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Correlation Between Cross Interaction Constant
and Bond Length in the $,2 Transition State
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A simple correlation between croes interaction constants £ and bond lengths in the transition state was obtained; it bas been
shown that g corresponds to force constant of activation,which in turn is related to bond length by Badger’s rule involving
only universal constants. A satisfactory correlation between 4-31G ab initio calculated values of bond length and force cons-
tant for C-X stretching in the transition state of the methyl transfer reaction, X~ + CH3X = XCHj + X~, indicated that Bad-
ger’s rule can be extended to bonds in the transition state. Independence of #; values from the variable charge transmission
of reaction centers has been demonstrated with nearly constant, experimentally determined | #xy] values, and hence similar

degree of bond formation, for various Sy2 reactions.

Introduction

Transition states (TS) can not be directly observed ex-
perimentally simply because reacting molecules do not re-
main near their TSs long enough to be accurately measured.
Selectivity parameters obtained by linear free energy rela-
tionships have, however, provided indirect measure of the
TS structure within a series of reactlons Brgnsted 8 values

from rate-equilibrium relationships>® and Hammett ¢ values
from structure-reactivity relatlonshaps‘ have been used as

useful means of assessing relative bond tightness or loose-
ness in the TS.
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The magnitude of a Hammett o, reflects the intensity of
interaction, relative to that for the benzoic acid dissociation

equilibria, between substituents (o) and the reaction center
(R) on fragment i° (e.g. in Sy2 reactions, a fragment refers to
a nucleophile, substrate or leaving group)® in the TS of a reac-
tion; the stronger the interaction, the larger is the magnitude
of |p. Likewise |o;} reflects the intensity of interaction bet-
ween substituents () and the reaction center (R) on frag-
ment j. However, the efficiency of charge transmission bet-
ween reaction centers, R; and &;, in bond formation or bond
cleavage may differ. for different reaction series so that |0
can at most serve as a relative measure of bond length ry
within a series of reactions; |»,] values for different reaction
series e.g. for different R; such as R, or R, can not be com-

pared to assess relative bond length {7;) between two reac-
tion centers w]nch corresponds to the bond being formed or
broken in the TS.”

On the other hand, the magnitude of cross interaction con-
stant, 2; in eq (1), reflects the intensity of indirect interaction
between two substituents on fragments # and j through the
reaction centers, R;and R in the TS when both substituents
interact with their respective reaction centers simultaneously
in the TS of a reaction i.e., when R; and R; form a partners



180 Bull. Korean Chem. Soc., Vol. 9, No. 3, 1988

which are uwnlved in bond formation and/or bond breaking
in the TS.5

log (ks /kus) = psostpios¥puso.0: (1}

There are of course other modes of interaction between
substituents on ¢ and j: a) direct or electrostatic interaction,
b) manifold interaction in which additional interaction routes
are provided by bridges formed by hydrogen bonding or the
like.? In the following discussions, we strictly confine oursel-
ves to the systems where two substituents ¢, and o; interact
indirectly through R; and R; as in scheme L.

Deﬁmt:on of the cross interaction constant gy eq (1),
leads to,’

[ 2ogkuN_ 3p:_ 2p,
pes (aa:a:) 9o, OJo; @

Thus ey is the magnitude of the derivative of »; (or ») with
respect to o; {or ¢); | o] reflects the effect of varying substi-
tuent o; of the fragment j, which will perturb R;, on the effec-
tive reaction constant #; of the other fragment ¢, which is felt at
R;, in the TS (or vice versa). We will show that | ;] does not
suffer from the variable charge transmission of reaction cen-
ters, and relative magnitudes provide a direct measure of the
TS structure.

Derivation of Correlations

One can define the potential energy of activation, V*, as
the energy difference between energy minima of reactants
and saddle point." A Taylor expansion of the potential
energy of activation, V*, around the point ;= o;= 0, is
then given by,

o= i (35) oo (35 o

4 St (o)

a've . o
+( 30,30 ), a¢ g+ higher derivative terms  (3)

If we assume that the small change with ¢ can be described
by some kind of single coordinate analogous to a reaction co-
ordinate denoted by 7, then the change in r will be sufficiently
small when ¢ is changed and the elements in the vector o will
very linearly in relation to r? so that 7;,=a ;and ;= b s, where 2
and b are constants.'? Substitution of these into eq. 3, with
neglect of higher terms, yields

aV*=f:f¢+m,+%g,fﬁ%ﬁ,f”ﬂ;f'f, (40)

*
where ff=— (%—t‘ )o ==force of activation

o'v* .
) = force constant of activation

and ﬂi_(af‘aﬁ A

(=fuTS) = £, (GS)) (48)

Let us now assume that the only important degree of free-
dom, and hence the reaction coordinate, in the TS (scheme I)
is the bond length r; = r; + »; so that changes in r; dominate
the transition vector.'*> Moreover, f7 and f} represent the
force constants of activation for stretching vibrations within
the fragments ¢ and j respectively; these will be normally
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negligible since the distance between substituent ¢ and R can
be taken as constant in the activation process (vide infra)™.
The second derivative terms in eg. (4) can be transformed
into a normal coordinate of the form, (5)'° by solving secular de-
1 ?
2 AQ {5}
terminant,'

ﬁ:“ A .ft’.r
S S A

The eigenvalues of this 2 x 2 force constant matrix can be
obtained readily, since £ = 3= 0 by assumption.'* Thus

A= L 15 {7)

The negative eigenvalue represents a force constant of ac-
tivation for the stretching a long reaction coordinate.>'* Ob-
viously, since r,=a 0, + b 0,=0,

-0 (6)

Q=ry=re=ru=71,+r, 8

Thus r; is the displacement ocr:unng in the activation pro-
cess and fis the force constant of activation for stretching of

the bond R;-R;in Scheme 1, Eq. {4) then becomes,

SV = fir +r it urt (9)
and also from ¢q. (4) with neglect of f; and £,
V¥ Py 4+ P, flirer, (10)
s, 1= (577), = (350 av
Since 7;~a 0; and 7; = b g;, eq. {10) can be transformed into
SV*=Fto,+Fta,+Flio,a: (12a)
with F¥= (%Va—l:) and F§= (%)“const. x f8
(125)
On the other hand, transformation of eq. (1) leads to,
FAG*=AGH- AGH=-2.3RT|p,0,+
+posaitpuoiost (13a)
SV*=V-V&=-2.3RTlp0,1ps0;
+puoia:i+8(T) (135)

Where 8{T) is a term-which includes corrections for zero-
point energies and other temperature-dependent factors in-
cluding entropy of activation.!’ Finally comparison of eqs
(12) and (13b} leads to

S fE e py (14)

Thus g is directly proportional to the force constant of ac-
tivation f, which i 1s m terms of displacement vector o, at con-
stant temperature.’® Thus neglect of #; and #51in eq. (1)’ na-
turally leads to /7 = 0 and f;= 0 in eq. (6} according to this re-
lation (14).

Badger's rule, eq. (15), correlates bond length # with force
constant f with universal constants A and B, which are de-
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Table 1. 4-31G Calculated Bond Length, ry, and force Cons-
tant, fi{TS), in the Transition State of Identity Sy2 Reactions,
eq. {18}

X 7i£A) £i{TS) x 10-5(dyne cm-1)
F 1.827 3.674
OH 1.909 3317
OCHa 1.924 3.232
NH: 2.008 2795
NC 2.014 2702
CN 2.112 2417
CCH 2.124 1913
CHy 2.161 1.998

pendent only on the rows of the periodic table for the two
atoms bemi% bonded, and is known to have wide range of ap-
plicability.™® It has been shown to apply between stretching-

r=A~Blgf (15)

force constant and bond length for all types of bonds inclu-
ding those involved in excited states of molecules, ionic ga-
seous molecules such as NaCl, poble-gas clusters as well as
covalent molecules such as N;.'® It is not unreasonable,
therefore, for us to expect that the rule can be extended to
bonds in the TS. Thus, eq. (15) shows that r; and fJ are re-
lated by

‘l’¢_|l=".|4‘r -B' l()g Lft..t! {16)

Since log of a negative number is meaningless, only absolute
values are significant; thus from eq. (14), |/} o | gl. And
hence eq. (16) can be transformed into
re=a-# log |pul
ro=a+8 log —— (17)
lﬁul

where A’, B', eand g should be unsversal conslants at cons-
tant temperature. Eq. (17) demonstrates that the bond dist-

Table 2, oy and Ary values for some Sy2 reactions
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ance in the TS is linear with logarithm of the inverse of | sy,
and ryis not divectly proportional lo the inverse of | p;)°. (The
7 between atoms { and j in different rows can also be defined
using a set of universal constants). ¢

Results and Discussion

In order to test applicability of eq. (16) for bonds and force
constants in the TS, we have evaluated the C-X distances
and stretching force constants in the trigonal bipyramidal
five-coordinate TS for the identity S)2 reactions, {18}, by ab
initio MO calculations with 4-31G basis set.)” We determined
r; and f{TS) values for eight nucleophiles of second row ele-
ments, X = CCH, CN, NC,

H H |-+
~
X"+CH, X —| X-C—X |— XCH,+X - (18)
T
H

OH, F, NH,, CH; and OCHj;, and these were subjected to
linear regression analysis using eq. (16). The 7; and £(TS)
values obtained are surnmerized in Table 1. A good linearity
shown by a correlation coefficient of 0.996, with A’ = 8,026
and B’ = 1,108, supports strongly that the Badger's rule can
be extended to apply for bonds in the TS.1?

According to eq. (17), in the indirect interaction as well as .
in other modes of interactions, the major factor determining
the intensity, or the magnitude of #y, is the distance 7; bet-
ween the two reaction centers, R; and R;, distance between
substituents and reaction centers being practically constant
during an activation process. Thus |44 constitutes a direct
measure of bond length r;;; the distance 7; is only dependent
on s, since a and gare the universal constants, and hence
|#;] is free from the variable charge transmission of the reac-
tion centers.

For Sw2 reactions, relatively extensive |eyy] data are
available (Table 2) so that our arguement can be tested. Re-

(A) XCSHINH, + YCeHSO:CI MeOH

MeOH
25.0°C

EtOH

B) XCeHyNH, + YCgH,S0.Cl

© XCeHyNH2 + YCgH,CH,Cl

MeOH
35.0°C
MeOH

(D) XCsHyNHz + YCgH,CH,0S0,Ph

(E) XCsHyS™  + YCsHCH,CI

MeOH
35.0°C

MeOH

® XCsH4NHz + YCgH,COCI

) SCsH,NH, + YCgH,CH;S0,C)
CHs
|
(H) XCsH,NH, + YCHCHOSO,
Ph

MeOH

35.0°C

50.0°C

20.0°C

—_—
35.0°C

—_—
25.0°C

P Pxy Corr. Coeff. ¢ Ref.
-2.14 -0.70 0.998 18
-2.15 ~0.75 0.997 19
~0.98 -0.77 0.974 20
~0.82 -0.62 0.998 7
-0.58 -0.62 0.982 21
-2.24 ~0.68 0.999 22
-3.74 -0.69 0.997 23
-2.20 -0.23 0.999 24

o Correlation coefficient from multiple linear regression of log k,; using eq. (1) with i = X and j = Y.
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ference to this Table reveals that for Sy2 re.. “ions with rela-
tively good leaving group (C1” or "OSO,Ph), the range of vari-
ations in | Axy}, the cross interaction constant between substi-
tuents X in the nucleophile and Y in the substrate, is much
smaller than that in [#,]; 4] #xy] = 0.15and 4] #x} = 3.16. The
spread in |pxy| values is an order of magnitude smaller than
that for | #x]. For example; reactions () and (E) differ in both
nucleophile and substrate, but the difference in | oxy| is only
0.08, whereas | 2] differs by 1.56. Note that for reaction {E),
|oxy] is y greater thanJPx}. Other examples of large
|2 have also been reported.®® Near constant values of | pxy]
indicate that similar distances are involved between the two
reaction centers in the nucleophile and substrate in the TS
for the two reaction series; the degree of bond formation will
therefore be similar in the two reaction series which belong
to the same category of reaction, Sy2.

For an SyHike reaction of (H)*, we obtained much smal-
ler | #xy] value, i.e., much smaller degree of bond formation,
~1/3 of the value for the Sp2reactions in Table 2, despite the
large | x| which is even greater than that for Sp2 reactions.
The reaction (H) has been shown to proceed by an (Syllike)
intermolecular Syl mechanism.? Other types of applications,
e.g. to SuN®, E2%, and associative Sy2 mechanisms™ have
also been reported.

In conclusion, |24 values provide much better measure of
the TS structure than |#| values, and in fact better than any
other experimental selectivity parameters for characteriza-
tion of the TS structure. One obvious drawback in this ap-
proach is that relatively large number of rate constants k; are
required, since both substituents in fragments { and  must be
varied simultaneously within a reaction series in order to be
able to obtain a | o} values by the multiple linear regression™
using eq. (1).
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