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The facile conversion of allylic sulfoxides to sulfenates, 
characterized by Mislow et aV as a [2,3]-sigmatropic rear­
rangement, was developed by Evans and co-workers2 into a 
valuable method for the synthesis of allylic alcohols.3 The 

forward reaction is notably decelerated in polar solvents, e.g., 
by factors of 29 and 332 at 60.7 0C (AAG* = 2.2 and 3.9 kcal/ 
mol) in going from methylcyclohexane to ethanol and to 2,2,3,3-
tetrafluoro-1-propanol for allylp-tolyl sulfoxide (ATS).la Coupled 
with the insensitivity of the reverse reaction rate to solvation, 
this was taken to indicate that (1) the transition state resembles 
the sulfenate and (2) the rate changes for the forward reaction 
reflect more favorable solvation of the more polar sulfoxide in 
more polar solvents.' Though a linear correlation was obtained 
between log k\ for ATS and the solvent polarity index ET,1 the 
rate effects could be expected to be even larger since in 
hydrogen-bonding solvents much weaker hydrogen bonding to 
a sulfenate, and presumably the transition state, than a sulfoxide 
is anticipated. For example, with ab initio 6-3IG* optimiza­
tions, we obtain optimal hydrogen-bond strengths of 10.2 and 
5.8 kcal/mol for a water molecule with dimethyl sulfoxide and 
dimethyl sulfenate.4 The present study was carried out to 
characterize the transition structures for the rearrangement and 
details on the changes in solvation along a reaction path in an 
alcohol solvent. 

Chirality transfer from S to C is controlled by the relative 
energies of proposed endo and exo transition structures (TS).3 

Indeed, such transition structures for the rearrangement of allyl 
methyl sulfoxide 1 were located via MP2/6-31G* optimizations, 
as illustrated in Figure 1 along with the lowest energy 
conformers of the six located for both 1 and allyl methyl 
sulfenate 4. The energetic results in Table 1 reveal that the 
endo TS 2 is favored by 1.5-2.2 kcal/mol. The exo TS 3 
appears to be disfavored by the exocyclic C - S bond eclipsing 
a hydrogen on Cl. Experimentally, endo transition states have 
been indicated to be preferred for simple systems,,a-3 e.g., by 
0.5—1.5 kcal/mol for 3-alkylallyl aryl sulfoxides.5 The com­
puted activation energies are not sensitive to extension of the 
basis set from 6-3IG* to 6-31+G*; however, they are sensitive 
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Figure 1. Computed MP2/6-31G* structures for the rearrangement 
of allyl methyl sulfoxide 1. 

Table 1. Computed Energies (kcal/mol) Relative to Sulfoxide 1 

level endo-JS 2 exo-TS 3 product 4 

3-21G(*)//3-21G(*) 
6-31G*//6-31G* 
6-31+G*//6-31+G* 
MP2/6-31G*//6-31G* 
MP2/6-31G*//MP2/6-31G* 
MP2/6-31+G*//6-31+G* 
MP3/6-31G*//6-31G* 
MP3/6-31+G*//6-31+G* 

27.8 
36.7 
37.0 
18.2 
18.5 
18.6 
25.4 
25.9 

30.0 
38.4 
38.5 
20.0 
20.1 
20.1 
27.0 
27.4 

-16.3 
-13.1 
-11.6 
-5 .5 
-5 .9 
-3 .0 
-9 .6 
-7 .6 

to the inclusion of correlation energy. Vibrational frequency 
calculations at the 6-3IG* level verified the nature of the 
stationary points and yielded AH* (MP3/6-31G*//6-31G*) values 
of 24.0 and 25.6 kcal/mol and AS* values of -4 .5 and -4 .2 eu 
for the endo and exo transition structures at 60.7 0C. The 
predicted AH* of 24—25 kcal/mol at the highest levels is 
consistent with the experimental values of 21 —23 kcal/mol for 
various allyl aryl sulfoxides and 25.9 kcal/mol for 1 in benzene 
at 60.7 0C.1 Also, the observed AS* values of - 4 to - 8 eu 
concur with the computed results.1 The transition structures 
show modest basis set and correlation dependence; the C — S 
and C- - -O distances for 2 are 2.241 and 1.984 A (3-21G(*)), 
2.337 and 1.988 A (6-31G*), 2.368 and 2.002 A (6-31+G*), 
and 2.398 and 1.948A (MP2/6-31G*). 

In order to make direct comparisons with the observed solvent 
effects for ATS, a minimum energy reaction path (MERP) was 
generated for its rearrangement via the endo TS at the 3-2IG-
(*) level.6 Reaction path following7 yielded an 86-frame 
"movie". Utilizing established procedures,8 partial atomic 
charges for each frame were obtained from single-point 6-3IG* 
calculations by fitting to the electrostatic potential surface 
(EPS).9 Changes in the free energies of solvation (AGSOi) along 
the MERP were computed via Monte Carlo simulations with 
the BOSS program.10 Free energy perturbations were performed 
between 59 of the frames in periodic solvent boxes containing 
396 methanol" or 260 methylcyclohexane molecules.12 Each 
individual simulation with double-wide sampling entailed 106 

configurations of equilibration followed by 2—4 x 106 con­
figurations of averaging. The intermolecular interactions are 
represented by Coulomb and Lennard-Jones (LJ) terms with all 
solute atoms explicit; no intramolecular degrees of freedom were 
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Figure 2. Computed changes in free energies of solvation and dipole 
moment along the MERP for ATS. 

sampled. OPLS parameters were used for the solvents"1 2 along 
with the EPS charges and standard OPLS LJ parameters13 for 
the solutes. 

The computed changes in AGsoi are shown in Figure 2 for 
methanol at 25 and 60.7 0C and for mefhylcyclohexane at 60.7 
0 C; the corresponding AAG* values are 2.3, 2.0, and 0.1 kcal/ 
mol on progressing from ATS to the TS at frame 26.14 

Continuing to the product, the overall AAGsoi values are 3.9, 
3.5, and 0.5 kcal/mol, respectively.14 Experimentally , AG* for 
ATS increases by 2.8 kcal/mol at 60.7 °C in going from 
methylcyclohexane to methanol.I5 The computed solvent effect 
is in reasonable accord. However, the calculations also predict 
that the reverse reaction should be accelerated in methanol with 
AAG* ^ —1.2 kcal/mol, while the experimental data for the 
sole case of allyl p-(trifluoromethyl)benzenesulfenate give a 
AAG* of ca. - 0 . 3 kcal/mol at 25 °C. , b 

The solvent effects and computed dipole moments (Figure 
2) indicate that the TS is more product-like than reactant-like. 
It was then remarkable to note the distributions of individual 
solute—methanol interaction energies obtained for the reactant, 
TS, and product at 60.7 0C (Figure 3). The hydrogen-bonding 
peak at low energy changes little between sulfoxide and TS, 
but is nearly eliminated for the sulfenate. With an energetic 
cutoff of - 3 . 5 kcal/mol, the average number and strength of 
the hydrogen bonds are 1.3 and - 6 . 4 kcal/mol for the reactant, 
1.0 and - 6 . 4 for the TS, and 0.1 and - 3 . 9 for the product 
(Figure 4). The EPS charges for the oxygen are consistent with 
this pattern being closer for the sulfoxide (—0.47) and TS 
(—0.43) than sulfenate (—0.36), and the corresponding S - O 
bond lengths are 1.495, 1.540, and 1.653 A for the ATS reaction 
at the 3-21G(*) level and 1.514, 1.568, and 1.694 A in Figure 
1. Thus, although the overall polarity of the TS as measured 
by the dipole moment is more product-like, the oxygen in the 
TS maintains sulfoxide-like character including strong hydrogen-

(13) (a) Jorgensen. W. L.; Tirado-Rives. J. J. Am. Chem. Soc. 1988. 110. 
1657. (b) Jorgensen, W. L.; Severance, D. L. J. Am. Chem. Soc. 1990, 112, 
4768. (C) Jorgensen, W. L.; Nguyen, T. B. J. Comput. Chem. 1993, 14, 
195. 

(14) Uncertainties (la) in the computed values are 0.1 kcal/mol from 
the batch mean procedure. 

(15) Extrapolated from the data for ethanol and 2,2,3,3-tetrafluoro-1 -
propanol using the correlation with Ej. 

I 

0.8 -j 

0.1-

0.6^ 

0 . 5 -

0.4 -_ 

0.3-

0 2 : 

0 . 1 -

o.o 

transition state 
product 
reactant 

-10.0 
! r 

-2.0 -6.0 -4.0 

Interaction Energy ( kcal / mol) 

Figure 3. Computed distributions of individual solute—methanol 
interaction energies from the Monte Carlo simulations at 60.7 0C. 

Figure 4. Stereoplot of a configuration for the TS of ATS in methanol. 
Only solvent molecules within 5 A are shown. There is one hydrogen 
bond to the oxygen of the TS. 

bond-accepting ability. Without this dichotomy the observed 
solvent effects for the Mislow—Evans reaction would be even 
more striking. Enhanced hydrogen bonding for transition states 
is emerging as an important factor controlling solvent effects 
on pericyclic reactions.8 For both the Claisen8b and Mislow— 
Evans rearrangements, the charge on the oxygen in the TS is 
closer to that for the unsaturated ( S = O or C = O ) reactant or 
product than the saturated one, which contributes to the strong 
hydrogen bonding. 
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