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In recent years, ab initio calculations have emerged 
as a powerful tool for investigating organic reaction 
mechanisms, and they are ideally suited for studying the 
complicated potential energy surfaces found in E2 elimi- 
nati0ns.l For the sake of simplicity, some workers have 
used the reactions of F- with alkyl fluorides as models;1d,e,2 
however, these systems suffer from two major compli- 
cations: (1) the elimination is endothermic unless a 
leaving group complex is f ~ r m e d , ~  and (2) it is difficult 
to characterize the high charge density of the fluoride 
ion. In a recent paper, Bickelhaupt et al. (BBNZ) have 
used a density functional theory (DFT) approach to study 
the reaction of F- with ethyl fluoride (F- + CH~CHZF), 
and on the basis of their results, they have questioned 
the ability of conventional ab initio calculations to 
characterize the potential energy surface (PES).2 If true, 
this assertion would have broad implications in modern 
computational chemistry. In the present paper, we 
report high-level ab initio and DFT calculations on the 
F- + CH~CHZF system which resolve this conflict but 
raise serious concerns about the latter method's ability 
to adequately describe species with diffuse electron 
distributions, e.g., transition structures (TS). 

With its combination of large basis sets (up to 6-311fG- 
[3df,2p]) and extensive correlation corrections (up to 
QCISD(T)), the G2+ method is well suited for accurately 
characterizing reaction  pathway^.^ Application of the 
G2+ approach to the reaction of F- with CH~CHZF leads 
to the reaction profile shown in Figure l.5~6 It can be seen 
that the G2+ structures (MP2/6-31+G(d,p) optimizations) 
are in sharp contrast to those found by Bickelhaupt et 
al. (Xa/DZP optimizations).2 In the ion-dipole complex, 
we find a long F-H distance (-2 A) and only a slight 
elongation of the Cp-H bond (< 1%) whereas the DFT 
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approach predicts that the H-F bond (1.2 A) is nearly 
formed and that there is a 25% elongation of the Cp-H 
bond. In the E2(anti) transition state, BBNZ found a 
long Cp-H distance and an interaction between the HF 
fragment and the a-carbon; however, no such interaction 
was found in the G2+ study. Surprisingly, the geometric 
differences in the E2(syn) transition state are more 
modest. In terms of energies, the DFT method under- 
estimates the stability of the complex by 5.9 kcallmol 
relative to the G2+ value. More importantly, it under- 
estimates the E2 barriers (with respect to the reactants) 
by 6.3 (anti) and 4.7 (syn) kcdmol. In fact, BBNZ predict 
that relative to the complex, there is almost no barrier 
(1.2 kcallmoll to the E2(anti) reaction. 

The differences between the G2+ and DFT results can 
easily be explained. In their optimizations, BBNZ grossly 
underestimated the stability of fluoride because they used 
a very modest level of theory (XaY and did not include 
functions to describe the diffuse character of F-. Clear 
evidence of this inadequacy is found in the fact that the 
Xa/DZP calculations overestimate the stability of FHF- 
(relative to HF + F-) by -36 kcallmol and predict that 
the ion-dipole complex is 44 kcallmol more stable than 
the reactants-an unrealistically large complexation en- 
ergy.s At their level of theory, F- appears to be excep- 
tionally basic (PA = -419 kcallm01)~ and therefore forms 
a complex where the B-proton is almost equally shared 
by carbon and fluorine. This effect also leads to a very 
late transition state for the E2(anti) elimination and 
hence the unconventional geometry-the elimination is 
already complete at the transition state. Because BBNZ 
used these poorly optimized geometries for their higher- 
level calculations, significant errors resulted. In going 
from Xa/DZP to their highest level (LDALNLQ'ZPP), the 
relative energies of the complex and E2(anti) and E2- 
(syn) transition states vary by 33, 11, and 29 kcallmol, 
respectively. These large changes suggest that the 
optimization level provides a poor description of the 
system. In contrast, the G2+ energies vary by 2.3, 1.8, 
and 2.1 kcdmol, respectively, from the optimization level 
(MP2/6-31+G(d,p)). When single-point energies differ 
significantly from those found at the optimization level, 
one must question the validity of the optimizedgeometries. 
We do not question the DFT approach, but are the 
current methods capable of describing base-induced 
eliminations? 

In order to address the above question, a series of DFT 
calculations were carried out in which the basis set and 
density functional were varied with a basis set (6-31G- 
(d,p))l0 comparable to the one employed by Bickelhaupt 
et al., the Xa,7 Becke88,ll and Becke88-VWN(V)12 func- 
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Figure 1. Reaction profile for F + ethyl fluoride at the G2+ and Becke88-VWN(V) levels. X(a) results from BBNZ; see ref 2. 
Values in square brackets correspond to the BeckeBB-VWN(V) results. 

tionals were used to calculate the proton affinity (PA) of 
F- (421.5, 426.8, and 426.6 kcal/mol, respectively) and 
the hydrogen-bond strength of FHF- (77.9,64.8, and 65.3 
kcaumol, respectively).13J4 Addition of diffuse functions 
to the basis set, Le., 6-31+G(d,p), leads to substantially 
improved values for the PA(F-)(364.1, 366.4, and 372.4 
kcal/mol) and the FHF- binding energy (55.2,40.7, and 
43.5 kcal/mol) using Xa, Becke88, and Becke88-VWN- 
(V), respectively. From this data it is apparent that 
diffuse functions (at least upon heavy atoms) are es- 
sential and a nonlocal correction to the exchange func- 
tional is needed. 

On the basis of this conclusion, the reaction of F- + 
CH~CHZF was reinvestigated at the Becke€B-VWN(V)/ 
aug-cc-pVDZ level of theory.15 The optimized structures 
are given in Figure 1 and are similar to the MP2/6-31+G- 
(d,p) ab initio results. The only appreciable differences 
are that the current-DFT elimination transition struc- 
tures come a little earlier than the G2+ ones. Energeti- 
cally, the two methods give the same ordering: E2(anti) 
< S N ~  E2(syn) but the DFT activation energies are 
shifted 0.3 (E2(syn)) to 1.4 (SN2) kcal/mol below the G2+ 
results. The energy differences between the TS's, how- 
ever, are all reproduced to within <1 kcal/mol. 

The basis set which was used to draw conclusions 
about several different functionals and the need for 
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diffuse functions is not the same one that was employed 
for the F- + CH~CHZF system. This is because we were 
unable to locate an E2(anti) TS using a split-valence basis 
set (6-31G(d,p) and 6-31+G(d,p)) despite numerous at- 
tempts. Moreover, a map of the PES obtained by f ~ n g  
the Cp-H bond distance and optimizing the rest of the 
structure shows no indication of an energy maximum 
(i.e., saddle point). Only when a more complete basis set 
with diffise functions (aug-cc-pVDZ) was employed could 
a TS be located, and it is a loose transition state with a 
small imaginary frequency (i = 74 cm-l). This basis set 
sensitivity is troubling despite the fact that DFT is 
capable of reproducing results from high-level ab initio 
calculations and calls into question the former method's 
ability to elucidate complex reaction pathways. 

In summary, sN2 substitution or E2(anti) elimination 
are viable pathways but the latter should dominate 
because the barrier is smaller and the pathway is less 
entropically demanding. This is consistent with the 
experimental results of Ridge and Beauchamp on the F- + CH3CHzF system.16 
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