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For S N ~  reactions of the type Y- + MeX -+ YMe + X-, there exist extended linear correlations between (i) the 
magnitude of the central barrier and the percentage elongation of the C-X bond in the transition state; (ii) the 
looseness of the transition state and the sum of the forward and reverse central barriers. 

The search for relationships between transition state struc- 
tures and experimental observables is an important aspect of 
physical organic chemistry. Two such relationships are of 
particular interest because of their extensive use by 
experimentalists. In the Bell-Evans-Polanyi-Leffler-Ham- 
mond postulate,l the ‘earliness’ of a transition state is related 
to the exoergicity of the reaction. In the contour diagram 
mode1,z the notion of a ‘perpendicular effect’ is added, which 
relates2b.c the looseness of a rransition state to the stabilities of 
potential reaction intermediates. The present work is con- 
cerned with relationships between transition state structures 
and the magnitudes of reaction barriers. The barrier can, in 
turn, be related in various ways to the primary kinetic 
observable, the rate of the reaction. By use of ab initio 
computational data, it is shown that for sN2 reactions of MeX 
molecules these relationships are linear, and extend over a 
range of ca. 80 kcal/rnol (1 kcal = 4.184 kJ) in activation 
energies and ca. 70% in bond elongation. The generality of 
these relationships suggests that it should become possible to 
deduce the microscopic structure of an &2 transition state, 
directly from a single rate constant (barrier). 

Computations3 on identity &2 reactions (equation 1) have 
revealed that the looseness of the transition state correlates 
with the magnitude of the central barrier. Thus a larger barrier 
is associated with a transition state having a higher percentage 
of C-X bond lengthening. The State Correlation Diagram 
(SCD) mode13.4 explains the origins of such correlations. ‘f The 
central ideas are that deformation of the MeX substrate is 

required to promote curve crossing,3~4a and that the resulting 
barrier height is proportional to this deformation.? The 
deformation is found to be dominated by the C-X stretching3 
which, in turn, determines the looseness of the transition 
state. A correlation between barrier height and looseness 
therefore appears to originate in the nature of the activation 
process itself.3.4a 

X- + MeX -+ XMe + X- (1) 

Extension of the scope of such correlations to include 
reactions governed by the Bell-Evans-Polanyi-Leffler-Ham- 
mond postulate requires an examination of the forward and 
reverse central barriers and geometric features of non-identity 
reactions (equation 2), for which an extended set of data are 
available at the 4-31G leve1.5.6 For the forward reaction 
(equation 2), the percentage elongation of the C-X bond, as 
between the reactant ion-molecule complex (with bond length 
do in the molecule)3 and the transition state (with bond length 
&), is given by equation 3a; the corresponding expression for 
the percentage elongation of the C-Y bond for the reverse 
reaction is equation 3b. 

Y- + MeX ** (2) w YMe + x- 
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Figure 1. A plot of %CX* against the central barrier (kcal/mol) for the 
reaction Y-  + MeX +. YMe + X- , The pairs Y ,  X are indicated by 
the data points ( e . g . ,  HO, F signifies HO = Y, F = X, italic Cindicates 
the site of attachment). 

-F In the general case, gas phase barriers derive from deformations and 
nonbonded repulsions. 

Figure 1 shows a plot of %CX* versus the central barriers 
AE* for 14 SN2 reactions (out of 30). The plot encompasses 
thermoneutral, exoergic, and endoergic reactions, which span 
a range of ca. 80 kcal/mol in activation energies and ca. 70% in 
bond stretching. The correlation is seen to be linear (Y  = 
0.992; for the entire data set r = 0.985), and it follows that the 
higher the sN2 barriers, the more extensive is the bond 
cleavage of the leaving group in the transition state, i .e . ,  
equations 4 and 5.  In turn, defining the looseness of the 
transition state as L* = %CX* + %CY$, it can be seen that the 
sum of equations 4 and 5 predicts a correlation of looseness 
with the sum of the barriers for the forward and reverse 
reactions (equation 6). 

%CX* = aAE+ + b (4) 

%CY* = aAE,$ + b ( 5 )  

L* = (%CX* + %CY*) = u (AE+ + A E f )  + 2b (6)  

Figure 2 shows a plot of L* versus the sum of the barriers, 
(AE+ + AEr*).  This plot contains variations of X and Y across 
the Periodic Table, and its linearity ( Y  = 0.975) means that the 
geometric looseness of the transition state increases with 
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increase in the sum of the forward and reverse barriers. These 
correlations can be related to existing structure-reactivity 
concepts.1.2 Thus, the difference between equations 4 and 5 
leads to equation 7. It is seen that the reaction exoergicity 
( A P )  determines the degree of asymmetry of the transition 
state. Equation 7 appears similar to the Bell-Evans-Polanyi- 
Leffler-Hammond principle . I  It should be noted however, 
that rate-equilibrium relationships generally break down for 
this set of S N 2  reactions (e.g., see Figure 1: identity reactions 
possess much smaller barriers than exothermic reactions) .6b.7a 
Thus, equation 7 is valid despite the general invalidity of 
rate-equilibrium relationships and not because of them. 

The relationship to the contour diagram model2 is less 
obvious because, in the gas phase, the intermediate corner 
Y-IMefN- is too high to influence the looseness of the 
transition state.7b Nevertheless, a significant ‘perpendicular 
effect’ is apparent in Figure 2, as some thermoneutral 
reactions are seen to possess looser transition states than 
exoergic reactions. These ‘perpendicular effects’ are domi- 
nated by the increasing sum of the forward and reverse 
barriers; thus reflecting the activation effort.324a Remarkably 
extended linear correlations emerge between barriers and 
transition state geometries. These correlations reflect the 
nature of the activation process, by showing that the establish- 
ment of an s N 2  transition state requires predominantly bond 
stretching. Furthermore, it is this particular deformation 
which is the primary contributor to the barrier.3.4” 

The relationships between barrier heights and transition 
state geometries have recently been given a thermochemical 
foundation ,8 which shows that the larger the barrier the closer 
is the transition state to its dissociation limit (the three isolated 
fragments). Thus, the correlation reported in this Communi- 
cation does not appear to be an accidental artifact of the 
4-31G basis set but rather a physically reasonable link.? 
Nevertheless, higher level basis sets,$ as well as other 
methods,§q will still be required to establish whether the 
correlation is not only qualitative but also linear as suggested 
by the present analysis of the 4-31G data, and whether the 
relation is global or confined to certain related SN2 families. 
Since the looseness of transition state, of the type (YMeX)-t, 
appears to be marginally affected by solvation,12 then an 
affirmation of the above linear relationships may be useful in 
deducing the structure of the transition state for SN2 reactions 
in solution. 

$ Results of higher basis sets exist for the identity reactions of H- ,  F-, 
and C1-. The barriers follow the same order as in the 4-31G basis set. 
The largest percentage elongation is computed for the reaction of H- 
[refs. 9(a-c)], while the percentage elongations for the reactions of 
F- and C1- appear to be inverted in one study.’= 

§ Results with the 3-21G basis setlOa,b show the same order of barriers 
and percentages of elongation, as with the 4-31G basis set, for the 
reactions of F and C1- . MNDO and AM1 resultslOc,d show a 
correlation of barriers and percentages of elongation for the reactions 
of F-, C1-, Br-. and I-. 

fi Gas phase identity barriers, available from Rice-Ramperger-Kas- 
sel-Marcus (RRKM) and Marcus equation analyses, *a,b show trends 
in agreement with the 4-31G barriers with one exception. Thus, the 
gas phase barrier of F- is larger than that of MeS-, while theory 
predicts a higher barrier for HS- relative to F-. It appears that the gas 
phase barrier of F- is somewhat overestimated. Estimates from 
experimental data and the best theoretical calculations all give a 
barrier of ca. 19-20 kcal/mol for F- ,9a, l lc  so that the final order may 
still agree with the theoretical prediction. 
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Figure 2. A plot of transition state looseness, L*, against the sum of 
the central barriers, ZAE* = (A&* + AE,*), for Y- + MeX- YMe 
+ X- (each point with X =# Y involves two barrier data, italic C and N 
indicate the site of attachment). 

We thank the Natural Sciences and Engineering Research 
Council of Canada for an International Scientific Exchange 
Award (to S. S. S.). Helpful discussions with Professor J .  M. 
Harris and critical readings by Professor A. Pross are also 
acknowledged. 

Received, 7th December 198741 Com. 7100016B 

References 
1 

2 

3 

4 

5 
6 

7 
8 
9 

10 

11 

12 

(a) R. P. Bell, Proc. R .  SOC., London, A ,  1936,154,414; (b) M. G .  
Evans and M. Polanyi, Trans. Faruduy. Soc., 1938, 34, 11; (c) 
G. S. Hammond, J. A m .  Chem. SOC., 1955, 77, 334; (d) J. E. 
Leffler, Science, 1953, 117, 340. 
(a) E .  R .  Thornton,J. A m .  Chem. Soc., 1967,89,2915; (b) R.  A. 
More O’Ferrall, J. Chem. SOC. (B) ,  1970, 274; (c) W. P. Jencks, 
Chem. Rev., 1985, 85, 511; (d) for a purely mathematical 
simulation, see J. M. Harris and J.  L. Paul, Zsr. J. Chem., 1985,26, 
325. 
D. J. Mitchell, H. B. Schlegel, S. S. Shaik, and S. Wolfe, Can. J. 
Chem., 1985, 63, 1642. 
(a) S. S. Shaik, Prog. Phys. Org. Chem., 1985, 15, 197; especially 
pp. 202, 260-262, and 270-274; (b) for a review of the SCD 
method, see A. Pross and S. S. Shaik, Acc. Chem. Res., 1983, 16, 
363. 
D .  J. Mitchell, Ph.D. Thesis, Queen’s University, 1981. 
(a) S. Wolfe, D. J .  Mitchell, and H. B.  Schlegel, J. A m .  Chem. 
SOC., 1981, 103, 7692; (b), ibid., 1981, 103, 7694. 
(a) Ref. 4(a), pp. 225-231; 253-259; (b) ref. 4(a) pp. 280-283. 
S. S. Shaik, J. Am. Chem. SOC. ,  1988, 110, 1127. 
(a) A. Dedieu and A .  Veillard, J. Am. Chem. Soc., 1972,94,6730; 
(b) J. Chandrasekhar, S.  F. Smith, and W. L. Jorgensen, J. A m .  
Chem. SOC., 1985, 107, 154; (c) F. Keil and R.  Ahlrichs, J .  A m .  
Chem. SOC. ,  1976,98,4787. 
(a) J .  Jaume, J. M. Lluch, A. Oliva, and J. Bertran, Chem. Phys. 
Lett., 1984,106,232; (b) K. Morokuma, J. Am. Chem. SOC. , 1982, 
104, 3732; (c) S .  S. Shaik, Zsr. J. Chem., 1985, 26, 367; (d) S. 
Wolfe, unpublished data. 
(a) M. J. Pellerite and J. I. Brauman, J. Am. Chem. Soc., 1983, 
105,2672; (b) J. M. Riveros, S. M. Jose, and K. Takashima, Adv. 
Phys. Org. Chem., 1985, 21, 197; (c). S. S. Shaik and A. Pross, 
J. A m .  Chem. SOC. ,  1982,104,2708; M. Urban, I. Cernusak, and 
V. Kello, Chem. Phys. Lett., 1984, 105, 625. 
(a) K. C. Westaway, Can. J. Chem., 1978, 56, 2691; (b) W. L. 
Jorgensen and J. K. Buckner, J .  Phys. Chem., 1986,90,4651; (c) 
ref. 4(a), pp. 267-268. 

~~ ~ 

/ /  Received in revised form 23rd May 1988 (1987 Com. 1753). 




