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Abstract: High-level ab initio molecular orbital calculations at the G2(+) level of theory have been carried out for 
the identity nucleophilic substitution reactions, X - + CH3X — XCH3 + X - , where X = F, Cl, Br, and I. The 
reaction profiles all involve central barriers (A//*cent) which are found to lie within a surprisingly narrow range, 
decreasing in the order Cl (53.5 kJ mor1) > F (46.1 kJ mor1) > Br (45.0 kJ mor1) > I (40.8 kJ mor1) at 298 K; 
the value for X = Cl is in good agreement with a recent experimental determination (55.2 ± 8.4 kJ mol-1). The 
overall barriers relative to the reactants (A#*0Vr) are -11.0 (F), 9.8 (Cl), 4.5 (Br), and 5.5 (I) kJ mol-1 at 298 K. 
Stabilization energies of the ion—molecule complexes (Ai/comp) decrease in the order F (57.1 kJ mol-1) > Cl (43.7 
kJ mol-1) > Br (40.5 kJ mol-1) > I (35.3 kJ mol-1) at 298 K and are found to correlate well with halogen 
electronegativities. A reasonably good correlation between Aif*Cent and the ionization energy of X - is observed. 
The significance of these results to our understanding of the energetics of gas-phase SN2 reactions is discussed. 

Introduction 

Bimolecular nucleophilic substitution (SN2) at carbon is one 
of the most important reactions in organic chemistry. In recent 
years, much effort has been devoted to extending the study of 
SN2 reactions to the gas phase, both experimentally2'3 and 
theoretically.2,4-7 Such studies have been particularly valuable 
as they allow the separation of the various reactivity factors 
into those that are intrinsic molecular and those that are solvent 
derived. 

Despite the many studies that have been conducted to date, 
gas-phase barrier heights for the exchange reaction of methyl 
halides with halide ion (eq 1) 
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X" + CH3X — XCH3 + X" (X = F, Cl, Br, and I) (1) 

remain uncertain.3b,k Direct experimental data are often difficult 
to obtain, being close to the limit of current experimental 
capabilities. Indeed, the values of these barriers have been the 
subject of continuing debate.2a,3b'k 

In view of the experimental difficulties, theory would appear 
to provide an attractive alternative for exploring the SN2 energy 
surface, at least for simple systems. Unfortunately, the theoreti­
cal approach is not without its own problems. It is clear from 
the large number of calculations already carried out on reaction 
l4a-e,i-k,q,r,t,u,6-8 t n a t (jjg computational data are very sensitive 
to the level of theory employed. As has recently been noted 
by Wladkowski and Brauman,3k theory has not yet been able 
to provide definitive results. 

In an attempt to redress this situation, we have examined the 
set of halide-exchange SN2 reactions 1 using a level of theory, 
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specifically a modification of G2 theory, that is higher than the 
levels previously employed. At this higher level of theory we 
hope to obtain more reliable estimates of the energetics of this 
very basic reaction. 

Computational Methods 

Standard ab initio molecular orbital calculations9 were carried out 
using a modified form of G2 theory10 with the GAUSSIAN-92 system 
of programs." G2 theory corresponds effectively to calculations at 
the QCISD(T)/6-311 -t-G(3df,2p) level with zero-point vibrational energy 
(ZPE) and higher level corrections. It has been shown10,12 to perform 
well for the calculation of atomization energies, ionization energies, 
electron affinities, bond energies, proton affinities, acidities, and reaction 
barriers. 

Our modifications to G2 theory have been introduced to allow a 
better description of anions and for computational simplification. In 
the first place, geometries were optimized and vibrational frequencies 
determined with a basis set that includes diffuse functions, specifically 
6-31+G(d) in place of 6-31G(d) for first- and second-row atoms. In 
addition, the MP2/6-31+G(d) optimizations were carried out with the 
frozen-core approximation rather than with all electrons being included 
in the correlation treatment. Finally, harmonic vibrational frequencies 
were calculated at the HF/6-31+G(d) level rather than HF/6-31G(d). 
This level of theory is termed G2(+). 

For bromine-containing species, calculations were carried out both 
with the inclusion of all electrons (AE) and with the use of an effective 
core potential (ECP) for the core electrons. The all-electron calculations 
of the Br-containing species were performed at the G2(MP2)(+) level, 
analogous to G2(MP2).13 For iodine-containing species, only the ECP 
procedure, based on the quasirelativistic pseudopotentials developed 
by Hay and Wadt,14 was used (G2(+)-ECP). Geometry optimizations 
were carried out and harmonic frequencies determined using the SV4P 
basis set, as described previously,16 for the AE calculations on Br-
containing molecules, and with [21/21] valence basis sets14 supple­
mented by diffuse functions for the ECP calculations for Br- and 
I-containing molecules. The diffuse function exponents were found 
from QCISD(T) calculations on the Br" and T anions with [111/111] 
valence basis sets, giving values of Ct5(Br) = 0.0640, ap(Br) = 0.0402, 
(X8(I) = 0.0569, and ap(I) = 0.0330. As noted above, the 6-31+G(d) 
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basis set was used for hydrogen and first- and second-row atoms in 
geometry and frequency calculations and we refer loosely to such 
calculations overall (i.e. including Br and I) as MP2/6-31+G(d) or HF/ 
6-31+G(d). The single-point ECP energy calculations for bromine and 
iodine utilized the uncontracted [111/111] valence basis sets14 aug­
mented by d and f polarization functions as well as by s and p diffuse 
functions. The d and f exponents were optimized for HBr and HI at 
the QCISD(T) level, giving values of Oa(Br) = 0.427, Ot1(Br) = 0.574, 
Od(I) = 0.292, and Of(I) = 0.441. The splitting factors for the multiple 
sets of d functions required for the (3df,2p) part of the basis set were 
taken to be the same as for first- and second-row atoms. The diffuse 
exponents were given the values noted above. We refer loosely to the 
ultimate basis set used in our G2(+) calculations as 6-311+G(3df,2p). 
Full details will be presented elsewhere.17 Note that we have 
recommended1718 alternative ECP basis sets for bromine and iodine 
for use in standard G2-ECP calculations. 

An alternative modified version of G2 theory (G2+), designed 
particularly for anion calculations, has recently been successfully 
employed by Gronert" in a study of proton-transfer reactions involving 
anionic species, yielding proton affinities very close to experimental 
values. In a few test cases, our G2(+) procedure was found to lead to 
almost the same calculated relative energies as those obtained at the 
G2-I- level (see Table 4 below). We have used G2(+) in the present 
study because it is computationally less demanding. 

In order to obtain energies for the various species involved in reaction 
1 at 298 K, vibrational contributions to thermal corrections9,20 were 
calculated using the harmonic frequencies computed at HF/6-31+G-
(d) and scaled by 0.8929.10 

Charge distributions were obtained from the wave functions calcu­
lated at the MP2/6-311+G(3df,2p) level on MP2/6-31+G(d) geom­
etries, employing natural population analysis (NPA).21 NPA charges 
in organic molecules have been shown to be satisfactory for the 
correlation of charges with changes in molecular structure.22 

Calculated total energies at 0 and 298 K are presented in Table 1. 
Unless otherwise stated, we have used the results of G2(+)-AE 
calculations for F- and Cl-containing molecules and G2(+)-ECP 
calculations for Br- and I-containing molecules in our analysis and have 
given energy data at 298 K. Throughout this paper, relative energies 
are presented as enthalpy changes (AH) at 0 and/or 298 K, with bond 
lengths in angstroms and bond angles in degrees. 

Results and Discussion 

It is now accepted2-5,24 that the energy profile for reaction 1 
may be represented, as proposed by Brauman,23 by a double-
well potential curve (Figure 1). Thus the reaction involves the 
initial formation of a reactant ion—molecule complex, 1, with 
a complexation energy, A7¥COmp, relative to separated reactants. 
This complex must then overcome an activation barrier that we 
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Table 1. Calculated G2(+) Total Energies (hartrees) for Species 
Involved in the Identity Reaction of X" with CHsX" 

species OK 298 K 

F-
CH3F 
F-- • -CH3F (la) 
FCH3F" (2a) 

Cl" 
CH3Cl 
Cl"-•-CH3Cl (lb) 
ClCh3Cl" (2b) 

B r 
CH3Br 
Br- • -CH3Br (Ic) 
BrCH3Br" (2c) 

r 
CH3I 
I----CH3I (Id) 
ICH3I- (2d) 

-99.760 69* 
-139.554 12* 
-239.336 33* 
-239.317 86* 

-459.808 99 
-499.553 85 
-959.379 58 
-959.358 45 

-13.229 29^ 
-52.961 93^ 
-66.206 86^ 
-66.189 02^ 

-11.446 98 
-51.172 82 
-62.633 52 
-62.617 31 

-99.758 33 
-139.550 25 
-239.330 33 
-239.312 79 

-459.806 63 
-499.549 87 
-959.373 13 
-959.352 75 

-13.226 93 
-52.957 86 
-66.200 22 
-66.183 07 

-11.444 62 
-51.168 68 
-62.626 73 
-62.61120 

" Values listed are all-electron (AE) G2(+) energies for F- and Cl-
containing species and effective-core-potential (ECP) G2(+) energies 
for Br- and I-containing species. * G2+ energies are -99.755 91 (F-), 
-139.553 64 (CH3F), -239.332 08 (F----CH3F, la) and -239.312 34 
(FCH3F-, 2a) hartrees. c G2(+)(MP2)-AE energies are - 2 572.648 49 
(Br), - 2 612.381 34 (CH3Br), - 5 185.043 17 (Br- • -CH3Br, Ic), and 
- 5 185.025 07 (BrCH3Br", 2c) hartrees. d G2(+)(MP2)-ECP energies 
are -13.218 47 (Br), -52.952 40 (CH3Br), -66.186 48 (Br-•-CH3Br, 
Ic), and -66.168 02 (BrCH3Br, 2c) hartrees. 

i 
H H 

~ | -

H 

H1 AH* 

AH01 

AH* 

\ 

H-I 
.c—x X - C , 

r-H 

Figure 1. Schematic energy profile for the X + CH3X identity 
exchange reaction (X = F to I). 

term the central barrier, A//*cent, to reach the transition structure, 
2, which then breaks down into the product ion—molecule 
complex, 1'. Finally, the product ion—molecule complex 
dissociates into separated products. The overall activation 
barrier relative to separated reactants (rather than to the complex) 
is denoted Afl*ovr. For the set of identity reactions described 
here, reactants and products are of course identical, as are the 
reactant ion—molecule and product ion—molecule complexes. 

• * - • f 
l(C3v) 2 (D 3 h ) 

(a: X » F, b: X - Cl, c: X - Br, d: X * I ) 

Table 2. Calculated and Experimental Geometries of CH3X 
(X = F, Cl, Br, and I) 

species level" KC-X) r(C-H) ZXCH 

CH3F 

CH3Cl 

CH3Br 

CH3I 

MP2/6-31G(d) 
MP2/6-31+G(d) 
MP2/6-31++G(d,p)c 

expt'' 

MP2/6-31G(d) 
MP2/6-31+G(d) 
expt5 

MP2/6-31G(d)-AE 
MP2/6-31+G(d)-AE 
MP2/6-31+G(d)-ECP 
expt* 

MP2/6-31+G(d)-ECP 
expt* 

1.392* 
1.407 
1.405 
1.383 

1.779* 
1.780 
1.776 

1.951/ 
1.949 
1.954 
1.934 

2.140 
2.132 

1.092* 
1.090 
1.087 
1.086 

1.088* 
1.089 
1.085 

1.087̂  
1.088 
1.088 
1.082 

1.088 
1.085 

109.1* 
108.0 
108.2 
108.8 

108.9* 
108.9 
108.6 

107.8/ 
107.9 
108.0 
107.7 

108.0 
108.6 

" Bond lengths in A. See text for details of the Br and I basis sets. 
'From ref 12 m. Frozen-core approximation used. cLevel used for 
G2+ theory." d From ref 25. ' From ref 26. /Frozen-core approximation 
used. * From ref 27. * From ref 28. 

Table 3. NPA charge Distributions for CH3X 
(X = F, Cl, Br, and I)0 

species 

CH3F 
CH3Cl 
CH3Br 

CH3I 

AE 
ECP 
ECP 

q(X) 

-0.400 
-0.063 
-0.004 

0.016 
0.121 

<?(Q 

0.050 
-0.531 
-0.614 
-0.638 
-0.757 

9(H) 

0.150 
0.198 
0.206 
0.207 
0.212 

' Calculated at the MP2/6-311+G(3df,2p) level. 
of the Br and I basis sets. 

See text for details 

A. CH3X Structures (X = F, Cl, Br, and I). Calculated 
CH3X geometries are shown in Table 2 and are in reasonable 
agreement with experiment.25-27 The theoretical C - X bond 
lengths differ from the experimental values by up to 0.024 A 
(for CH3F) while the largest deviation for the C - H bond lengths 
is 0.006 A (for CH3Br). The calculated ZXCH angles differ 
from experimental values by up to 0.6°. We note that MP2 
calculations with larger basis sets (e.g. 6-311+G(2df,p)) give 
quite precise agreement with experimental geometries for CH3X 
systems.12"1 

Calculated charge distributions in the CH3X molecules are 
presented in Table 3. These data show that the fluorine atom 
in CH3F bears considerable negative charge, in contrast to the 
situation for the other CH3X molecules where chlorine and 
bromine have almost zero charge while iodine actually has a 
positive charge. 

B. Ion-Molecule Complexes. There are various conceiv­
able geometries for these complexes. For example, the halide 
ion can coordinate with the carbon and three hydrogens (1), 
with two hydrogens (3), with just one hydrogen (4), or with 
the halogen atom of the CH3X molecule (5). 

V 
3(Cs) 

H t» 
4(C) S(C3V) 

(25) Egawa, T.; Yamamoto, S.; Nakata, M.; Kuchitsu, K. J. MoI. Struct. 
1987, 156, 213. 

(26) Jensen, T.; Brodersen, S.; Guelachvili, G. J. MoI. Spectrosc. 1981, 
88, 378. 

(27) Graner, G. J. MoI. Spectrosc. 1981, 90, 394. 
(28) Harmony, M. D.; Laurie, V. W.; Kuczkowski, R. L.; Ramsay, D. 

A.; Lovas, F. J.; Lafferty, W. J.; Maki, A. G. J. Phys. Chem. Ref. Data 
1979, 8, 619. 
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Table 4. Complexation Energies (A//comp) of the Ion-Molecule 
Complexes, Overall Barrier Heights Relative to Reactants (AW*0vr), 
and Central Barriers (AH*ctB1) of Reaction 1, Calculated with 
Various Modifications of G2 Theory (kj mol"1)0 
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60n 

X 

F 

Cl 

Br 

I 

level 

G2(+) 
G2+ 
G2(MP2)(+) 
G2(+) 
Exptl 

G2(MP2)(+)-
G2(MP2)(+)-
G2(+)-ECP 
Exptl 
G2(+)-ECP 
Exptl 

-AE 
-ECP 

^ " c o m p 

56.5(57.1) 
59.1 
44.3 
44.0 (43.7) 
51.0 ±8.4* 
36.0 ± 0.8<* 
35.0 
41.0 
41.1 (40.5) 
38.5 ± 2 . 1 d 

36.0(35.3) 
37.7 ± 0.Sd 

36.7 ± 1.9*' 

AiT0Vr 

-8.0(-11.0) 
-7.3 
10.3 
11.5(9.8) 
4.2 ± 4.2C 

10.5e 

12.5 
7.5 
5.8 (4.5) 
5.4̂  
6.5 (5.5) 

Anient 

48.5(46.1) 
51.8 
54.6 
55.5 (53.5) 
55.2 ± 8.4C 

47.5 
48.5 
46.9 (45.0) 
46.9« 
42.5 (40.8) 

> 

er
g

 

E 
Ul 

01
) 

M 

le
xa

t 
(k

J 

I J 

" Calculated energies at 0 K are listed, with 298 K values given in 
parentheses. * From ref 34. c From ref 33. dFrom ref 35 . ' From ref 
3k. The overall barrier determined from modeling the bimolecular 
kinetics with statistical phase space theory is 11.6 ± 1.0 kj mol"1 at 0 
K, see ref 3r. ̂  From ref 3i. «From ref 23b,c. ''From ref 3m. 'A 
correction for the binding energy of neutral I- • -CH3I at the I-* • -CH3I 
geometry leads to a complexation energy of 33.1 kJ mol-1: see ref 4r. 

Previous studies29-31 suggest 3 and 4 to be higher in energy 
than 1. Complex 5 might correspond to the intermediate for 
the so-called X-philic reaction which results in nucleophilic 
attack at halogen.32 Such a mechanism has been suggested33 

for the chloride exchange in the CH3CI + C l - system at energies 
higher than 0.5 eV. For X = I, our calculations indicate that 
while 5 is a minimum, it is 16.6 kJ mol - 1 higher in energy 
than 1 at the G2(+) level, consistent with the computational 
results of Hu and Truhlar.4r Since the positive charge on I in 
CH3I (Table 3) is most likely to contribute to some stabilization 
of complex 5 compared with 1, it would seem likely that for 
the other halogens (which bear a negative charge on X) 5 is 
also higher in energy than 1. Accordingly, complex 1 is 
presumed to be the most stable structure for the intermediate 
ion—molecule complex for all four halogens, and we have only 
examined this structure in the present work. 

1. Complexation Energies. G2(+) complexation energies 
(Aifcomp, see Figure 1) are compared with available experimental 
data in Table 4. Our theoretical results are in satisfactory 
agreement with experiment. For example, the calculated 
complexation energy of Cl"' • "CH3Cl at 298 K (43.7 kJ mol -1) 
lies between the most recent experimental value34 of 51.0 ± 
8.4 kJ mol - 1 and an earlier HPMS value35 of 36.0 ± 0.8 kJ 
mol -1 . The G2(+) complexation energy of Br -- • "CH3Br (40.5 
kJ mol - 1 at 298 K) is in good agreement with the HPMS 
experimental value353 of 38.5 ± 2.1 kJ mol - 1 . The G2(MP2)-
( + ) - A E value is 34.5 kJ mol -1 . Finally, the G2(+) complex­
ation energy of I"- • -CH3I (35.3 kJ mol"1 at 298 K) is close to 
the experimental HPMS value35a of 37.7 ± 0.8 kJ mol"1, as 
well as the value3"1 derived from the photoelectron spectrum 
(36.7 ± 1.9 kJ mol - 1 at 0 K). However, whereas the early 

(29) Schlegel, H. B.; Mislow, K.; Bemardi, F.; Bottom, A. Theor. Chim. 
Acta 1977, 44, 245. 

(30) Mitchell, D. J. Ph.D. Thesis, Queen's University, Kingston, Canada, 
1981. 

(31) Cremer, D.; Kraka, E. J. Phys. Chem. 1986, 90, 33. 
(32) Zefirov, N. S.; Makhon'kov, D. I. Chem. Rev. 1982, 82, 615. 
(33) Barlow, S. E.; Van Doren, J. M.; Bierbaum, V. M. J. Am. Chem. 

Soc. 1988, 110, 7240. 
(34) (a) Larson, J. W.; McMahon, T. B. J. Am. Chem. Soc. 1984, 106, 

517. (b) Larson, J. W.; McMahon, T. B. J. Am. Chem. Soc. 1985, 107, 
766. 

(35) (a) Dougherty, R. C; Roberts, J. D. Org. Mass Spectrom. 1974, 8, 
81. (b) Dougherty, R. C; Dalton, J.; Roberts, J. D. Org. Mass Spectrom. 
1974, 8, 77. 

Mulliken Electronegativity 

Figure 2. Plot of the G2(+) complexation energies (A//comp, 298 K) 
of the ion—molecule complexes (1) vs Mulliken electronegativities (in 
Pauling units, taken from ref 36b) of the halogen atom. 

Table 5. NPA Charge Distributions for the X- • -CH3X 
Ion-Molecule Complexes (1, X = F, Cl, Br, and I)" 

species 

l a (X = F) 
l b (X = Cl) 
Ic (X = Br) 

Id (X = I) 

AE 
ECP 
ECP 

?(Xa)* 

-0.973 
-0.981 
-0.973 
-0.974 
-0.973 

9(Xb)* 

-0.467 
-0.150 
-0.112 
-0.088 

0.009 

<?(Q 

-0.052 
-0.505 
-0.565 
-0.595 
-0.708 

<?(H) 

0.164 
0.212 
0.217 
0.219 
0.224 

" Calculated at the MP2/6-311+G(3df,2p) level. See text for details 
of the Br and I basis sets. * q(Xa) is the charge on the incoming halide 
anion while q(Xb) is the charge on the halogen atom in the CH3X 
moiety. 

HPMS experiments indicated that the complexation energies 
for 1 with X = Cl, Br, and I are scattered within a narrow range 
of just 2.5 kJ mol" 1 , our calculations predict a monotonic 
decrease through this sequence totalling 8.4 kJ mol" 1 . 

In general, our calculated complexation energies are close to 
results obtained from previous high-level calculations. Thus, 
CISD/DZDP calculations of Vetter and Zulicke7 gave 54.8 (X 
= F), 36.8 (X = Cl), and 35.1 (X = Br) kJ mol" 1 while MP2/ 
TZ3P+R+(2 f ,d ) calculations of Allen, Brauman, et al.3s led to 
an extrapolated MP<*> value of 44.4 kJ mol" 1 for X = Cl. Hu 
and Truhlar4r find a large basis set counterpoise-corrected MP2 
value of 32.2 kJ mol" 1 for X = I. W e estimated the basis set 
superposition error (BSSE) in our calculations by computing 
counterpoise corrections to the G 2 ( + ) complexation energy of 
1 with X = Cl. The calculated BSSE is found to be just 3.8 kJ 
mol" 1 . 

For X = Cl, Br, and I, the complexation energies at 298 K 
are slightly smaller than those at 0 K. However, the complex­
ation energy of F"- • -CH 3 F is 0.6 kJ mol" 1 greater at 298 K 
than at 0 K (Table 4). 

Our G 2 ( + ) complexation energies for X"- • -CH3X (X = F, 
Cl, Br, and I) are found to decrease in the order F > Cl > Br 
> I and show a very good linear correlation with electronega­
tivity using the Mulliken (R2 = 0.998), Pauling (R2 = 1.000), 
or Allred-Rochow (R2 = 0.991) electronegativity scales for 
halogen.3 6 The correlation with the Mulliken scale is shown 
in Figure 2. The calculated charges (Table 5) suggest that 
charge transfer in the X"- • -CH3X complexes is very small and 

(36) For a discussion of the current status of the electronegativity concept 
in chemistry and for leading references, see: (a) Allen, L. C. Int. J. Quantum 
Chem. 1994, 49, 253. (b) Allen, L. C. J. Am. Chem. Soc. 1989, 111, 9003. 
(c) Bratsch, S. G. J. Chem. Educ. 1988, 65, 34. (d) Meek, T. L. J. Chem. 
Educ. 1993, 70, 799. 
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Table 6. Geometries of Ion—Molecule Complexes X 
(1, X = F, Cl, Br, and I) 

--CH3X Table 7. Geometries of the XCH3X" 
(2, X = F, Cl, Br, and I)" 

Transition Structures 

species level" KX---C)* KC-X)* r(C-H) ZHCX6 

Ia(X = F) MP2/6-31+G(d) 2.628 1.456 1.084 107.7 
MP2/6-31++G(d,p) 2.609 1.453 1.080 107.8 

Ib(X = Cl) MP2/6-31+G(d) 3.270 1.810 1.085 108.8 
Ic(X = Br) MP2/6-31+G(d)-AE 3.359 1.983 1.084 107.6 

MP2/6-31+G(d)-ECP 3.395 1.988 1.084 107.8 
Id(X = I) MP2/6-31+G(d)-ECP 3.639 2.170 1.085 107.7 

0 Bond lengths in A. See text for details of the Br and I basis sets. 
* KX- • -C) is the distance between the carbon and incoming halide anion 
while KC-X) and ZHCXb are the C-Xb bond length and the ZHCXb 
valence angle, respectively, in the CH3X moiety. 

that the binding of X - to CH3X is therefore primarily electro­
static (charge-dipole) in character.3S-34 

2. Geometries. Calculated geometries of complexes la—d 
are presented in Table 6. The geometries of the CH3X moieties 
in the X-- • -CHaX complexes differ only slightly from those in 
the unperturbed CH3X molecules (Table 2). The MP2(fc)/6-
31+G(d) geometries for X = F and Cl are close to those found 
at the MP2(full)/6-31+G(d) level.4"5-6 

Comparing theoretical and experimental assessments of the 
effect of complexation on geometry is of interest. According 
to a Franck—Condon analysis of the photoelectron spectrum of 
I"' • -CH3I (ld),3m the elongation of the C-I bond length in the 
complex is 0.068 ± 0.005 A, and the change in the length of 
the C-H bond (presumed to be a shortening3™) within the 
T- • -CH3I complex is 0.020 ± 0.005 A. The ZICH angle is 
estimated to decrease by 1.9°. Our calculations indicate an 
elongation of the C-I bond by 0.028 A, a shortening of the 
C-H bond by 0.002 A, and a decrease in the ZICH angle of 
0.3° (Tables 2 and 6). Our MP2 calculated values are in 
reasonable agreement with the results of recent higher level 
calculations,4r including all-electron MP2 calculations using an 
augmented polarized triple-^ quality basis set and QCISD(T) 
calculations with an augmented polarized double-^ quality basis 
set that show changes of +0.026 (MP2) and +0.040 A (QCISD-
(T)) for the C-I bond length, -0.003 A (both MP2 and QCISD-
(T)) for the C-H bond length, and +0.33° and -0.16° for the 
ZICH angle. An increase in the C-X length, a slight shortening 
of the C-H length, and a slight decrease in the ZXCH angle 
are characteristic features of our results for the other complexes 
(la—c) as well. The largest percentage C-X bond elongation 
associated with complex formation is for X = F (3.5%). This 
is consistent with F-- • -CH3F exhibiting the largest complexation 
energy (Table 4). The corresponding bond elongation for X = 
Cl and Br are only 1.7%. The I--•-CH3I complex which has 
the lowest complexation energy also exhibits the smallest C-X 
bond elongation (just 1.4%). We note that the changes in 
geometry on complexation calculated at the AE and ECP levels 
for X = Br are very similar. 

C. Transition Structures and Barrier Heights. We 
consider only transition structure 2, obtained from back-side 
attack in reaction 1, since front-side attack, involving the 
formation of a transition structure with four-electron three-center 
cyclic derealization,5 has been found to be associated with 
much higher barriers.2b'5,29,37 G2(+) values for the central 
barriers (A//*cent) and the overall barriers relative to separated 
reactants (A//*ovr) are included in Table 4. The geometries and 
charge distributions of the ZJ3̂  transition structures (2) are 
presented in Tables 7 and 8, respectively. 

1. Barriers. Calculated central barriers (Afl*Cent) are found 
to be surprisingly similar for the entire set of systems with X 
= F, Cl, Br, and I, ranging (at 298 K) from 40.8 kJ mor1 for 

(37) Ann, N. T.; Minot, C. J. Am. Chem. Soc. 1980, 102, 103. 

species level KX---C) KC-H) % C - X * " 

2a (X = F) MP2/6-31+G(d) 1.837 1.074 26.2 
MP2/6-31++G(d,p) 1.832 1.071 26.1 

2b (X = Cl) MP2/6-31+G(d) 2.317 1.073 28.0 
2c(X = Br) MP2/6-31+G(d)-AE 2.466 1.074 24.4 

MP2/6-31+G(d)-ECP 2.480 1.074 24.7 
2d (X = I) MP2/6-31+G(d)-ECP 2.673 1.075 23.2 

" Bond lengths in A. See text for details of the Br and I basis sets. 
' % C-X* is the MP2-calculated index of bond cleavage in transition 
structures 2 (see eq 2). 

Table 8. NPA Charge Distributions for the XCH3X" 
Structures (2, X = F, Cl, Br, and I)" 

Transition 

species 

2a (X = F) 
2b (X = Cl) 
2c (X = Br) 

2d (X = I) 

AE 
ECP 
ECP 

9(X) 

-0.716 
-0.628 
-0.597 
-0.594 
-0.549 

<?(C) 

-0.042 
-0.345 
-0.420 
-0.430 
-0.529 

<?(H) 

0.158 
0.200 
0.205 
0.206 
0.209 

9(CH3)" 

0.432 
0.254 
0.195 
0.188 
0.098 

"Calculated at the MP2/6-31+G(3df,2p) level. *The CH3 group 
charge provides an estimate of the extent of the contribution of the 
VB triple-ion X - R + X" configuration, see text. 

I up to 53.5 kJ mol~! for Cl. Interestingly, the barrier ordering 
(Cl > F > Br > I) does not follow periodic table ordering. 
Given the large differences in the bonding characteristics of the 
halogens (e.g., the C-X bond strengths in CH3X vary38 from 
about 230 to 465 kJ mol-1, see Table 11 below), the small 
reactivity range might appear surprising. We are inclined to 
attribute the similarity in the barriers to the fact that the SN2 
transition state involves both the making and the breaking of a 
bond to X (though this is not to say that all identity exchange 
reactions would exhibit similar barriers; for X = H, for example, 
the barrier is much higher). Thus, factors that would stabilize 
the transition state39 from the point of view of the nucleophile 
(e.g., strong nucleophile—carbon bond) will destabilize the 
transition state from the point of view of the leaving group. If 
there is such an interplay of effects, it is likely to make a simple 
rationalization of the small differences in calculated barriers 
more difficult. 

It would be of interest to compare our theoretical results with 
experimental data. Unfortunately, there is only a limited amount 
of direct experimental data available for the barriers to reaction 
1. If the barrier for an ion—molecule reaction is higher than 
ca. 9—10 kJ mol-1 relative to reactants, the reaction is too slow 
to be studied at room temperature using ICR spectrometry.311'0* 
Accordingly, thermoneutral identity SN2 reactions which have 
no thermodynamic driving force to lower the barrier height are 
generally very slow in the gas phase, and experimental data 
have only been obtained for reaction 1 when X = Cl. 
Measurement of the rate coefficients of this reaction at 
temperatures above 300 K and analysis using a simplified 
modification of RRKM theory has led33 to a A#*Cem value of 
55.2 ± 8.4 kJ mol-1, in good agreement with our G2(+) result 
of 53.5 kJ mol"1 at 298 K. 

Our G2(+) A#*ovr value (at 298 K) for X = Cl is 9.8 kJ 
mol"1. While Bierbaum et al.33 reported 4.2 ± 4.2 kJ mol-1 

(quoted as 1 ± 1 kcal mol-1) for this barrier, a more recent 
experimental estimate from Brauman's laboratory311 is 10.5 kJ 
mol-1. From a theoretical analysis based on semiclassical 
variational transition-state theory, Truhlar40 found that a A//*ovr 

value of 13.0 kJ mol-1 reproduces the experimental33 rate 

(38) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, 
R. D.; Mallard, W. G. J. Phys. Chem. Ref. Data 1988, 17, Suppl. 1. 

(39) Bach, R. D.; Wolber, G. J. J. Am. Chem. Soc. 1984, 106, 1401. 
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coefficient at 300 K. Our theoretical measure agrees quite well 
with these last two results.41 Also, our G2(+) AH*0vr value (at 
0 K) for X = Cl (11.5 kJ mol-1) is in good agreement with the 
barrier determined from modeling the bimolecular kinetics with 
statistical phase space theory (11.6 ± 1.0 kJ mor1 at 0 K).3r 

We have calculated the various G2(MP2)(+) energy quanti­
ties associated with reaction 1 for X = Br using both all-electron 
(AE) and effective-core-potential (ECP) calculations. As can 
be seen from Table 4, the results of G2(MP2)(+)-AE and G2-
(MP2)(+)-ECP calculations are reasonably close to one another. 
The Accent values differ by 1 kJ mol-1 while the Aff*0vr and 
A#comp values differ by 5—6 kJ mol-1. This provides a measure 
of confidence in the use of the G2(+)-ECP scheme for 
calculations of reaction 1 with X = Br as well as for X = I. 
Unless otherwise noted, we have used the G2(+)-ECP results 
as the basis for our analysis. However, it is not entirely clear 
that the G2(+)-ECP results are necessarily better than the G2-
(MP2)(+)-AE values. 

Direct experimental data for the activation barrier, Aff*cent, 
for reaction 1 when X = Br and I are not available. However, 
our G2(+) value of 45.0 kJ mol"1 (Table 4) for X = Br is in 
good agreement with an indirect experimental estimate by 
Brauman23b_d of 46.9 kJ mol-1 and is also close to the results 
of CISD calculations (45.6 kJ mol-1).7 

Our A//*ovr value of 4.5 kJ mor1 for X = Br is in good 
agreement with Brauman's experimental result of 5.4 kJ mol-1 

(estimated from the Cl" + CH3Cl and Cl- + CH3Br reactions).311 

On the basis of an indirect estimate of the efficiency of the Br-

+ CH3Br reaction, DePuy, Bierbaum, et al.3b have concluded 
that the efficiencies of reaction 1 with X = Cl and Br are similar, 
suggesting similar A//*ovr values. Our preferred calculated 
AflVr values for X = Cl (9.8 kJ mor1) and Br (G2(+)-ECP) 
(4.5 kJ mol-1) suggest a difference of ca. 5 kJ mol-1. We note, 
however, that at the G2(+)(MP2)-AE level, the predicted Afl*0vr 
values at 298 K are 8.6 (X = Cl) and 11.2 (X = Br) kJ mor1. 

The value of ArY*cent for reaction 1 with X = F has been the 
subject of some debate. By using kinetic and thermodynamic 
data for reaction 1 with X = Cl and for the cross-reaction of 
F - with CH3Cl, the AW*cent value for X = F was estimated by 
Brauman et al.23 to be 109.6 kJ mol-1. However, on the basis 
of the HO - + CH3F and CH3O- + CH3F cross-reactions, the 
barrier for the F - + CH3F reaction was concluded by DePuy, 
Bierbaum, et al.3b to be similar to that (55.2 kJ mol-1)33 for the 
Cl - + CH3Cl reaction. The reason for the different experi­
mental estimates remains unresolved at present.315 Our G2(+) 
values of A#*ce„, for X = F (46.1 kJ mol"1) and Cl (53.5 kJ 
mol-1) (Table 3) appear to support the view3b that these two 
barriers are similar in magnitude. 

The G2(+) AH*0\r value for reaction 1 with X = F is negative 
(—11.0 kJ mol-1 at 298 K) compared v/ilh positive values found 
for the other halogens. This constrasts with CISD results7 but 
is in agreement with both MP2/6-31+G(d) calculations46,6 and 
VB calculations.4k The AH*ovr value is found to be 20.8 kJ 
mol-1 lower for X = F than for X = Cl. A lower A//*0vr value 
for X = F than that for X = Cl was first pointed out by Keil 
and Ahlrichs42 although their CEPA values were all too high. 

(40) (a) Tucker, S. C; Truhlar, D. G. J. Am. Chem. Soc. 1990, 112, 
3338. (b) Tucker, S. C; Truhlar, D. G. J. Phys. Chem. 1989, 93, 8138. 

(41) It is worth noting that reaction rates are not just governed by the 
height of the energy barrier, since trajectory studies suggest that barrier 
recrossings may occur. This means that experimental barriers that are 
estimated using transition state theory, which do not take barrier recrossing 
into account, may be somewhat overestimated. For a recent discussion of 
nonstatistical central barrier recrossing in the system Cl - + CH3CI, see 
refs 4c,d. For a recent discussion of nonstatistical effects in non-identity 
SN2 methyl-transfer reactions, see ref 3r. 

(42) Keil, F.; Ahlrichs, R. J. Am. Chem. Soc. 1976, 98, 4787. 

Our result is in qualitative agreement with predictions based 
on empirical correlations.43 A possible explanation for the lower 
relative energy of the FCH3F

-" transition structure compared 
with the other transition structures may lie in the large 
contribution of the triple-ion VB configuration, F -CH3

+F - (see 
below). 

Our G2(+) data for A//*OVr do not support the view expressed 
recently that, for systems with higher-row halogens (X = Cl, 
Br), the correlation energy contribution to the barrier height is 
positive, i.e., the magnitude of the correlation energy is smaller 
in the transition region than in the reactants.7 We find that, for 
X = Cl, Br, and I, higher-level treatments of electron correlation 
lead to stabilization of the transition structures relative to the 
reactants compared with both the HF and MP2 data. 

Thermal corrections to 298 K lead to small lowerings of both 
the central barriers (AH*Cead and the overall barriers (A//*0Vr) 
(Table 4). 

2. Geometries. The C-H bond lengths in structures 2a—d 
are similar (Table 7). This confirms an earlier computational 
finding by Wolfe48 that these bond lengths do not depend 
strongly on X. The looseness (% C-X*) of transition structure 
2 has been defined as: 

% C-X* = 100(/ c_ x - ^comp
c_x)/dcomp

c_x (2) 

where d*c-x and ^^c-x are the C-X bond lengths in 
transition structure 2 and ion—molecule complex 1, respec-
tively.2a4e We find that % C-X* decreases in the order Cl > 
F > Br > I (Table 7). 

3. Charge Distributions. Charge distributions in 2 (Table 
8) suggest a contribution of the triple-ion valence bond (VB) 
configuration, X -R+X - , for all halogens, but it is particularly 
pronounced for X = F. This is in agreement with the recent 
discussion by Shaik et al.4k that emphasized the importance of 
the triple-ion configuration in the reaction F - + CH3F. The 
NPA halogen charges are found to be in reasonable agreement 
with Bader charges (AIM).41 For example, at the MP2 level, 
the NPA charge on F is -0.716 while the ATM charge is 
-0.762.41 It is reassuring that the AE and ECP charge 
distributions for X = Br are similar, thereby increasing our 
confidence in the reliability of the G2(+)-ECP scheme. 

The coefficient of the VB triple-ion configuration X -R+X -

in the transition state wave function can be estimated as 
IQ(CH3)I

1'2, where IQ(CH3)I is the absolute magnitude of the 
CH3 group charge.^ For X = F, this coefficient is 0.657 at 
the MP2 level. Using MP2 Bader charges gives a value of 
0.72441 As the halogen electronegativity decreases, the contri­
bution of the triple-ion configuration to the transition state wave 
function (given by the square of the coefficient and therefore 
equal to IQ(CH3)I) decreases from 0.432 for X = F to just 0.098 
for X = I at the MP2 level (Table 8). As mentioned above, it 
is possible that for X = F, it is the large contribution of the 
triple-ion configuration to the description of the transition state 
that is responsible for the relatively low energy of 2a and a 
resulting negative Afl*0Vr value. 

D. Correlations of Central Barrier Heights. 1. Correla­
tions of Central Barriers with Reactant Properties. There 
has been considerable discussion in the literature as to what 
factors might influence barrier heights in gas-phase SN2 
reactions,2a'23c'd'44 so we briefly consider our computational data 
in this context. 

(43) Tanaka, K.; Mackay, G. I.; Payzani, J. D.; Bohme, D. K. Can. J. 
Chem. 1976, 54, 1643. 

(44) Han, C-C; Dodd, J. A.; Brauman, J. I. J. Phys. Chem. 1986, 90, 
471. 
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Figure 3. Plot of the G2(+) central barriers (AH*, 
reaction 1 vs G2(+) methyl cation affinities of X 
G2(+) MCA(X -) values are given in Table 9. 

298 K) for 
(MCA(X-)). The 

Table 9. Calculated G2(+) and Experimental Methyl Cation 
Affinities (MCA, kJ mol -1) and Proton Affinities (PA, kJ mol -1) of 
Halide Anions (X") at 298 K" 

X 

F 
Cl 

Br 

I 

G2(+) MCA* 

OK 298 K 

1070.8 1076.8 
943.3 949.0 

ECP 911.2 916.7 

ECP 893.3 898.6 

exptl MCAC 

298 K 

1091 
948 

918 

890 

G2(+) PA" 

OK 298 K 

1546.8 1550.5 
1394.7 1398.4 

1351.2 1354.9 

1314.1 1317.8 

exptl PAC 

298 K 

1554 ± 1 
1395 ± 1 
1396 ± 9 
1354 
1349 ± 9 
1315 

" Enthalpies of the reactions CH3X — CH3
+ + X - (for MCA) and 

HX — H+ + X" (for PA). b For methyl cation: £(G2(+), 0 K) = 
-39.385 59 hartrees; £(G2(+), 298 K) = -39.381 79 hartrees. G2(+) 
energies of other species are given in Table 1. c Experimental data taken 
from ref 38. 

A linear correlation between the experimental central barriers, 
Afl*ce«, and the methyl cation affinities (MCAs) of X - has been 
previously noted,23cd44 although the authors indicated that it 
may be an artefact of the RRKM model and the Marcus analysis. 
Our G2 data do not show such a correlation (Figure 3; Tables 
4 and 9). Similarly, we find no linear correlation between 
Ar7*ovr values and the proton affinities (PAs) of X - (Figure 4). 

According to the curve-crossing model, the barrier to an SN2 
reaction is likely to be greatly influenced by the initial energy 
gap between reactant and product configurations, IE(X-) — EA-
(RX), where IE(X~) and EA(RX) are gas-phase ionization 
energies of X - and gas-phase vertical electron affinities of RX, 
respectively.23 This suggests that barrier heights could in some 
circumstances correlate with this parameter. Unfortunately, the 
available experimental45 and theoretical46 data on the vertical 
gas-phase electron affinity of the methyl halides vary widely, 
making the testing of this idea problematic. For this reason, 

(45) (a) Giordan, J. C; Moore, J. H.; Tossell, J. A. Ace. Chem. Res. 
1986, 19, 281. (b) Jordan, K. D.; Burrow, P. D. Chem. Rev. 1987, 87, 
557. (c) Benitez, A.; Moore, J. H.; Tossell, J. A. /. Chem. Phys. 1988, 88, 
6691. (d) Krzysztofowicz, A. M.; Szmytkowski, C. Chem. Phys. Lett. 1994, 
219, 86. 

(46) Calculations of negative electron affinities are complicated by 
obtaining solutions which correspond to the neutral molecule plus a free 
electron. For details, see: (a) Guerra, Chem. Phys. Lett. 1990, 167, 315. 
(b) Simons, J.; Jordan, K. D. Chem. Rev. 1987, 87, 535. (c) Bertran, J.; 
Gallardo, I.; Moreno, M.; Saveant, J.-M. / . Am. Chem. Soc. 1992, 114, 
9576. (d) Bertran, J.; Gallardo, L: Moreno, M.; Saveant, J.-M. J. Am. Chem. 
Soc. 1992, 114, 9576. (e) Heinrich, N.; Koch, W.; Frenking, G. Chem. 
Phys. Lett. 1986, 124, 20. 
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Figure 4. Plot of the G2(+) central barriers (Afl*ce„t! 

reaction 1 vs G2(+) proton affinities of X - (PA(X-)). 
PA(X -) values are included in Table 9. 
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Figure 5. Plot of the G2(+) central barriers (AH*csm, 0 K) for reaction 
1 vs G2(+) gas-phase ionization energies of X - (IE(X-)). The G2(+) 
values of IE(X -) (which is the same as EA(X)) are presented in Table 
10. 

Table 10. Calculated G2(+) and Experimental Gas-Phase 
Ionization Energies (IE(X-))0 

X = 

F 
Cl 
Br 
I 

ECP 
ECP 

G2(+) 

3.479 
3.602 
3.299 
2.976 

IE(X-) 

exptr4 

3.399 ± 0.003 
3.617 ±0.003 
3.365 ± 0.003 
3.059 

" All energies are given in eV. * Experimental data taken from ref 
38. 

we have not attempted to check for such a correlation. 
However, it is intriguing that a reasonable linear correlation is 
obtained between the activation barriers and IE(X-) values (R2 

= 0.857) (Figure 5, Table 10). It is not clear whether or not 
this correlation is a manifestation of the implied correlation with 
IE(X-) - EA(RX). 

It is of interest to examine whether there is a correlation 
between the central SN2 barriers, Ar7*Cent, and the Dc-x bond 
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Table 11. Calculated G2(+) and Experimental Dissociation 
Energies (£>c-x, 0 K) of the C-X Bond in CH3X (X = F-I) and 
G2(+) Values of the Binding Energies of the Transition Structures 
2 (Eb(TS), 0 K) and the Thermochemical Looseness Index (P)" 

60 

X = 

F 
Cl 
Br 
I 

ECP 
ECP 

Dc-
G2(+)* 

463.0 
347.3 
285.9 
237.0 

X 

exptlc 

465.4 
342.0 
289.9 
231.2 

Eb(TS)* 
G2(+) 

471.0 
335.7 
280.2 
230.5 

T* e 

G2(+) 

1.02 
0.97 
0.98 
0.97 

" All energies are given in kJ mol '. The 7* values are dimension-
less. * The G2(+) energy of CH3" at 0 K is -39.744 95 hartrees. The 
G2(+)-ECP energies of Br(2P) and 1(2P) (-13.108 07 and -11.337 60 
hartrees) were calculated with incorporation of spin—orbit corrections; 
see ref 17. c Calculated with the use of experimental AHf.o data taken 
from ref 38. A//f,0 for CH3F was calculated from the experimental 
A/ff,298 using theoretical enthalpy temperature corrections (see ref 12m). 
d Defined by eq 4. ' Defined by eq 3. 

«& 
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Figure 6. Plot of the G2(+) central barriers (Afl*cent, 0 K) for reaction 
1 vs G2(+) dissociation energies of the C-X bond in CH3X (Dc-x). 
Dc-x values (G2(+) and experimental, 0 K) are listed in Table 11. 

dissociation energies in CH3X (listed in Table 11). Inspection 
of Figure 6 indicates no such correlation. As discussed above, 
the similarity of the barrier heights for the different halogens, 
coupled with the observation that barrier heights do not correlate 
with either methyl cation affinity or the Dc-x bond dissociation 
energies, suggests that the bond strength factor (homolytic or 
heterolytic) largely cancels out due to the concurrent bond 
making and bond breaking that takes place in the transition state. 

2. Correlations of Central Barriers with Energetic and 
Geometrical Characteristics of the Transition Structures. 
It has been found previously2a'47-49 that the looseness of SN2 
transition structures with various nucleophiles, including the 
halide anions, X = F to I,48 correlates with the magnitude of 
the activation barrier. However, for halogens, this correlation 
was found4748 with MNDO data8 which are of questionable 
reliability.5 Also, the earlier correlations for non-halogens were 
obtained with Hartree—Fock (HF) data,2a49 a level of theory 
that is clearly unsatisfactory since it predicts a higher barrier 
for X = F than that for X = Cl. 

We find that at the G2(+) level of theory, there is a reasonable 
correlation between central barriers and the looseness of the 
MP2 transition structure geometries (Figure 7; R2 = 0.939). This 

(47) Shaik, S. S. Acta Chem. Scand. 1990, 44, 205. 
(48) (a) Shaik, S. S. hr. J. Chem. 1985, 26, 367. (b) Shaik, S. S. Can. 

J. Chem. 1986, 64, 96. 
(49) Shaik, S. S.; Schlegel, H. B.; Wolfe, S. J. Chem. Soc, Chem. 

Commun. 1988, 1322. 
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Figure 7. Plot of the G2(+) central barriers (AH*M„t, 0 K) for reaction 
1 vs the geometric looseness index of transition structures 2 (% C-X*) 
(see eq 2). The MP2/6-31+G(d) values of % C-X* are presented in 
Table 7. 
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Figure 8. Plot of (a) the geometric looseness index (% C-X*) and 
(b) the G2(+) central barriers (A//*Cent, 0 K) for reaction 1 vs the 
thermochemical looseness index (T*, see eq 3). The G2(+) values of 
7* are presented in Table 11. 

is true despite the inversion in the G2(+) barriers for X = F 
and Cl. The observed correlation reinforces the curve-crossing 
view that barrier formation in a chemical reaction stems from 



2032 J. Am. Chem. Soc, Vol. 117, No. 7, 1995 Glukhovtsev et al. 

BU-

C
e

n
tr

a
l 

B
a

rr
ie

r 
(k

J/
m

o
l)

 
£-

 
en

 
3 

O
 

Br 

• 

I 

• 

Cl 

• 

F 

• 

200 300 400 500 

Eb(TS) (kJ/mol) 

Figure 9. Plot of the G2(+) central barriers (AH*ctm, 0 K) for reaction 
1 vs G2(+) binding energies of the transition structures (£b(TS), 0 K) 
(see eq 4). The G2(+) values of £b(TS) are presented in Table 11. 

the distortions that are required to raise the energy of the reactant 
state in order to facilitate a crossover into the product state.2a 

Thermochemical looseness may be expressed50 through a 
thermochemical looseness index, 7*: 

f = Eb(TS)/£>c_x (3) 

where £b(TS) is the binding energy of the transition structure 
and Dc-x is the C-X bond dissociation energy in CH3X. The 
binding energy of the transition structure, £b(TS), is defined 
by2a 

£b(TS) = S[XCH3X-]* - Ti(X") - E(CH3*) - E(X~) (4) 

Shaik50 has found a correlation between the thermochemical 
index, 7*, and the geometric index, % C-X*, from HF 
computational data for the identity SN2 reaction. We have tested 
this correlation at the G2(+) level and find no correlation 
between 7* and % C-X* (Figure 8a), or between the 7* index 
and the central barriers, A#*cem (Figure 8b). It is intriguing 

that A//*cent correlates with % C-X* (Figure 7), a geometric 
parameter, but not with 7* or £b(TS) (Figure 9), both thermo­
dynamic parameters. 

Conclusions 
Application of G2(+) theory to the identity SN2 reactions of 

halide anions with methyl halides (X = F, Cl, Br, and I) leads 
to the following conclusions. 

(1) Central barrier heights (Ai/*cent) at 298 K for X = F to I 
are surprisingly similar in magnitude, spanning a range of just 
12.7 kJ mor1. The barrier heights decrease in the order Cl 
(53.5 kJ mor1) > F (46.1 kJ mor1) > Br (45.0 kJ mol"1) > 
I (40.8 kJ mol-1). The high level of electron correlation and 
large basis sets employed in G2(+) theory are found to be 
essential in obtaining reliable barrier heights. The similarity 
in the central barrier heights despite large differences in C-X 
bond strengths and methyl cation affinities of the halide ions 
may be attributed to the fact that the transition structures for 
these reactions involve simultaneous bond making and bond 
breaking. 

(2) Previously reported linear correlations of the central barrier 
(Afl*cem) with the methyl cation affinities of X - (MCA(X-)), 
proton affinities of X - (PA(X-)), and the binding energies of 
the transition structures, £b(TS), are not observed at the G2(+) 
level. However, a reasonable correlation between A/7*cent and 
IE(X-) values is found although the significance of this 
correlation is not clear. 

(3) Complexation energies (A#Comp) of the ion—molecule 
complexes X-* • "CH3X (1) at 298 K for X = F to I decrease in 
the order F (57.1 kJ mol-1) > Cl (43.7 kJ mol"1) > Br (40.5 
kJ mol-1) > I (35.3 kJ mol-1) and are in good agreement with 
experimental and earlier computational studies. Complexation 
energies are found to exhibit a good linear correlation with 
halogen electronegativity. 

(4) G2(+) central barriers, Afl*cent, exhibit a good linear 
correlation with geometrical looseness (% C-X*) of the 
transition structures but not with the thermochemical looseness 
parameter (T*). 
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