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Ab initio MO calculations with the 6-31+G* basis sets are carried out on the identity exchanges 
X- + Rx XR + X- with X = F and C1, and geometries and the HF (AEm*) and MP2 activation 
barriers (hEm*) are reported. Relatively constant transition-state tightness, dnC. . ax), is found 
for R with primary (R = CHzY) and secondary (R = C W F )  carbon centers, respectively. The 
difference in d'(X.**X) between primary and secondary carbon centers is ca. 0.10 A. For highly 
electronegative X and/or Y, the correlated energy barrier, hEm', is invariably lower than the 
Hartree-Fock energy barrier, a m ' .  A satisfactory correlation with r = 0.90 for 11 R groups is 
found between the theoretical hEm* values for the identity exchanges and the experimental log .It2 

values for the reactions of ROSOzCsH5 with aniline in acetonitrile at 65.0 "C. 

In the course of our works on developing the cross- 
interaction constants, QG in eq 1,where i ,  j = X ,  Y, or Z 

represent three fragments, the nucleophile, substrate, 
and leaving group, respectively, in a typical S N ~  transi- 
tion state (TS) in Scheme 1, as a mechanistic tool for 
organic reactions in solution, it has been found that the 
magnitude of QXZ (Scheme 1 where Cis denote reaction 
centers) provides a measure of the TS tightness: The 
greater the (exzl, the tighter the TS is.' Moreover we 
found a quite interesting, somewhat unexpected, result 
about the TS tightness for S N ~  processes at primary and 
secondary carbon centers: The magnitude of QXZ is a 
relatively large constant value (E 0.29-0.40 in MeCN or 
MeOH at 45.0-65.0 "C) at a primary carbon, whereas it 
is smaller constant value (= 0.10-0.11 in MeCN at 65.0 
"C) at a secondary carbon center, irrespective of the size 
of the group attached to the reaction center carbon (Table 
1). These constant QXZ values suggest that the TS is tight 
or  loose ( d ~ *  in Scheme 1 is short or long), depending on 
whether the reaction center (CY) carbon is primary or 
secondary, but the TS tightness varies very little with 
regard to the group attached t o  Cy. 

In order to examine these trends theoretically, we 
carried out ab initio MO calculations on the identity 
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Table 1. BE Values for Reactions of ROSO2C&Z with 
xcsI4NEIa 

R solvent T("C) PXZ ref 
Primary Compounds 

CH3 MeCN 65.0 
MeOH 65.0 

CzHs MeCN 65.0 
MeOH 65.0 

CHz-CHCHz MeCN 45.0 
CHz-C(CH3)CHz MeCN 45.0 
CH&CHz MeCN 45.0 
(CHdsCCHz MeOH 55.0 
(CH&SiCH2 MeCN 65.0 

MeOH 65.0 

0.32 2 
0.30 2 
0.34 2 
0.33 2 
0.37 3 
0.40 4 
0.29 5 
0.31 6 
0.33 7 
0.31 7 

Secondary Compounds 
(CHdzCH MeCN 65.0 0.10 8 
cyclobutyl MeCN 65.0 0.11 9 
cyclopentyl MeCN 65.0 0.11 9 
cyclohexyl MeCN 65.0 0.11 9 

exchange reactions (eq 21, using seven primary and four 
secondary compounds, RX, with X = F and C1. 

(2) x- + Rx - XR + x- 
Calculations 

The 6-31G extended basis sets with diffuse and polar- 
ization functions (6-31+G*)1° were used in the determi- 

(10) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A. Ab 
initio Molecular Orbital Theory; Wiley: New York, 1986. 
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Table 2. The HF(HF/6-31+G8//HF/B-S1+G*) and MP2(MP2/8-31+G*//MP2/6-51+G*) Geometries and Activation Barriers 
€or the Reactions of X- + RXHXR + X- withX = F 

R dO(C-F) (A) &C-F) (A) A& (A) d*(F..*F) (A) 6 (deg) %CX A,?P 

CHI 
'CH- 

CHa' 

CH2-CH2 

CH2 /CH2-cH2 >CH- 

'CHz-CH2 

1.3713 
1.4073 
1.3795 
1.4167 
1.3790 
1.4194 
1.3685 
1.4107 
1.3813 
1.4054 
1.3800 
1.4159 
1.3944 
1.4328 
1.3880 
1.4265 

1.3812 
1.3813 
1.4193 
1.4193 
1.3784 
1.3895 
1.4155 
1.4268 
1.3851 
1.3912 
1.4242 
1.4294 

1.8461 
1.8369 
1.8878 
1.8659 
1.8575 
1.8510 
1.8221 
1.8302 
1.8480 
1.8356 
1.9018 
1.8729 
1.8730 
1.8561 
1.9370 
1.8990 

1.9310 
1.9310 
1.8955 
1.8850 
1.9453 
1.9489 
1.9124 
1.8929 
1.9324 
1.9717 
1.8992 
1.9137 

nation of TS structures and activation barriers, hEt 
(=Em - E,ek). To account for the electron correlation, 
second-order Mijller-Plesset perturbation theory" O"2) 
was adopted. Two types of results are reported: HF (HF/ 
6-3 1+G*//HF/6-3 l+G*) and MP2 (MP2/6-3 1 +G*//MP2/ 
6-31+G*). 

Geometries of reactants and TSs were optimized and 
all positive eigenvalues and only one negative eigenvalue, 
respectively, in the Hessian matrix were identified to 
confirm the equilibrium and transition states12 in all the 
HF level calculations. All ab  initio calculations were 
carried out using the Gaussian 92 programs.13 

For cycloalkyl compounds, the leaving group at an 
equatorial position was found to be preferred to that at 
an axial position in all cases. However, the activation 
processes (and barriers) from both reactants with the 
equatorial and axial leaving groups were considered, 
albeit the TS structure was common to the two processes. 

Results and Discussion 

Bond length of the C-X bond in the reactant, do(C-X) 
and TS, d*(C-X), the angles of deflection, 8, from the 
ideal trigonal bipyramid five-coordinate (TBPdC) struc- 
ture and activation barriers, AF, are summarized in 
Tables 2 and 3 (also see Scheme 2). The distance 
d*(X* OX) provides a measure of the TS tightness, which 
is not equal to 2 x d*(CX). The percentage of C-X 
stretching, %CX* [=lo0 x (d* - do)/do3 is also shown in 

(11) Maller, C.; Plesset, M. S. Phys. Rev. lSS4, 46, 618. 
(12)(a) Pople, J. A.; Krishnan, R.; Schlegel, H. B.; Binkley, J. 5. 

Znt. J .  Quant. Chem. 1979, S13,225. (b) Pople, J. A.; Schlegel, H. B.; 
Krishnan, R.; Defrees, D. J.; Binkley, J. S.; Frisch, M. J.; Whitaside, 
R. A.; Hout, R. F.; Hehre, W. Znt. J .  Quant. Chem. 1980,516,269. 

(13) Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W.; 
Wong, M. W.; Foresman, J. B.; Johnson, B. G.; Schelgel, H. B.; Robb, 
M. A; Replogle, E. S.; Gomperts, R.; Andrea, J. L.; Raghavachari, R; 
Binkley, J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.; 
Baker, J.; Stewart, J. J. P.; Pople, J. A. Gaussian 92, reuiswn C; 
Gaussian Inc.: Pittsburgh, PA, 1992. 

0.4748 
0.4296 
0.5083 
0.4492 
0.4785 
0.4316 
0.4536 
0.4195 
0.4667 
0.4302 
0.5218 
0.4570 
0.4786 
0.4233 
0.5490 
0.4725 

0.5498 
0.5497 
0.4762 
0.4657 
0.5669 
0.5594 
0.4969 
0.4661 
0.5473 
0.5805 
0.4750 
0.4843 

3.6923 0.0 
3.6737 0.0 
3.7602 10.3 
3.7178 9.9 
3.7047 8.5 
3.6954 6.8 
3.6366 7.4 
3.6543 6.6 
3.6877 7.7 
3.6680 4.8 
3.7444 20.2 
3.6937 19.1 
3.7435 4.2 
3.7107 3.3 
3.8431 14.5 
3.7703 13.8 

3.8442 11.0 

3.7116 23.5 
20.2 

3.8700 11.8 
13.7 

3.7839 16.8 
3.6 
0.0 

3.8656 22.8 
0.0 

3.7991 13.9 

Scheme 2 

34.6 
30.4 
36.9 
30.4 
34.7 
30.4 
33.2 
29.7 
33.8 
30.6 
37.8 
32.3 
34.3 
29.5 
39.6 
33.1 

39.8 
39.8 
33.6 
32.8 
41.1 
40.3 
35.1 
32.7 
39.5 
41.7 
33.4 
33.9 

5.69 
-1.05 

9.29 
2.31 
9.69 

-0.00 
7.21 

-3.47 
6.90 

-3.84 
15.55 
7.26 
0.67 

-6.95 
12.29 
5.29 

11.84 
11.84 
4.85 
4.85 

10.84 
12.11 
2.84 
4.77 

13.66 
13.56 
5.62 
5.71 

(a) primary cahon center 
(R = CH2Y) 

(b) secondary carbon center 
(R = CHY1Y2) 

the tables. The C-X stretching deformation has been 
shown to be a dominant factor determining the intrinsic 
barrier,14 Mot, which is normally defined as the energy 
difference between the TS (IF) and the reactant complex, 
R***X-, (ERc). In this work, we only considered the 
activation barriers, AE*, from the reactant. 

Geometries 

Electron correlation leads to an increase of more than 
0.03 A in calculated bond lengths (do) of the C-F bonds 
for all RF systems, whereas it leads to a decrease of less 
than 0.01 A in do of the C-C1 bonds. Thus the structures 
of second-row systems are influenced less significantly 
by electron correlation effeds than those of the analogous 
first-row compounds.16 In contrast, bond lengths (d*) of 
the C-X bonds for both X = F and C1 in the TS are 
invariably contracted by incorporation of electron cor- 
relation. There is one exception to this, however: For a 
system with highly electronegative groups, X = F (group 
electronegativities,"j x, are 3.95 and 3.03 for F and C1, 
respectively) and Y = CH=C (x = 3.301, d*(C-F) is 
lengthened by including electron correlation. According 

(14) Shaik, S. S.; Schlegel, H. B.; Wolfe, S. Theoretical Aspects of 
Physical Organic Chemistry. The sN2 Mechanism; Wiley: New York, 
1992; Chapter 6.  

(15) Reference 10; p 146-164. 
(16) Wells, P. R. Prog. Phys. Org. Chem. 1968, 6, 111. 
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Table 3. The HF(HF/~-~~+G*/~/~B-S~+G*) and MP2(MP2/&51+G8/~~-31+G*) Geometries and Activation Barriers 
for the Reactions of X- + RX - XR + X- with X = C1 

CH3- 

CH3CHz- 

CHz=CHCHz- 

CHeCCHz- 

PhCHz- 

(CH3)3CCHz- 

(CH&SiCHz- 

/cy 
CHz ,CH- 

CHz 
\ 

HF 
MP2 
HF 
MP2 
HF 
MP2 
HF 
MP2 
HF 
MP2 
HF 
MP2 
HF 
MP2 
HF 
MP2 

HF (eq) 
(ax) 

MP2 (eq) 
(ax) 

HF (eq) 
(ax) 

MP2 (eq) 
(ax) 

HF (eq) 
(ax) 

MP2 (eq) 
(ax) 

1.7857 
1.7801 
1.8002 
1.7917 
1.8045 
1.7987 
1.7932 
1.7939 
1.8087 
1.8015 
1.8032 
1.7941 
1.8070 
1.7995 
1.8161 
1.8040 

1.8109 
1.8110 
1.8033 
1.8034 
1.7998 
1.8176 
1.7900 
1.8045 
1.8122 
1.8223 
1.8019 
1.8089 

2.3955 
2.3171 
2.4906 
2.3698 
2.4981 
2.3705 
2.4370 
2.3489 
2.4985 
2.3557 
2.5802 
2.4258 
2.4574 
2.3502 
2.6246 
2.4385 

2.6389 
2.6459 
2.4441 
2.4377 
2.5929 
2.7653 
2.4432 
2.4680 
2.5739 
2.8130 
2.4509 
2.5116 

to the valence bond configuratiori mixing mode1,l' the TS 
structure can be represented by a mixing of VI3 structures 
for the reactant, product and excited state configurations 
like, I and 11. The excited-state configuration I is known 

Y 
I 

Y 
II 

to contribute in large extent when both X and Y are 
highly electronegative.16 The contribution of structure I 
(i = 3) relative to that of the reactant structure (i = 1 = 
2), C&, in equation YTS = Zc,@i, where i = 1-3 and i 
= 1 = 2, is indeed greater when X = F and Y = CHEC 
with CdC1 = 1.23 than when X = C1 and Y = H (x = 
2.28) with C& = 1.18 calculated by the method of Shaik 
et al.19 Since the bond length of C. -X in I is greater than 
that in the reactant,lg a greater contribution of I will lead 
to a longer C. *X bond length. 

The Ad*(=d* - do) and %CX* values in all systems 
decrease by inclusion of electron correlation. The deflec- 
tion angle, 8, in Tables 2 and 3 is seen to depend on the 
size of the group Y (or Y1 and y2) in R. The ideal TBP- 
5C structure is exhibited for R = CH3 and also for some 
equatorial 5- and 6-member cycloalkyl systems. In 
general, 8 is larger for X = C1 than for X = F, and as 
expected 8 decreases by inclusion of electron correlation. 
The largest MP2 8 value (32.9') is encountered for X = 
C1 with Y = (CH&C. In this respect, the MP2 8 value 
of 14.5' for X = C1 with Y = (CH3)sSi is notably small, 
reflecting a longer bond length of the Si-CH2 bond. 

(17) (a) Pross, A.; Shaik, S. S. J .  Am. Chem. SOC. 1982, 104, 187. 
(b) Pross, A.; Shaik, S. S. ACC. Chem. Res. 1985,16,363. (c) McLennan, 
D. J.; Pross, A. J. Chem. SOC., Perkin Trans. 2 1984, 981. 

(18) Lee, I.; Kim, C. K.; Lee, B.-S. J. Am. Chem. SOC., submitted for 
publication. 

(19) Shaik, S. S.; Ioffe, A.; Reddy, A. C.; Pross, A. J.Am. Chem. SOC. 
1994,116, 262. 

0.6078 
0.5370 
0.6904 
0.5781 
0.6936 
0.5718 
0.6438 
0.5550 
0.6898 
0.5542 
0.7770 
0.6317 
0.6504 
0.5507 
0.8085 
0.6345 

0.8280 
0.8349 
0.6408 
0.6343 
0.7931 
0.9477 
0.6532 
0.6635 
0.7617 
0.9907 
0.6490 
0.7027 

4.7869 
4.6341 
4.9224 
4.6967 
4.9320 
4.7093 
4.8218 
4.6686 
4.9236 
4.6867 
4.8901 
4.6534 
4.8514 
4.6627 
5.1327 
4.7856 

5.1818 

4.8102 

5.2473 

4.8212 

5.1859 

4.8199 

4.7 
0.0 

17.6 
15.4 
18.4 
13.2 
16.8 
12.8 
19.7 
11.7 
37.3 
32.9 
18.0 
14.5 
24.2 
22.2 

21.9 
24.4 
18.8 
20.5 
0.0 

36.8 
18.7 
24.8 
0.0 

45.6 
20.9 
32.7 

34.0 
30.2 
38.4 
32.3 
38.4 
31.8 
35.9 
30.9 
38.1 
30.8 
43.1 
35.2 
36.0 
30.6 
44.5 
35.2 

45.7 
46.1 
35.5 
35.2 
44.1 
52.1 
36.5 
36.8 
42.0 
54.37 
36.0 
38.9 

6.59 
7.66 
9.24 

11.15 
9.26 
8.21 

10.87 
6.87 
8.18 
5.70 

17.86 
17.96 
9.27 
6.94 

10.06 
14.00 

11.27 
11.27 
15.21 
15.21 
10.51 
10.56 
13.63 
14.23 
13.11 
11.99 
15.91 
14.95 

The TS tightness, d*(X* a x ) ,  and the percentage bond 
stretching deformation, %CX*, are both remarkably 
within narrow ranges: The averages of d*(X*..X) and 
%CX* for the primary carbon centers are 3.69 f 0.02 A 
and 30.5 f 0.8% with X = F, and 4.67 f 0.02 A and 31.7 
f 1.6% with X = C1, while for the secondary carbon 
centers they are 3.77 f 0.03 A and 33.5 f 0.5% with X = 
F and 4.81 f 0.03 A and 36.5 f 1.5% with X = C1. Thus 
differences in d*(X. *X) and %CX* values i.e., Ad*(X*..X) 
and A(%CX*) between rimary and secondary carbon 

f 0.03 A and 4.8% with X = C1, respectively. These 
results show that the differences, Ad*(X***X) and A- 
(%CX*), between primary and secondary carbon centers 
become greater as the size of the nucleophile andor 
leaving group are larger. Therefore for the aniline 
nucleophiles and the benzenesulfonate leaving groups 
(Table 11, these differences between the two types of 
carbon centers are expected to be even greater. We can 
conclude that the relatively constant values of the cross- 
interaction constants, QJZ, for the reactions of ROSOzCm 
and XC6HaH2 for the primary and secondary carbon 
centers in R (Table 1) correctly reflect the relatively 
constant TS tightness i.e., Ad*(X.. 0x1, and the difference 
in the two ex values of ca. 0.22 (the difference in the 
average ex values, 0.33-0.11) represents the Ad*- 
(x..*x) value of ca. 0.10 A. It is also pertinent to point 
out that a tighter TS with a greater experimental e x  
value (for the primary carbon centers) has a smaller 
theoretical d*(X. - .X) value.la Moreover, the TS tightness 
is relatively constant, i.e., z= constant and d*(X* .X) 
= constant, for the reactions at a particular type of carbon 
center i.e., primary or secondary, irrespective of the size 
and kind of the group or groups attached to the reaction 
center carbon. 

The TS structure for a cycloalkyl compound is common 
to the two (initial) reactants with equatorial and axial 
leaving groups. The TS structure for the cyclopentyl and 
cyclohexyl chlorides are shown in Figures 1 and 2. 

centers are 0.08 f 0.03 8: and 3.0% with X = F and 0.14 
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CI 
\ 

\,2.4880 

\ 

\ 
\ 

\ 

EscF+ CT 

Figure 1. Transition state (TS) structure for cyclopentyl 
chloride. 

Figure 2. Transition state (TS) structure for cyclohexyl 
chloride. 

Energetics 
The 6-31+G* activation barriers, hE', for R = CH3, 

CH3CH2, CHpCHCH2, and CHsCCH2 in Table 1 agree 
within f0 .20 at the HF and fO.10 kcaVmol at the MP2 
level with the corresponding values obtained using the 
6-31++G** basis set.18 Thus additional polarization and 
diffuse functions for hydrogen atoms have very little 
effect on the activation barriers. We also note that for 
the highly electronegative X, X = F, the HF barriers are 
invariably higher than the corresponding MP2 barriers 
in all cases. For the X of relatively lower electronega- 
tivity, X = C1, hEm* is lower than AEw* when the 
electronegativity of Y (R = CH2Y) is also low; a m *  is 
higher than AEm* only for the highly electronegative Y. 
This means that the electronegativities of X and Y have 
additive effects on the MP2 activation barriers, in agree- 
ment with our previous results on the allyl transfer 
reactions.l8 

For the secondary carbon compounds with X = C1, 
AEMP* is higher than AEm$ in all cases, since both the X 
and Y groups have low electronegativity. The lower 
correlated energy barrier, Mw*, than the HF barrier 
AEm*, for a system with strongly electronegative X and/ 
or Y groups is considered to arise from a greater 
contribution of configuration I to the TS, which leads to 
a larger magnitude of electron correlation energy in the 
TS than in the reactant;18 a more electron-localized 
structure, I, has a greater electron correlation than a 

Figure 3. The SCF and Correlation energy levels in the 
ground (GS) and transition states (TS). 

more delocalized structure, 11. The lowering of by 
an increased electron correlation energy in the TS is 
schematically illustrated in Figure 3. 

A satisfactory correlation between AEm* and %CX* 
[AEw* = a(%CX*) + bl exists only for the reactions 
between primary alkyl series and X = C1 with r = 0.96 
and a = 2.37. We should note here that this type of 
correlation is normally satisfactory between the percent- 
age stretching deformation, %CX* and the intrinsic 
barrier, AE:, which is the energy difference between the 
TS (Es) and the ion-molecule (reactant) complex (ERc).'~ 
Theoretical studies on identity methyl transfer reaction 
C1- + CH3Cl have indicated that the ion-molecule 
complex, C1-• .CH3Cl, is important only in the gas-phase 
reaction and plays little role in solution.20 In this work, 
we therefore disregarded such complexes (and hence 
AE,*), and the AE* values are used in the discussion. 
Another reason why such a correlation is poor could be 
relatively strong steric effect of the Y (or Y1 and y2 
groups) on the barrier heights, ALP. The angular deflec- 
tion, 8, to ease the steric effect becomes greater as the 
size of the X and/or Y group is large. Thus 6' is the 
greatest for Y = (CH& with X = C1. In general, the 
activation barriers are lower for the primary than for the 
secondary compounds due to a lesser stretching deforma- 
tion, %CX*, required for the former.14 

For the cycloalkyl series, an equatorial approach of a 
nucleophile displacing an equatorial leaving group is 
intrinsically favored compared to an axial approach 
replacing an axial leaving group; for X = F an equatorial 
approach is favored in all cases. However, when the size 
of X becomes greater than X = C1, an equatorial displace- 
ment is favored for the cyclopentyl, whereas an axial 
displacement becomes favored for the cyclohexyl com- 
pound. This latter trend is apparently due to a greater 
steric hindrance in the equatorial approach for the 
cyclohexyl ~ y s t e m . ~  

The MP2 activation barriers, hEw*, for the gas-phase 
reactions of RC1 with C1- in Table 3 are correlated with 
the experimental log k2 values in Table 4 for the S N ~  
reactions of ROSOzC,jHs with aniline in acetonitrile at 
65.0 "C in Figure 4. For the 11 R groups listed in Table 
4 the correlation is satisfactory with r = 0.90 and the 
slope of -3.11. There is apparently a greater uncertainty 
in the estimated k2 value (for 65.0 "C from an experi- 
mental k2 at 45.0 "C) for the allyl ~ y s t e m . ~  This satisfac- 
tory correlation between the correlated activation barri- 
ers for the gas-phase chloride exchanges and the 

(20) Jorgensen, W. L. Acc. Chem. Res. 1989,22, 184. 
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Table 4. Experimental log kz Values for the Reaction of 
ROSOzC- with Aniline in C&CN at 65.0 "C 

Lee et al. 

Table 5. The AM1 Thermodynamic Barriers, hEo, at 65.0 
"C for Reactions of ROSOaCsRa with Aniline 

R (=CHzY) AEo a (kcaYmo1) 
CH3 2.28 0.873 (ref 2) 7.66 
CH3CHz 2.30 -0.170 (ref 2) 11.15 
CHz-CHCHz 3.00 (2.000)a 8.21 
CH-CCH2 3.30 (1.301Ib 6.87 
CsH5CHz 3.00 (2.137)c 5.70 
(CH3)3CCHz 2.30 -1.467 (ref 6) 17.96 
(CH&SiCHz 0.228 (ref 7) 6.94 
(CHdzCH -0.386 (ref 8) 14.00 
cyclobutyl -0.772 (ref 9) 15.21 
cyclopentyl -0.130 (ref 9) 13.63 
cyclohexyl -1.51 (ref 9) 14.95 

a Estimated value from kz a t  45.0 "C (ref 3). Estimated value 
from kz a t  45.0 "C (ref 5). Extrapolated value from 122 values at 
25.0, 35.0, and 45.0 "C. Lee, J. H. Ph.D. Thesis, Hanyang 
University, 1992. Group electronegativity ofY (ref 16). e For the 
gas-phase reactions of RCl with C1- calculated a t  the MPW6- 
31+G*//MP2/6-31+G* level. Taken from Table 3. 

1 

4 1  

\ CH2CHCH, 

I 1 

-2 -1 d 1 ; 
log4 

Figure 4. Correlation between log kz and h E ~ p *  (Table 4). 

experimental bimolecular rate constants for the benze- 
nesulfonates with aniline in acetonitrile is indeed re- 
markable and gratifying. The satisfactory correlation 
indicates that the solvent and temperature effects are 
relatively small and the chloride exchanges provide a 
satisfactory model for the solution-phase reactions com- 
pared, despite the large steric effect expected in the 
solution-phase experimental results due to greater sizes 
of the nucleophile (C1 vs aniline) and leaving group (C1 
vs benzenesulfonate). 

The satisfactory correlation found in Figure 4 also 
suggests that the effect of thermodynamic barrier, AEo, 
on the rate (or hE*) of the reaction of ROS02C& with 
aniline in acetonitrile is small, and the intrinsic barrier, 
AEo*, is the dominant factor in controlling the overall 
activation barrier, AE*, in eq 3.21 The thermodynamic 

barriers calculated by the AM1 method22 are summarized 
in Table 5. Reference to  this table reveals that the 
reactions of primary and secondary compounds are all 
exoergic by a relatively small amounts. However, in both 

CH3 -6.0 
CH3CHz -6.6 
CH~=CHCHQ -7.0 
CHLCCH~ - -8.7 
CsH5CHz -7.3 
(CH3)3CCHz -6.9 
(CH3)3SiCHz -8.4 
cyclobutyl -8.8 
cyclopentyl -6.7 
cyclohexyl -5.5 

a AEo = AHo - RT at 65.0 "C. 

primary and secondary series the variations in AE" are 
very small between different R groups. 

Since the gas-phase reactions studied theoretically (eq 
2) are thermoneutral, the thermodynamic barriers are 
zero and the calculated AEs values correspond really to 
the intrinsic barriers, AE,'. Therefore it is strictly 
incorrect to compare the experimental K 2  values, which 
reflect both the intrinsic, AE:, and thermodynamic 
barriers, AEo, with the theoretical thermoneutral AE* 
values, which represent only the AE,' values. However, 
the comparison may be justified since in solution the ion- 
molecule complex disappears and hence AE,' becomes 
equal to AE'. 

The important results of this work can be summarized 
as follows: 

(i) The theoretical tightness of the S N ~  TS, d*(X***X), 
is relatively constant depending on the type, i.e., primary 
or secondary, of the reaction center carbon, irrespective 
of the group(s) attached to it. 

(ii) The difference in the tightness between the primary 
and secondary carbon centers, Ad*@ ax) = dSsec - dSprim, 
is ca. 0.10 A for the reactions involving relatively large 
nucleophile and leaving group. 

(iii) The effects of electronegativity of the groups X and 
Y (Scheme 2) on the correlated activation barriers, AEm*, 
are additive; for strongly electronegative X and/or Y, the 
correlated barriers, are invariably lower than the 
HF barriers, AEHF*. 

(iv) A satisfactory correlation with r = 0.90 for 11 R 
groups is found between the theoretical AEm* values for 
the gas-phase chloride exchanges, C1- + RC1- C1R + 
C1-, and the experimental log K Z  values for the reactions 
of benzenesulfonates with aniline in acetonitrile at 65.0 
"C (ROS02CsH5 + CsHsNHz +I. 
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