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Abstract: The (2+-2) cycloadditions of S@to ethene,

propene, and 2-methylpropene were investigated with

Hartree-Fock, MP2, QCISD(T), and hybrid Hartre€ock/density functional theory (HF-DFT) methods.
Experimental data support a¥2) mechanism for these reactions. The thermally allowee§Xycloadditions

of SO; to ethene and propene were also examined. With the exception of MP2 calculations, all levels of
theory predict that SQreacts by a concerted {2) pathway. The transition structure has considerable
zwitterionic character, and there is a strong preference for Markovnikov addition. The rearrangements of
sulfites to sultones are disfavored. The origin of the large preference for the normally forbige®rp(dcess

is attributed to frontier orbital interactions, and is contrasted to tH&)3ycloaddition mechanism favored

by OsQ.

Introduction

The reaction of S@with alkenes was discovered in 1838
and is used commercially for the production of surfactaftse
industrial-scale reaction involves liquid SO In contrast,
mechanistic studi€s® are usually performed with dichlo-
romethane as the solvent and the less reactive/di®ane
compleX as a reagent. The initial products of reactions of
simple alkenes with Sgare thes-sultones 2, Figure 1), which
are thermally unstable, and undergo isomerizatioryt@and
o-sultones and alkenesulfonic acitiS. The reaction is a
thermally induced (22) addition*526 Because regioisomers
are formed according to Markovnikov's rui@3athe mechanism
of the reaction has been proposed to involve a zwitterionic
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Figure 1. Two possible reaction pathways leading to sult@ne

intermediate 1). However, strict stereospecificity, with reten-
tion of configuration, is observedtrans-sultones are formed
from E-alkenes, anctis-sultones fromZ-alkenes, and this is
the case whether S@r the SQ/dioxane complex is used as
the sulfonating reageft® A long-lived zwitterionic intermedi-
ate is therefore unlikel§. Instead, either the ring closure must
be faster than rotation about the-C bond, or the reaction must
occur via a concerted {22) mechanism3) despite the fact that
the (2+-2) pathway is forbidden according to orbital symmetry
selection rules. The small difference between the rates of
reaction of terminal and gem-disubstituted alkehasd internal
and terminal alkene,implies a concerted mechanism rather
than a stepwise zwitterionic mechanism. NMR evidence also
supports this view:>2

To elucidate the mechanistic details for this reaction, we have
performed ab initio and density functional (DFT) calculations
on the (2-2) cycloaddition pathway. For purposes of com-
parison, and to test whether HF, DFT, or MP2 methods
incorrectly favor (3+2) over (2+2) cycloaddition mechanisms,
a (3+2) mechanism for the cycloadditions of $@ alkenes
was examined as well. The route by whichH2) and (3+2)
adducts are interconverted has also been examined. The
mechanism of sulfonation is compared to that of alkene
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Figure 2. Summary of the reaction pathways and B3LYP/6-31G* geometries for the cycloadditionsab@thene. All bond lengths are in A.

osmylation. Both a concerted 2) patt¥ and a stepwise
mechanism involving a (22) cycloadditiof have been pro-

with single-point B3LYP calculations utilizing the self-consistent
reaction field (SCRF} self-consistent isodensity point charge model

posed for the osmylation, which gives a cyclic osmate ester (SCIPCM);* and the B3LYP/6-31G* optimized structures. The

product. Recent calculations and experimental isotope effects

strongly favor the concerted {2) pathway for osmylatiof?
Since the S@ reaction strongly favors the {2) process

experimentally, we have compared these reactions to understang_z; s«

dielectric constant of dichloromethane,= 9.08, was used in the
continuum solvation model calculations. The orbital plots shown in
Figure 3 were generated with Spafthnsing an RHF/6-31G* wave-
function for SQ and a wavefunction for OsQhat utilized the RHF/
basis set for the oxygen atoms, and an effective core potential

why entirely different reaction mechanisms are chosen by theseang (341/321/21) basis set for the core and valence electrons of

apparently similar reagents.

Computational Methodology

Calculations were carried out with the Gaussian 94 suite of
programs! Geometries of stationary points were optimized at the
Hartree-Fock (RHF) or density functional theory (DFT, B3LYR)
levels of theory using the 6-31G* basis set. All stationary points were
confirmed to be minima or first-order saddle points on their respective

osmium?® respectively. The 6-31G* basis set for these single points
included five pure rather than six Cartesian d-functions.

Results and Discussion

SO; Plus Ethene. The (2+2) and (3+2) cycloaddition
transition structures4(and 6) for the reaction of S@ with
ethene, the transition structuré) for the rearrangement of the
sultone B) to the sulfite 8), and the structures of the reactants

potential energy hypersurfaces with harmonic frequency calculations. -
Single-point energies were determined at the RHF and QCISD(T) levels @nd products were located with both RHF and DFT methods.

of theory using the 6-3HG* and 6-31G* basis sets, respectively, and  The geometries and pathways are summarized in Figure 2, and
RHF/6-31G* optimized geometries. Unrestricted HartrBeck (UHF) relative energies obtained with different methods are given in
and B3LYP (UB3LYP) single-point energies were calculated for the Table 1.
RHF and B3LYP structures, respectively, to test for open-shell RHF/6-31G* and RB3LYP/6-31G* calculations predict simi-
character. The effect of solvent on relative energies was evaluated |5, geometries for each transition structure. Indeed, B3LYP/
(8) Criegee, RJustus Liebigs Ann. Cheri936 522, 75. 6-31_G*//RHF/6-31G* energies are n(_early t_he same as those
(9) (a) Hentges, S. G.; Sharpless, K. B.Am. Chem. Sod.98Q 102, obtained from full B3LYP/6-31G* optimizations. This dem-
4263, (b) Sharpless, K. B.; Teranishi, A. Y.i8avall, J-£.J. Am. Chem. - onstrates that electron correlation, which is included in the DFT
(10) () Del Monte, A. J.; Haller, J.; Houk, K. N.; Sharpless, K. B.; Calculations, has little effect on the geometries of the transition
Singleton, D. A.; Strassner, T.; Thomas, A. A.Am. Chem. Sod.997, structures. With different methods, thek2) AE¥ is relatively
éﬁQE%%?i-g g%) S'Eldggi?E-(:c)BDogg’Tr%hCé; FLrJ_e;;Irégb @1&?5\/-6(;29';“1@30 constant at 1421 kcal/mol, but there are large differences in
. . X . ich, S.; Ujaque, G.; ,F.; + ;
A.: Musaev, D. G.: Morokuma, KJ. Am. Chem. Sod996 118 11660. theAE values_ computed for the ) mechanlsm.. Correlated
(d) Torrent, M.; Deng, L.; Duran, M.; Sola, M.; Ziegler, Drganometallics methods predicAE* values of 12-29 kcal/mol for this pathway,
1997 16, 13. o ) and RHF/6-31G* calculations give&E* of 53 kcal/mol. The
(11) Gaussian 94 (Revision C.2), Frisch, M. J.; Trucks, G. W.; Schlegel, AAE* for the (2+2) and (3+2) pathways drops from 31 kcal/
mol (favoring the (2-2) pathway) at the RHF level to 5 kcal/
mol at the B3LYP/6-31G* level. Since two SO double bonds

H. B.; Gill, P. M. W.; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R,;
Keith, T.; Petersson, G. A.; Montgomery, J. A.; Raghavachari, K.;
Al-Laham, M. A.; Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B;
Cioslowski, J.; Stefanov, B. B.; Nanayakkara, A.; Challacombe, M.; Peng,
(13) (a) Wong, M. W.; Frisch, M. J.; Wiberg, K. B. Am. Chem. Soc.

1991, 113 4776 and references therein. (b) Wong, M. W.; Wiberg, K. B.;
Frisch, M. J.J. Comput. Chenil995 16, 385 and references therein.
(14) SPARTAN version 4.0; Wavefunction, Inc.: Irvine, CA, 1995.
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S.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J,;

(15) (a) Hay, P. J.; Wadt, W. R. Chem. Physl985 82, 270. (b) Hay,
P. J.; Wadt, W. RJ. Chem. Phys1985 82, 299.

Baker, J.; Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A.;
Gaussian, Inc.: Pittsburgh, PA, 1995.

(12) (a) Becke, A. DJ. Chem. Physl993 98, 5648. (b) Lee, C.; Yang,
W.; Parr, R. GPhys. Re. B 1988 37, 785.
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Figure 3. MO plots of the SQHOMO (d) and LUMO (a), one of the three degenerate HOMOs (e), and the two degenerate LUMOs (b and c) of
OsQ.

Table 1. Relative Energies (kcal/mol) for Ground and Transition Structures of 8@ Ethen®

computational level
RHPP  MPZX  MP¥ MP4AD* MP4DQ MP4SDG QCISF  QCISD(TF  B3LYPP

SO; + ethene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
SGO; + ethene (22) TS @) +21.2 +18.0 +20.1 +20.7 +20.7 +18.3 +17.3 +16.7 +13.6
sultone b) —26.0 —255 274 —25.9 —26.8 —26.0 —25.6 —24.6 —23.6
sultone rearrangement T9)( +49.1  +42.0 +43.8 +42.8 +43.6 +38.5 +32.9 +33.3 +30.9
sulfite (8) —43.4 —39.7 —45.0 —43.8 —44.6 —43.6 —43.4 —42.3 —41.4
SGO; + ethene (3-2) TS ) +525 +12.0 +25.3 +20.4 +28.7 +28.0 +27.6 +20.5 +18.5

aThe 6-31G* basis set was used throughdufull geometry optimizations. Single-point energy calculations on RHF/6-31G* geometries.

are involved in the (32) reaction, and only one in the{2), For some other reactions of sulfur compounds, high level ab
the effect of electron correlation on the former is largest. initio calculations such as MP4SDQ/6-3#G(2df,p)16 MP2/

To establish the reliability of these results, RHF calculations 6-311+G(d,p)i” and B3LYP/6-3%-G(d)8 give more accurate
utilizing larger basis sets and MPn/6-31G* single-point calcula- results than RHF methods. The DRAE in the present case
tions were also performed. RHF/6-3tG*//RHF/6-31G* is close to the QCISD(T) result.

calculations predictAE* values similar to the RHF/6-31G* The calculations at all levels show that although theZp
results f+20.8 vs+21.2 kcal/mol for (2-2) and+52.2 vs+52.5 reaction is concerted, it also has appreciable zwitterionic
kcal/mol for (3+2)]. The MPn/6-31G*AE* for the (3+2) character. In contrast, charges at the alkene carbon atoms (C1

transition structures, oscillates with perturbation order, butthe and C2, Figure 2) evolve smoothly along the-@ pathway.
QCISD(T)/6-31G* and B3LYP/6-31GAE* values are similar  |n (3+2) transition staté, the charges are intermediate between
at 20.5 and 18.5 kcal/mol, respectively. those of the starting material and the product [the averages of
To examine the possibility of lower energy open-shell the Mulliken charges on C1 and C2 are 0.0 (ethene}-0.15
mechanisms for the (82), (2+2), and ring expansion reactions, (TS 6) — +0.28 (sulfite 8)]. On the (2-2) pathway, the
unrestricted HF and DFT single-point calculations were per- Mulliken charge on C2 is almost as high in the transition
formed. UHF single-point calculations (not included in Table structure as in the product [Mulliken charges on C2 are 0.0
1) on the optimized RHF structures reduce the barrier for the (ethene)— +0.31 (TS4) — +0.33 (sultones)]. The charge
(3+2) (6) and ring expansion7j transition structures by 13.8 on C1 is 0.0 (ethene)> —0.07 (TS4) — —0.07 (sultoneb).
and 6.1 kcal/mol, respectively. Th&values of 0.75and 0.87  The distance between C2 and O3 (2.150 A) is longer than the
indicate mixed spin states in the UHF calculations. These forming C—S bond (2.093 A). In fact, the CS bond is almost
transition structures have large amounts of diradical character.completely formed in the transition state (product: 1.830 A).
However, this is not the case for theH2) structure. The The asynchronicity gives an additional indication of the zwit-
energy of (2-2) transition structurd at the UB3LYP/6-31G*// terionic character of transition structu4ée The dipole moment
RB3LYP/6-31G* level is identical to that obtained with the of the (2+2) transition structure is 7.5 D whereas that fo+-23
restricted wavefunction.

(17) Morokuma, K.; Muguruma, Gl. Am. Chem. So4994 116, 10316.
(16) Hofmann, M.; Schleyer, P. v. R. Am. Chem. So&994 116 4947. (18) McKee, M. L.J. Phys. Cheml1996 100, 3473.
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Table 2. Activation Barriers for the Reactions of S@ith Alkenes (kcal/mol, B3LYP/6-31G*)
reaction type ethene propene isobutene

(2+2) Markovnikov 13.6 (9.9) [T 7.6 (2.5) [TS9] 3.0 (—=3.2) [TS13]

(2+2) anti-Markovnikov 14.4 (10.8) [TgQ]

(3+2) 18.5 (18.4) [T 18.1 ) [TS1]]

18.4 (18.3) [TS12]

aValues obtained with the SCIPCM solvation modeH 9.08) are given in parentheses.
transition structured is only 3.4 D. This confirms that the — % —Ti
concerted (22) reaction mechanism has a large amount of (4D1.461
zwitterionic character. /

The preference for and zwitterionic character of the-Zp LA6TTF1.508 75
transition structure can be understood from inspection of the 2.096/ {2152
reactant MOs, as depicted in Figure 3. The LUMO o0f3SO )

) . . XD gy
(Figure 3a) has a large p-orbital component on sulfur. The main Q\ szo O mo
interaction between the two reactants occurs between the HOMO @.@ \@@ ’
of ethylene and the LUMO of S©and this strongly favors CS
bond formation. J 45

The energy difference between the SEOMO and alkene — 9 - 10 -

LUMO is very large; consequently, this orbital interaction is
less important, and would involve only CO bond formation since
the SQ HOMO lacks a component on sulfur. If this orbital
interaction were dominant, formation of{2) adduct in a single
cycloaddition step would not occur, but formation of the-&3
adduct could.

In the (2+2) transition structure4( Figure 2), the HOMO is
localized at the forming CiS bond with a very small
coefficient on C2. The transition state LUMO has a large
coefficient on C2. This behavior fits the description of
Yamaguchiet al1® for symmetry-forbidden concerted cycload-
dition reactions. The high polarization of one component (here
SG;) causes the LUMO to be essentially localized on sulfur
and the HOMO (Figure 3d) on oxygen. Consequently, there is
no crossing of orbital energy levels during the course of
concerted reaction and no orbital symmetry forbiddenness for
the reaction. Roberts and co-workers reached the same conclu
sion for the (2-2) reaction of S@with alkenes on the basis of
orbital correlation analyséefs.

In (3+2) transition structuré, the HOMO of the alkene must
interact with the oxygen atoms of S0 The SQ LUMO
coefficients are very small on oxygen, and the HOMO-alkene/
LUMO-SO; overlap is poor. In addition, the interaction
between the alkene HOMO and the large sulfur p-orbital
component of the SOLUMO s repulsive, and the activation
barrier is consequently higher than that of the-22 reaction.
The substantial reduction in activation energy of theZBroute
by inclusion of correlation energy reflects this lack of stabilizing
HOMO—LUMO interactions. In such a case, transition state
stabilization arises primarily from higher order interactions, not
involving simple HOMG-LUMO stabilization. Because of the
FMO shapes, the (B2) reaction of S@expresses the charac-
teristics of an orbital symmetry forbidden process, while the
(2+2) is like an orbital symmetry allowed process. The situation
is completely different in the osmylation reaction.

The doubly degenerate LUMO of Og@Figure 3b,c) has
large coefficients on the oxygen atoms and small coefficients
on osmium, and the electrophilict2) cycloaddition can occur
readily. The apparent similarity of the reactants belies the very
different chemistry observed with these compounds. B3LYP
calculations clearly differentiate between the reaction pathways
and give results in good accord with experiment. The £sO

(29) (a) Yamaguchi, K.; Fueno, T.; Fukutome,Ehem. Phys. Letl973
22, 461. (b) Yamaguchi, K.; Fueno, T.; Fukutome, Ghem. Phys. Lett.
466.

AE¥ = 7.6 kcal/mol

AE¥ = 18.4 kcal/mol

AE% = 18.1 kcal/mol

Figure 4. The (2+2) and (3+2) transition structures and activation
energies (B3LYP/6-31G*) for cycloaddition reactions of S®ith
propene. All bond lengths are in A.

LUMO resembles that of a diene, with respect to the terminal
coefficients, and both can enter into concerted cycloadditions
with alkenes.

Our best calculations predict a concertegt22 cycloaddition
mechanism for the reaction of ethene with S@th a AE* of
14—17 kcal/mol. TheAE* for the (3+2) cycloaddition pathway
is about 5 kcal/mol higher. Since the{2) transition structure
is highly polar, it should be stabilized more effectively by polar
solvents than the (82) transition structure. This prediction is
supported by calculations simulating solvation with the SCIPCM
model® Using the dielectric constant of dichloromethane, 9.08,
the relative energy of (22) transition structure is lowered
by 3.7 kcal/mol, whereas the activation barrier of the-23
reaction remains essentially unchanged (Table 2).

Sulfite 8 is considerably more stable than sultoheat all
levels of theory (Table 1). The energy difference is 18 kcal/
mol at the B3LYP/6-31G* level. Despite this, tikeéE* for the
1,2 shift converting the sultone to the sulfite is largeb kcal/
mol at the B3LYP level.

The observed Markovnikov addition of @ substituted
olefins (with respect to the position of the sulfur atom as
electrophile) can also be explained by the zwitterionic character
of the transition structure.

SOz Plus Propene and Isobutene. The AE* for the (3+2)
mechanism of the S¢propene cycloadditionl{, Figure 4) is
about the same as that for the $&hene (3-2) mechanism
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i is about three times as large as the energy difference between
transition state® and10. The isobutyl cation (199 kcal/mol)
and thetert-butyl cation (166 kcal/mol) differ by 33 kcal/mol,
which is about 3 times the difference between the activation

1,999 energies for reactions involving ethen® @nd propenel(0).

. | !
Q\@{@ 9 Although zwitterionic character is substantial, it is incomplete
%g‘ g ] 435 A

in these transition states.

Conclusions
L ] The cycloaddition reactions of SQwith olefins follow a
13 concerted, but decidedly asynchronous; 22 reaction pathway
AFE# = 3.0 keal/mol involving transition structures with substantial zwitterionic

Figure 5. Markovnikov (2+2) transition structure and activation energy character. Regioselectivity follows Markovnikov's Rule. Due

(B3LYP/6-31G*) for the cycloaddition reaction of S@nd isobutene. 10 the polar character of the transition structure, thé-2p
All bond lengths are in A. activation barrier is predicted to be lowered substantially by

polar solvents, while the experimentally unobserved-ZB

(6). Thus, SQ@ is not particularly electrophilic when reacting pathway is relatively unaffected. These results provide another
by the (3+2) route (Table 2). For the {22) cycloadditions of example of the reliability and validity of DFT calculations with
propene, when the methyl group is in the anti-Markovnikov the B3LYP functional, and demonstrate that this method does
position (L0), the AEF increases compared to that for the ethene not incorrectly favor (3-2) over (2+2) cycloaddition mecha-
reaction (14.4 kcal/mol1(Q) vs 13.6 kcal/mol 4)). When the nisms. The contrast between mechanisms and productspf SO
methyl group is located at the partially positively charged carbon and OsQ reactions is readily explained in terms of frontier
atom in9, the transition structure is stabilized by 6 kcal/mol molecular orbital theory.
compared to the reaction with ethed.( The AAE* of 7 kcal/ ) ) ) o
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