) depending on whether the reaction center (RY)
carbon is primary or secondary, but the TS tightness varies very little with
regard to the group attached to the reaction center, RY. This constancy of
the TS tightness has been confirmed by high-level ab initio MO calculations
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TABLE II
The ρXZ values for the reactions of ROSO2C6H4Z with XC6H4NH2 (refs21c,22)

Alkyls R Solvent T, °C ρXZ

Primary CH3 MeCN 65.0 0.32

MeOH 65.0 0.30

CH2H5 MeCN 65.0 0.34

MeOH 65.0 0.33

CH2=CHCH2 MeCN 45.0 0.37

CH2=C(CH3)CH2 MeCN 45.0 0.40

CH≡CCH2 MeCN 45.0 0.29

(CH3)3CCH2 MeCN 55.0 0.31

(CH3)3SiCH2 MeCN 65.0 0.33

MeOH 65.0 0.31

Secondary (CH3)2CH MeCN 65.0 0.10

CH3CHCH2CH3 MeCN 65.0 0.12

CH3CH(CH2)2CH3 MeCN 65.0 0.13

CH3CH(CH2)3CH3 MeCN 65.0 0.13

(CH3CH2)2CH MeCN 65.0 0.12

CH3CH2CH(CH2)2CH3 MeCN 65.0 0.12

[–CH2CHCH2CH2–] MeCN 65.0 0.11

[–CH2CH(CH2)2CH2–] MeCN 65.0 0.11

[–CH2CH(CH2)3CH2–] MeCN 65.0 0.11

[–CH2CH(CH2)4CH2–] MeCN 65.0 0.11



at the MP2/6-31+G*//MP2/6-31+G* level of theory on the reactions of X– +
RX XR + X– with various primary and secondary R groups for X = F and
Cl (ref.22).

The overall tightness, rX XL
≠ , was indeed constant for each nucleophile, X =

F and Cl. For X = Cl the constant values were rCl ClL
≠ = 4.67 ± 0.02 and 4.80 ±

0.02 Å for primary (average of seven values) and secondary (average of nine
values) carbon centers, respectively22. The theoretical difference in the
tightness of ca 0.1 Å for X = Cl corresponds to the experimental difference
in ρXZ of ca 0.2 Å. This theoretical analysis lends credence and reliability to
the mechanistic significances of the cross-interaction constants and in par-
ticular to the inverse proportionality established experimentally between
the magnitude of ρXZ and the overall TS tightness. The results of secondary
kinetic isotope effect (SKIE) studies involving deuterated nucleophiles (e.g.
XC6H4ND2) as well as α-deuterated substrates (e.g. YC6H4CD2Cl) were con-
sistent with the predicted tightness based on the magnitude of ρXZ (ref.21c).

3.4. Front-Side Attack SN2 Mechanism

The reaction of 1-phenylethyl arenesulfonates, YC6H4CH(CH3)OSO2C6H4Z,
with anilines, XC6H4NH2 (Scheme 4), gave a large negative ρXZ (= –0.56)
suggesting that the two, nucleophile (X) and leaving group (Z), are in close

proximity in the TS (ref.23). Based on various experimental results, the TS is
believed to involve a four-center hydrogen-bonded type, I, which is a result
of frontal attack. The kH/kD values in Table III are in accord with this pro-
posal21c,24. The size of kH/kD is large, exceeding the limit of secondary KIEs
(kH/kD ≤ 1.41) and the magnitude suggests that a stronger hydrogen bond is
formed by a weaker nucleophile (δσX > 0) and/or nucleofuge (δσZ < 0). This
is consistent with the greater deprotonation occurring when aniline has an
electron-acceptor substituent which makes the amine hydrogen more
acidic, and when leaving group has an electron-donor substituent which lo-
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calizes more electronic charge on the reaction center oxygen leading to a
stronger electrostatic attraction of the proton.

The interpretation of the magnitude is complicated by the increased
out-of-plane bending vibrational frequencies of the other N–H(D) bond due
to steric hindrance in the closer approach of the nucleophile toward Cα
which leads to an inverse effect (kH/kD < 1.0). When the nucleophile is
changed to N,N-dimethylaniline, the size of ρXZ decreases to –0.24 (ref.25),
which is still somewhat high because of closer approach of the nucleophile
towards the leaving group in the partial front-side attack, but without the
deprotonation involved in the four-center type TS. The optical rotation
measurements for the reaction of 3-nitroaniline and 1-phenylethyl
4-nitrobenzenesulfonate in acetonitrile at 25 °C indicated that approxi-
mately 55% retention of the original reactant stereochemistry in the prod-
uct. Thus the fraction of frontal attack SN2 is slightly over 50% of the total
reaction26.

A large negative ρXZ (ρXZ ≤ –0.4, βXZ ≤ –0.2) suggests the partial front-side at-
tack SN2 mechanism. Similar larger negative ρXZ values were also found for
the reactions of 2-phenylethyl arenesulfonates (ρXZ ≈ –0.45)27, 1- and 2-(1-
or 2-naphthyl)ethyl arenesulfonates (ρXZ = –0.4, βXZ ≈ –0.2)28, 2- and
3-thienylethyl arenesulfonates with anilines (ρXZ = –0.5, βXZ = –0.3)29, and
anilino thioethers (C6H5N(CH3)CH2SC6H4Z) with anilines (ρXZ = –1.7, βXZ =
–0.27)30. A similar mechanism has been suggested to apply to these reac-
tions.

Another interesting case is the reactions of cumyl arenesulfonates with
anilines, discussed above in Section 3.1., for this case, ρXZ was –0.75 so that
the front-side attack SN2 mechanism was proposed to apply14.
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TABLE III
Kinetic isotope effects (kH/kD) for the reactions of 1-phenylethyl arenesulfonates with
deuterated anilines24 in MeCN at 35 °C

X Y Z kH/kD

4-CH3O H 4-NO2 1.703

4-CH3O H 4-CH3 1.964

3-NO2 H 4-NO2 2.348

3-NO2 H 4-CH3 2.583
(2.341 at 65 °C)



3.5. Acyl Transfer Reaction Mechanism

Two distinct reaction pathways have been proposed for nucleophilic substi-
tution at a carbonyl carbon, Eq. (12).

One-step concerted mechanism proceeds through a tetrahedral TS, II, the
rate-determining step being ka, whereas two-step addition–elimination pro-
cesses occur via a tetrahedral intermediate, III (k–a >> kb). In the stepwise
pathway, a mechanistic changeover can take place from rate-limiting break-
down (kN = K kb = (ka/k–a)kb) to formation (ka) of the intermediate depend-
ing on (i) relative basicities (pKa) of the nucleophile (NX) and nucleofuge
(LZ), and (ii) electron-donating or electron-withdrawing power of the
nonleaving group (RY). When the nucleophile is strongly basic, k–a << kb, so
that kN = ka, whereas when the nucleophile is weakly basic, k–a >> kb, and kN
= K kb and the second is the rate-determining step. The energy profiles are
similar to those of Figs 1a and 1b in Section 3.2., respectively. Furthermore,
experimental results indicated that an electron donor Y (δσY < 0) favors
leaving group (or basic group) expulsion (δσZ > 0), or conversely disfavors
amine (or weakly basic group) expulsion (δρX < 0) in the stepwise mecha-
nism with rate-limiting departure of the leaving group31. Thus ρXY =
δρX/δσY = (–)/(–) > 0 and ρYZ = δρZ/δσY = (+)/(–) < 0. On the other hand,
weakly basic nucleophile (δσX > 0) was found to favour leaving group ex-
pulsion31 δρZ > 0 so that ρXZ = δρZ/δσX = (+)/(+) > 0. The signs of ρXY (> 0) and
ρYZ (< 0) for the rate-limiting breakdown of the tetrahedral intermediate are ex-
actly opposite to those for SN2 reactions3,32, ρXY < 0 and ρYZ > 0. Therefore, for
the concerted acyl transfer (or rate-limiting formation of the intermediate,
for which ρYZ = 0) in which ka is the rate-determining step, the signs of ρXY
and ρYZ are reversed from those of the rate-limiting breakdown of the inter-
mediate. These sign reversals were confirmed by MO theoretical studies33.
The sign of ρXZ is always positive for the rate-limiting breakdown of the in-
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termediate, but it can be either positive or negative for the concerted,
one-step reactions32. For example, in the reactions of Z-thiophenyl 4-nitro-
benzoates with X-pyridines, the ρXZ changed from a large positive (+1.41)
for the weakly basic pyridines to a small negative (–0.32) value for the strongly
basic pyridines at pKa

0 ≈ 5.0. This was attributed to a change in the rate-
limiting step from breakdown to formation of a tetrahedral intermediate34.

The magnitudes of the cross-interaction constants for the rate-limiting
breakdown are in general large compared to those for the concerted
mechanism since the observed kN value for the former is a complex quantity,
kobs = kN = K kb, whereas that for the latter is simply ka (= kobs). For example,
ρXY(kN) = ρXY(K) + ρXY(kb) = (++) + (≈0) = (++) (refs32,33) since there is a
strong interaction within the intermediate, i.e., ρXY(K) is large positive.

3.6. Reactivity–Selectivity Principle33,35 (RSP)

Let us consider changes in reactivity, δRj
0 , and selectivity, δSi

j , which are de-
fined as Eqs (13) and (14). δRj

0 , Eq. (13), represents the change of reactivity
by substituting σj (≠ 0) for σj = 0 when σi is kept constant to σi = 0, and δSi

j ,
Eq. (14), represents the change in selectivity for i by substituting σj (≠ 0) for
σj = 0. Here division by ρi

0 assures that

δ ρ σR k k
k

kj j
j

j j
0

0 00
0

00

0= − =






 =log log log , (13)

δ
ρ
ρ

ρ
ρ

ρ ρ
ρ

Si
j i

i

i

i

i i

i

= − =
−

0

0

0

0

0
. (14)

We are comparing two relative selectivities, which are the magnitude of ρ
irrespective of the sign; we are tacitly assuming that there is no sign change
of ρ within the set of substituents j (σj) considered. Here ρi

0 and ρi (or ρi
j ) de-

note selectivity for i with j = 0 and with any other j (≠ 0), respectively
(Table IV).

Substituting Eq. (8b) into Eq. (14) leads to Eq. (15).

δ
ρ σ

ρ
Si

j ij j

i

=
0

(15)

Finally substituting σj from Eq. (13) into Eq. (15), we obtain Eq. (16)
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δ
ρ

ρ ρ
δS Ri

j ij

i j

j=
0 0

0 (16)

or alternatively,

δ
ρ ρ

ρ
δ δR S W Sj

i j

ij
i
j

i
j0

0 0

= = . (17)

It is clear from Eq. (17) that increasing reactivity of reactant j (δRj
0 > 0)

leads to decreasing selectivity (δSi
j < 0) only when W is negative, i.e., RSP is

valid only when W < 0. The fact that sign of W determines the sign relation-
ship between changes in δRj

0 and δSi
j is evident from Eqs (13) and (15); the

sign of δRj
0 is determined by ρ j

0 (Eq. (13)) whereas that of δSi
j is determined

by ρij/ρi
0 (Eq. (15)), and hence combination of both by eliminating σj from

the two equations, i.e., W, represents the sign correlation of the two
changes. Equation (8a) shows that at a noninteractive (or magic) point, $σ j ,
the reaction becomes isokinetic (irrespective of the substituent i), ρi = 0 and
the sign of ρi (Eq. (8b)) reverses. This means that the validity of RSP can also
reverse at this point.

For SN1, ρX = 0, ρY
0 < 0, ρ Z

0 > 0 and ρYZ > 0 so that W is negative and RSP is
valid with respect to substituents Y and Z only17. For SN2 (dissociative, ρY

0 <
0) ρX

0 < 0, ρY
0 < 0, ρ Z

0 > 0, and in general ρXY < 0, ρYZ > 0 and ρXZ < 0 (ref.3).
Thus W is negative for the set of (X,Y) and (Y,Z) but it is positive for (X,Z)
set. Thus the RSP is valid for the sets (X,Y) and (Y,Z), but is not valid for
(X,Z) set. Likewise for SN2 (associative, ρY

0 > 0), W is negative and hence RSP
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TABLE IV
Schematic presentation of log kij as a function of σi and σj

i j σj < 0 σj = 0 σj′ > 0

σi <0 log kij log ki 0 log 'kij

σi = 0 log k0j log k00 log 'koj

σi′ > 0 log ki′j log 'ki 0 log ' 'ki j

ρi ρi
j ρi

0 ρi
j '

(ρi/ρ
0

(δRj
0) (δRj '

0 )

(δSi
j ) (δSi

j ')

(δRj
0) is accompanied by (δSi

j )



holds only when ρXZ is positive3b,36. For the acyl transfer with rate-limiting
expulsion of the leaving group, RSP holds in general32,33a,36 ρXY > 0, ρYZ < 0
and ρXZ > 0 with ρX

0 < 0, ρY
0 > 0 and ρ Z

0 > 0 so that always W < 0. Thus, an-
other criterion of the rate-limiting breakdown in the acyl transfer reactions is W <
0 and valid RSP in general34,36. For the concerted acyl transfer or acyl transfer
with rate-limiting formation of the intermediate, the validity of RSP will be
the same as that for the SN2 (associative ρY

0 > 0), i.e., RSP is valid for (X,Z)
set, only when ρXZ is positive. Thus in general, RSP is valid (W < 0) for the
reactions with positive ρXZ (ref.36). For such cases nucleophilic substitution
reactions are thermodynamically controlled, and the rate–equilibrium rela-
tion or the Bell–Evans–Polanyi (BEP) principle holds3. In fact, both princi-
ples are based on proportionality of the activation barrier (∆G≠) to
thermodynamic driving force (∆G0) with predominant influence of ∆G0,
i.e., ∆ G≠<∆ G0 .

3.7. Cross-Interaction Constants in the Gas Phase and in Solution

The reactions of phenoxide (XC6H4O–) and benzenethiolate (XC6H4S–)
nucleophiles with benzyl chlorides (YC6H4CH2Cl) have been investigated
by an MO theoretical method37 (PM3). The results were quite interesting.
The ρY values were very large in the gas phase, ρY ≈ 7.0, for both nucleo-
philes, which agrees satisfactorily with the gas-phase experimental value of
ρY ≈ 6.4 for chloride exchanges of YC6H4CH2Cl at 350 K (ref.38). These
gas-phase ρY values are extremely large compared to the corresponding ex-
perimental value of ρY = 0.94 for the reactions of benzenethiolates with
benzyl chlorides in methanol at 20.0 °C (ref.39). In contrast, however, the
theoretical gas-phase ρXY value was ca –0.60 for both nucleophiles, which
was in excellent agreement with the corresponding experimental value
with benzenethiolates (ρXY = –0.62) in MeOH (ref.39).

A similar trend was also found for the base-catalyzed rearrangement of
4,4′-disubstituted benzils in the gas phase and aqueous solution4, Eq. (18).
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For this reaction, kobs = K k2 where K k k= 1 1/ – in Eq. (18). The AM1 MO
results showed that while the ρ(kobs) values differ greatly (ρ(kobs) = 14.7 and
6.7 for X = Y in the gas phase and in water, respectively), the magnitude of
ρXY was found to be similar in the gas phase (ρXY = –0.58) and in water (ρXY =
–0.55). The experimental value of ρ(kobs) in 70% (v/v) aqueous DMSO in the
temperature range of 30–60 °C was 5.70 (for X = Y)40. The corresponding
theoretical value in water (ρ(kobs) = 6.7) is again in satisfactory agreement
with the experimental value in aqueous DMSO solution. Thus here again,
the ρ value in the gas phase is considerably larger than that in aqueous so-
lution, but the magnitude of ρXY is quite similar in the gas phase and in wa-
ter.

Thus, the magnitudes of the first-derivative parameters in the gas phase
and in solution differ greatly, whereas the magnitudes of cross-interaction
constants remain virtually constant in the gas phase and in solution. This
agreement in the ρXY value, despite a large difference in the magnitude of
ρY (and ρX) found in the gas phase and in solution suggests that cross-
interaction constants (ρXY) may be independent of the environmental effects and
constitute an intrinsic property of a reaction37.

The cross-interaction constants for equilibrium processes are in general
large when in the product state the two fragments interacting are covalently
bonded, and especially when a positive charge center is involved. Examples
are (i) equilibrium cross-interaction constant involved in the reactions of
Y-benzyl bromide with X-N,N-dimethyl anilines in acetonitrile (ρXY =
–1.45)41 and (ii) cross-interactions involved in the protonation equilibria of
diaryl (X,Z) ketones in the gas phase for which ab initio calculations gave
ρXZ = –1.39, –1.66 and –1.40 for X-phenyl-Y-hetaryl- (5-membered) (Z) ke-
tones with Y = NH, O and S, respectively, at the MP2/6-31G*//HF/6-31G*
level42.

4. SUMMARY AND OUTLOOK

In the past decade, significant advances in the applications of the cross-
interaction constants, ρij (and βij), to the mechanistic studies of organic re-
actions have been made. The sign and magnitude of the cross-interaction
constants have made it possible to correctly interpret some of the isokinetic
(or isoparametric) phenomena, ion-pair mechanism, tightness of the SN2 TS
and front-side attack SN2 mechanism. They have also provided us with ad-
ditional mechanistic criteria for acyl transfer reaction mechanism and va-
lidity of the RSP. Parallel theoretical studies on gas-phase reactions have
proved to be valuable in unrevelling the intrinsic nature of the cross-
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interaction constants. Further investigations of the MO theoretical
gas-phase reactions should give insight into intrinsic features of the transi-
tion states through the cross-interaction constants and lead to much wider
applications of them to the studies of the organic reaction mechanism.

The mechanistic criteria discussed in this article are summarized in
Table V.

We look forward to establishing more quantitative mechanistic applica-
tions of the cross-interaction constants, especially in the fields of acyl trans-
fer reaction and front-side attack SN2 mechanisms. Applications to
base-catalyzed elimination reactions and the imbalanced TS problems are
the promising areas of future extension.

The authors thank all the colleagues who have participated in the work reviewed here. Continued
support from Inha University is also acknowledged.
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