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The profound solvent effects on chemical reactions have been 
recognized for over a century and continue to attract both ex
perimental and theoretical attention.1 During the past 5 years, 
there has been a new surge of theoretical investigation of organic 
reactions in solution.2"7 This was led and pioneered by the first 
ab initio calculation of the reaction profile for an SN2 reaction 
involving chloride and methyl chloride in aqueous and DMF 
solution.2 The striking solvent effects were demonstrated by an 
increase of ca. 15 kcal/mol in activation energy over its intrinsic 
barrier.2,8 Further, for the symmetrical SN2 reaction of Cl" + 
CH3Cl, the position and structure of the transition state (TS) in 
solution were predicted to be invariant from those in the gas phase 
owing to the balanced solvation on both sides of the TS.2c 

However, switching to a system consisting of a neutral nucleophile 
and an anionic leaving group, where charge separation occurs 
during the reaction, should yield an uneven solvation effect ac
companying a reduction of the reaction barrier and an increase 
in exothermicity in aqueous solution.9 This could also lead to 
a TS shift according to the Hammond postulate.10 Consequently, 
we chose to determine the reaction profile for the SN2 Menshutkin 
reaction of H3N + CH3Cl in water. This, together with the 
chloride exchange reaction,2"8 provides a set of examples dem
onstrating the importance and influence of medium effects on SN2 
reactions.1,10 The expectations on the reaction surface were 
confirmed as presented here. 

As usual, the computation followed three major steps:2,3 (1) 
determination of gas-phase minimum energy path (MEP), (2) 
development of intermolecular potential functions for solute-
solvent interactions, and (3) condensed-phase simulations of the 
reaction using statistical perturbation theory (SPT)." The re
action coordinate (RC) was defined as RC = rccl - rCN - Rls, 
where Ra is the difference between C-Cl and C-N bond lengths 
at TS. The MEP was determined at the Hartree-Fock level with 
the 6-31+G(d) basis set,12,13 at fixed values of RC with C311 

(1) (a) Menshutkin, N. Z. Phys. Chem. 1890, 5, 589. (b) Ingold, C. K. 
Structure and Mechanism in Organic Chemistry, 2nd ed.; Cornell University 
Press: Ithaca, NY, 1969. (c) Abraham, M. H.; Greillier, P. L.; Abboud, J. 
M.; Doherty, R. M.; Taft, R. W. Can. J. Chem. 1988, 66, 2673. 

(2) (a) Chandrasekhar, J.; Smith, S. F.; Jorgensen, W. L. J. Am. Chem. 
Soc. 1984, 106, 6867; 1985,107,154. (b) Chandrasekhar, J.; Jorgensen, W. 
L. J. Am. Chem. Soc. 1985,107, 2974. (e) Jorgensen, W. L.; Buckner, J. K. 
J. Phys. Chem. 1986, 90, 4651. 

(3) Madura, J. D.; Jorgensen, W. L. / . Am. Chem. Soc. 1986,108, 2517. 
(4) (a) Chiles, R. A.; Rossky, P. J. J. Am. Chem. Soc. 1984, 106, 6867. 

(b) Huston, S. E.; Rossky, P. J.; Zichi, D. A. J. Am. Chem. Soc. 1989, / / / , 
5680. (c) Bash, P. A.; Field, M. J.; Karplus, M. J. Am. Chem. Soc. 1987, 
109,8092. (d) Hwang, J.; King, G.; Creighton, S.; Warshel, A. / . Am. Chem. 
Soc. 1988, 110, 5297. 

(5) (a) Bergsma, J. P.; Gertner, B. J.; Wilson, K. R.; Hynes, J. T. /. Chem. 
Phys. 1987, 86, 1356. (b) Gertner, B. J.; Wilson, K. R.; Zichi, D. A.; Lee, 
S.; Hynes, J. T. Discuss. Faraday Soc. 1988, 85, 297. (c) Gertner, B. J.; 
Wilson, K. R.; Hynes, J. T. J. Chem. Phys. 1989, 90, 3537. 

(6) Kozaki, T.; Morihashi, K.; Kikuchi, O. / . Am. Chem. Soc. 1989, / / / , 
1547. 

(7) (a) Tucker, S. C; Truhlar, D. G. J. Phys. Chem. 1989, 93, 8138. (b) 
Tucker, S. C; Truhlar, D. G. J. Am. Chem. Soc. 1990, 112, 3347. 

(8) Olmstead, W. N.; Brauman, J. I. / . Am. Chem. Soc. 1977, 99, 4219. 
(9) Sola, M.; Lledos, A.; Duran, M.; Bertran, J.; Abboud, J. M. J. Am. 

Chem. Soc. 1991, 113, 2873. 
(10) See, for example: (a) Issacs, N. S. Physical Organic Chemistry; John 

Wiley and Sons, Inc.: New York, 1987. (b) Connors, K. A. Chemical 
Kinetics: the Study oj'Reaction Rates in Solution; VCH: New York, 1990. 

(11) For recent reviews, see: (a) Jorgensen, W. L. Ace. Chem. Res. 1989, 
22, 184. (b) Beveridge, D. L.; DiCapua, F. M. Amu. Rev. Biophys. Chem. 
1989, /«,431. 

(12) Frisch, M. J.; Head-Gordon, M.; Trucks, G. W.; Foresman, J. B.; 
Schlegel, H. B.; Raghavachari, K.; Robb, M.; Binkley, J. S.; Gonzalez, C; 
Defrees, D. J.; Fox, D. J.: Whiteside, R. A.; Seeger, R.; Melius, C. F.; Baker, 
J.; Martin, R. L.; Kahn, L. R.; Stewart, J. J. P.; Topiol, S.; Pople, J. A. 
GAUSSIAN 90; Gaussian Inc.: Pittsburgh PA, 1990. 

H3N+ CH3Cl 

[H3N-CH3 

•^^ \ 

Solvation 
Free Energy 

^ ^ ~ 

..Cl]' ^ s ^ * ^ 
.^-""'^ Gas Phase 

Aqueous Solution 

+ H3NCH3 + Cr 

- 4 - 3 - 2 - 1 0 1 2 3 4 
Rc(A) 

Figure 1. Calculated free energy profile in the gas phase (dashed curve), 
solvation free energy (dotted curve), and the potential of mean force in 
aqueous solution (solid curve) for the Menshutkin reaction [H3N + 
CH3Cl] as a function of the reaction coordinate. 

symmetry. This was then followed by single-point energy com
putations at the MP4SDTQ/6-31+G(d) level for all structures 
considered. Finally, the gas-phase free energy profile (Figure 1) 
was constructed using standard procedures by including zero-point 
energy and entropic contributions obtained from the 6-31+G(d) 
vibrational frequencies.13"15 The calculated free energy of reaction 
(119 kcal/mol) was in excellent agreement with the experimental 
value (110 ± 5 kcal/mol).16 

To describe intermolecular interactions between the reactants 
and solvent, the familiar pair-wise Coulomb plus Lennard-Jones 
functions were used. The OPLS potential function and TIP4P 
model were adopted for water,17" Cl",17b,c, and CH3NH3

+,18 while 
potentials for CH3Cl and ammonia were derived.19 These pa
rameters were shown to yield excellent structural and energetic 
results as demonstrated by good agreements between the computed 
and experimental free energies of hydration and radial distribution 
functions.17"20 The critical step, however, is to provide a set of 
parameters for the reacting system along the entire RC. This was 
accomplished by consideration of 6-31+G(d) bimolecular com
plexes between H3NCH3Cl and H2O spanning the whole reaction 
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coordinate. The resultant parameters were fitted to a cubic spline 
function of RC3,21 and are provided as supplementary material. 

The potential of mean force (pmf) for the Menshutkin reaction 
in water was obtained through Monte Carlo statistical perturbation 
calculations." Precise evaluation of the free energy difference 
at different values of RC was achieved using AG(RC1) - AG(RC0) 
= -RT In <exp(-[//(RC,) - H(RC0)]/kT))m), where < ) m 
represents an ensemble average corresponding to the Hamiltonian 
W(RC0), while //(RC1) is the Hamiltonian for the perturbed 
system. The simulation was carried out by moving the RC forward 
and backward at intervals of ±0.1 A when |RC| < 1.0 A and of 
±0.15 A for other regions. Thus, a total of 30 simulations was 
executed to cover the whole reaction. All calculations were 
performed for the reactants plus 750 water molecules in a rec
tangular box at 25 0C and 1 atm using the NPT ensemble. As 
in previous studies, periodic boundary and preferential sampling 
techniques were employed to enhance the solute-solvent statistics.18 

An equilibration period of 1 X 10* configurations was followed 
by 1.5 X 106 configurations for averaging for each run. The 
standard deviations (±a) were computed from fluctuations of 
separate averages for blocks of 1 X 105 configurations. All 
computations were performed on a SUN SPARCstation 2 and 
a STARDENT 3030 computer in our laboratory; the Monte Carlo 
simulations required ca. 15 days. 

In Figure 1, the computed free energy profile, or pmf, for the 
Menshutkin reaction of H3N + CH3Cl in water was compared 
with that in the gas phase. The solution-phase curve was anchored 
to the computed total free energy of hydration of the reactant 
molecules.20 Therefore, Figure 1 represents an absolute free energy 
scale. Clearly, solvation leads to a tremendous stabilization of 
the products and a large decrease of barrier height. The most 
striking finding in the present study is that there is a shift of 0.4 
A on the transition state toward the reactants, in accord with 
empirical expectations.9,10 It should be noted, however, that the 
observed TS shift is entirely due to the solvent effects since solute 
geometries were kept fixed during the Monte Carlo simulations. 
Inclusion of internal degrees of freedom may result in additional 
changes of the TS in solution. The charge separation at the TS 
was ca. 70% as predicted from Mulliken population analysis using 
various basis sets, which is consistent with previous estimates.22 

The computed free energy of reaction in water, -37 ± 2 kcal/mol 
from the pmf or -32 ± 2 kcal/mol from the hydration free en
ergies,20 may be compared with the experimental data (-34 ± 10 
kcal/mol).23 This represents a decrease of ca. 155 kcal/mol due 
to solvation. The agreement emphasizes the validity of the po
tential functions used in the present study and supports the 
computational procedure. 

The computed activation free energy of 25.6 ± 1 kcal/mol is 
a reduction of 21 kcal/mol relative to the gas-phase process. 
Experimental data do not appear to be available for this particular 
reaction; however, comparison can be made to an activation energy 
of 23.5 kcal/mol for the reaction of H3N + CH3I in water.24 

Interestingly, a unimodal reaction profile in water was also ob
tained for the Menshutkin reaction, a result similar to that found 
in the previous chloride exchange reaction.2^25 Further analysis 
of the present Menshutkin reaction in water will be presented 
later.26 
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Supplementary Material Available: Details of the potential 
function and geometrical parameters along with the Fortran 
subroutines for the cubic spline fitting (8 pages). Ordering in
formation is given on any current masthead page. 
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In a recent communication, Sakurai et al.1 reported a deter
mination of the crystal structure of bis[(tetrahydrofuran)lithi-
um(I)] hexakis(trimethylsilyl)benzenide (1). They found the 
six-membered ring to be significantly folded, forming a boat, with 
the lithium cations located on the same side of the ring (syn-facial) 
in surprisingly short distance from one other (2.722 A). Because 
of the serious steric hindrance expected in 1, a question arises as 
to whether the crystal structure data may serve as an appropriate 
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1 

model for dilithiobenzenide itself. The latter compound is of great 
theoretical interest, although not observed experimentally. Herein 
we report the results of the first ab initio calculations on mo-
nomeric, unsolvated dilithiobenzenide that resolve the above 
question. 

Preliminary MNDO2 calculations provided two minima, 2 and 
3: one with syn- and the other with an anti-facial arrangement 
of the lithium cations. MNDO predicts 3 to be more stable by 

2 (C2v) 2 (rear view) 

3 (C2Ji) 

6.6 kcal/mol. Ab initio3 optimization of the M N D O structures 
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