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MECHANISTIC SIGNIFICANCE OF THE MAGNITUDE OF 
CROSS-INTERACTION CONSTANTS 

IKCHOON LEE 
Department of Chemistry, Inha University, Inchon 402-751, Korea 

The relationship between the magnitude of the cross-interaction constant, I pij 1, and the force constant of activation, 
AF;, has been derived and their equivalence has been shown, where AF; = (force constant in the transition state, 
AF; - force constant in the ground state, F:). When bond formation is involved in the activation process, AF; 
becomes equal to F; and I p~ I is inversely related to the distance, rh, between reaction centres Ri and Rj. However, 
for bond-breaking processes, interpretation of 1 pij 1 becomes complicated, since AF; = F; - F: may be negative or 
positive depending on the relative size of F; and F:. Some examples of re-examination are given for various cases 
of I pij I in the bond-breaking processes. 

INTRODUCTION 

For several years we have been involved with 
developing the use of cross-interaction constants, pIj in 
equation (I) ,  as a mechanistic tool for organic reactions 
in solution: 

(1) log(kij/kHH) = piUi + pjuj + PijuiUj 
As a typical example, we have attempted to correlate 
the magnitude I pij I with the transition-state (TS) struc- 
ture, especially of sN2 reactions (Scheme I).' 

In contrast to the simple Hammett coefficient pi (or 
pj), which is of limited use within a particular family of 
closely related  reaction^,',^ we found that the magni- 
tude of pij provides a quantitative measure of bond 
length rij between reaction centres Ri and Rj (i, j = X, 
Y or Z in Scheme 1) when both substituents i and j 
(denoted ui and uj in Scheme 1 )  interact with their 
respective reaction centres simultaneously in the TS. l S 2  

Scheme 1 

On the other hand, theoretical analysis has shown4 
that the positive stretching force constants FL of the 
symmetric vibrational modes in the TS are correlated 
with the bond length rb by an equation similar to the 
empirical expression known as Badger's rule: 

(2)  rb = a - /3 log FL 
where a and @ are constant for a related series of bonds. 

If we assume a sufficiently small change in the dis- 
tance, 6rl,  due to a variation of substituent, ha,, a linear 
correlation between the two may be assumed to exist.6 
It has indeed been shown based on the analysis of 
experimenatal data' that the distance between the 
reaction centres in the TS varies (6rf or 6rj)  linearly 
with the substituent constant in a reactant, 6ur or 6uJ: 

(34  
Arb = 6ri + 6rj = a h ,  + b6uJ (3b) 

where 6ri and 6rj represent the portions of 6rL due to 
changes in uI and u,, respectively. In particular for iden- 
tity exchange reactions, equation (4) with XN = LZ, 
where X ,  Y and Z are the substituents in nucleophile 
(N), substrate (R) and leaving group (L) respectively, 
the constants a and b are found to be negative, and the 
small distance changes, 6r,, are linearly correlated with 

XN + YRLZ = XNRY + LZ (4) 
Hence a more electron-donating substituent, e.g. 
X = Z = p-Me0 for which ux = uz < 0, leads to a 
greater distance between the two identical groups in 

6ri = a&, and 6r: = b6uJ 

6 G '  
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the TS, 6riz = 26r& = 26& > 0, since a < 0 and 
ax = uz < 0. Conversely, a more electron-withdrawing 
substituent, e.g. X = Z = p-NO2, leads to a decrease in 
the distance, 6rfxz = 26& = 26r:z < 0.  

It is by no means clear, however, how the magnitude 
of cross-interaction constant, 1 pi, j 1 ,  is correlated with 
the distance between the reaction centres in the TS, rL. 
A clear understanding of the correlation between the 
two should provide a sound basis for the application of 
I pi, 1 as a quantitative measure of the TS structure. In 
this work, we show that 1 pc I is related to the difference 
in the force constant between the initial and transition 
states, AFL, which may be termed a 'force constant of 
activation,' and the mechanistic interpretation of 1 pi j  1 
should therefore be re-examined in accordance with this 
postulate. 

SIGNIFICANCE OF THE MAGNITUDE OF 

Let us consider a system consisting of two interacting 
fragments i and j with substituents ui and uj and 
reaction centres Ri and Rj at a distance rij (Scheme 2).  
One can define the potential energy of activation, AUT 
as the potential energy difference between ground state 
(GS) and transition state (TS). * The potential energy of 
the GS, U', is expanded in a Taylor series around a ref- 
erence point ui = a, = 0 (U8)  which is not necessarily at 
the minimum point of the potential energy surface. 
Neglecting cubic and higher terms (for sufficiently small 
displacement, higher terms are negligible in general9), 

CROSS-INTERACTION CONSTANTS 

= - u8 = (yPlu.  + U9lu. + '@It  .. P 1 J J 2 llff2 

+fp ..uz + UO"..u.a. ( 5 )  
J J J  Y 1 J 

Likewise for the potential energy of the TS, 
6U$= (J'- Uf, = uf'ui + U?fU. + 

J J  2 1 1  

+ 1u!."uj2 2 JJ + uj,"uiuj (6) 
The difference of the two gives the variation in the 
potential energy of activation (6AW3 due to substi- 
tuents ui and a, from the potential energy of activation 
at the reference point, AWf,.  Hence 6 and A represent 
the variation of a quantity due to changes in substi- 
tuent, 6ui or 6uj, and in state from GS to TS, 
respectively. 
6AU'= 6(U'- @ ) = A C r i ' ~ j +  AU:'oj+fAUii''ui" 

+ f A Ujj"uf + A CJ$" uiuj (7) 

Scheme 2 

Obviously, 

On the other hand, a Taylor expansion of log(kij/kaa) 
up to second order is given by' 

+ ' A U i , " ~ 2  2 J J J  + AUL"uioj) + A@( T )  (9b) 

where k" is the rate constant for a reaction with 
dual substituents ui and uj in the reactants, 
p i  = (a  log kij/aui)o, p i j  = (a2  log kij/auiauj)oo, etc., and 
A 0 ( T )  is a term which includes corrections for zero- 
point energies and other temperature-dependent factors 
including entropy terms. 'JO For sufficiently small dis- 
placements from the reference point, 6ri= aui and 
6rj= buj with 6ri+Srj=SrG, where a and b are 
constants6*' [equations ( 3 ) ] ,  so that equations (8) 
become 

where Afi  and AFL may be deemed the force and 
force constant of activation, respectively. 

Thus, at a constant temperature, neglecting pure 
second-order terms, l1 

ab 
where A 0 (  T )  can be a constant or negligible for substi- 
tuent variations at constant temperature. l2 This means 
that we can ignore the temperature-dependent term, 
A 0  ( T ) .  It is widely known and generally accepted that 
the Gibbs free energy changes, AG*or AGO, brought 
about by meta and para substituents are virtually 
changes in AU' or A U o  since substituent does not 
greatly affect entropy changes, i.e. 6AG*= 6AU' or 
6AGo = 6 A P  in solution-phase reactions. l2 Com- 
parison of equations (1 la) and (1 lb) indicates that the 
magnitudes of pi and pij  are related to the magnitudes 
of the force and force constant of activation, Afi  and 
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AF;, respectively: 

I p i I = A  IAfIl 

I pij I = B  I AFL 1 (12) 

where A and B are positive constants. Since the force 
constant Fij is a change in the interaction (potential) 
energy between the two substituents ui and uj (through 
Ri and Rj)  per unit distance changes, i.e. SAUij for 
6rl = Sr2 = 1.0, AFL represents a change in the inten- 
sity of interaction from the GS to the TS, j ) :  
AF$ = F!.  - FP. 

IJ IJ 

= (intensity of interaction between ui and uj 
through Ri and Rj in the TS)- (intensity of 
interaction between ui and uj through Ri and Rj 
in the GS) 

= Z;nt(i, j )  - Z&t(i, j )  
= AZtnt(i, j )  (13) 

Since force f is a product of the force constant, F, and 
displacement r, i.e. A$ = FijArj, the use of I p i  I 
( a 1 A f: I) as a measure of r,, should be limited to the 
systems with a constant rj (a uj), i.e. Arj = constant. 
Thus the 1 p i  I values for different reaction series cannot 
be directly compared to deduce changes in ri, unless 
R(uj) is constant. This is why the simple Hammett’s 
coefficient has a serious limitation in its scope of 
application as a measure of TS structure. 

The relationship betwen the two quantities, 1 p i  1 and 
1 pi j  I (i.e. I A fi 1 and I AF; I) is similar to that between 
rate and rate constant, kij; in general, rates for different 
reacting systems are legitimately compared at unit con- 
centration of the reactants, i.e. using rate constants. 
This means that it is more appropriate to use IpijI 

rather than I pi  1 for comparing the intensities of interac- 
tion between two reaction centres for different reacting 
systems. Since the change in the intensity of interaction, 
AZint(i, j ) ,  is intimately related to the distance rij, the 
magnitude of pi j  provides a more general measure of the 
TS structure. In other words, the magnitude of pij  can 
be a direct measure of the TS structure, whereas 1 p i  I 
gives only a relative measure requiring the constancy of 
the other reaction centre, Rj(uj). l 3  

APPLICATION 

Let us examine the significance of I pij  I in a typical S N ~  
reaction, Scheme 1, where X, Y and Z fragments rep- 
resent nucleophile, substrate and leaving group (LG), 
respectively. 

For a rate-limiting bond-formation process, there will 
be no significant bond cleavage in the TS, F:z = F!z 
and A& = 0; according to equation (12) this will lead 
to a vanishing ~ Y Z  value, pyz = 0. ’ Likewise, for a rate- 
limiting bond-breaking process, FLY = FRY and 
A F ~ Y  = 0 so that ~ X Y  = 0 ’  [equation (12)]. 

Another special case is a reaction type in which the 
two substituents, Ui and uj, can interact through mul- 
tiple channels; if there are two interaction channels 
available, two force constant changes will result and 
give two separate pi, values leading to a greater I pi, 1 
when added together; e.g. 

I pij  1 (1) = B I AF:j 1 (1) 
1 pi j  I (2) = B’ I AFL 1 (2) 

[equation (12)], and hence 

I pi j  I (total) = I pi j  I (1) + I pij  I (2) 

The resulting p i j ,  I pij  I (total), will be greater than that 
for any of the single-component channel: 

I pij  I (total) > I pi j  1 (1) or I pij  1 (2) 

For i, j = X, Y or X, Z, F$ = 0, since in the GS the 
nucleophile can be considered to be at an infinite 
distance: 

AF?.- F!. - F O .  - F ! . -  I !  (. 
IJ - IJ IJ - v - int 2,  j )  

Since 

rij = 01 + f i  log - ( j i j )  

[equation (2)], it follows that 

The distance rL between Ri and R, in the TS is a 
logarithmic inverse function of 1 pij  I, provided that the 
distances rl and rj between Ri and ui and between Rj and 
uj, respectively, are kept constant during the activation 
process. Hence the greater is 1 pi, 1, the shorter is the 
distance between the two reacting centres, Ri and Rj. 
Therefore, straightforward application of equation (14) 
is possible for the cases of i, j = X, Y or X, Z, with the 
inverse relationship between rb  and 1 pi j  1 .  It has 
been shown that the degree of bond formation is greater 
(i.e. rky is shorter) when lpxy I is greater’ and the 
tighter the TS (the shorter is rkz)  the greater is 
1 pxz I. I4 Such a simple relationship between rL and pi, 
does not exist, however, for i, j = Y, Z or for processes 
involving bond cleavage in the TS, and re-examination 
of the significance of the magnitude I p y z  I is necessary. 
In the bond-breaking process, FL < F$, i.e. the force 
constant (or intensity of interaction) decreases from GS 
to TS, since the distance between the two reacting 
centres increases in the TS: 

& . -  I J - I J  ~ 5 . -  F . .  E < o  
AZint (i, j )  = l i n t  (i, j )  - I&t (i, j )  < 0 

The difference, however, will become greater, i.e. the 
magnitude of A F >  or A&(i, j )  increases, with the 
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degrees of bond cleavage, so that 

I PYZ I a I AILt(Y,  Z) I 
0: 1 Arkz 1 = rkz - r$z ,  with r$z > r$z 
0: rbz, since rOyZ = constant. 

An example is the p y z  value for an SNI reaction, for 
which a large PYZ is obtained. For the solvolyses of 
a-tert-butylbenzyl (Y) arenesulphonates (Z), PYZ was 
0.4-0.5 [the PYZ values were estimated for the solvo- 
lyses of a-tert-butylbenzyl ( Y )  arensulphonates (Z) in 
80% aqueous acetone and 80% aqueous ethanol using 
Y = p-tert-butyl, rn-CH3, rn-CI, rn-CN, p-CF3, rn-NO2, 
p-CN and p-SOzMe and Z=p-CH3 and m-NO2, 
taken from Ref. 151. There can be exceptional cases 
where FL is abnormally large or small so that 1 PYZ I is 
abnormally small or large, or in some cases FL can be 
greater than F$ and hence AFL > 0 for i ,  j = Y ,  Z: 

(i) multiple interaction paths exist in the TS by 

(ii) bond contraction takes place in the TS; 
(iii) resonance shunt occurs. 

Examples are as follows. (i) In the reactions of 1-  and 
2-phenethyl benzenesulphonates with anilines, a four- 
centre TS is possible by a hydrogen-bond bridge 
providing dual interaction routes: 

hydrogen-bond bridge formation; 

Thus AFbz = F ~ Z  - FBz = small and hence I PYZ 1 is 
small ( p &  = 0.11 and 0.07 respectively), l6 since F$z 
is enhanced, i.e. F$z = F $ z .  (ii) In the solvolysis of 
I-phenyl-2-propyl arenesulphonates in hexafluoro- 
isopropanol (HFIP), aryl participation results in a TS in 
which one C-C bond is bypassed between u y  and UZ, 
and F$z can be substantially greater than F$z,  hence 
a large 1 p y z  1 (=0.41) is obtained: l7 

Ts 

> Products 

Rough estimates of bond length changes (based on 
values in Ref. 18) during the activation process, i.e. 
reduction of one CTC bond and stretching a C-0 
bond, give a cu 1.0 A decrease in the distance between 
the two substituents through reaction centres: 

Ar(c-0)  = 1.91 - 1-42 = 0-50 (stretching of C-0 
bond, assuming cu 35% stretching at the TS)19 

Total Ad'= -1 .53+0 .50=  -1.0 A 

= - 1 - 53 A (reduction of one C-C bond) 
t 

Hence 

A F $ ~  * o 
(iii) In the reactions of phenacyl arenesulphonates with 
anilines, the charge transfer from the nucleophile leaks 
to the carbonyl oxygen so that interaction between u y  
and uz is reduced, leading to an enhanced I6F& 1 and 
hence a greater value of I PYZ 1 (= 0.62) is obtained,'3b 
since Fkz is abnormally low: 

A F ~ ,  = AF$, - A F ~  4 o 

H H  

;.....+)s- 
I" 

The interaction between substituents Y and Z is con- 
siderably reduced since the electron density change on 
C-0 is strongly coupled to the carbonyl oxygen rather 
than to Y. 
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