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Abstract: In order to produce a broad range of syn-sesquinorbornene disulfones, (Z)-1,2-bis(phenylsulfonyl)ethylene
was added in Diels—Alder fashion (high-pressure conditions) to tricyclo[5.2.1.02%]deca-2,5,8-trienes carrying
isopropylidene or spirocyclopropane subunits at one or two sites. The central double bond in these adducts was
then regiospecifically reduced with diimide, epoxidized with MCPBA, or cyclopropanated by [3 + 2] cycloaddition
with diazomethane and subsequent photoinduced nitrogen extrusion. Each product in all three series was subjected
to X-ray crystallographic analysis in order to quantify in the solid state the distance which each endo a-sulfonyl
proton is required to traverse during dyotropic migration to the proximal norbornene double bond. The kinetics of
these isomerizations were also determined, a relative reactivity scale was realized, and the values of k; at 160 °C
were found not to correlate well with the average distance across the intracavity gap. Although proximity of the
reaction centers is clearly a prerequisite for smooth operation of the dyotropic shifts, modulation of this distance is
not the sole contributor to reaction raté. Rather, the data are in agreement with the working hypothesis that various
levels of steric compression within these disulfones facilitate passage over the relevant transition state to a greater
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and

or lesser degree depending on the magnitude of these nonbonded interactions.

The ability of enzymes to catalyze reactions rests on their
heightened capacity for effecting key differences in the levels
of interaction with the initial state of the reactant and those
specifically available to the transition state.> The resultant
changes in enthalpy and entropy are most often implemented
through hydrogen-bonding schemes that have the consequence
of providing highly advantageous spatial dispositions to the
reacting functional groups.* The proximity achieved by such
noncovalent interactions is considered responsible for the
remarkably enhanced rates. Traditionally, chemists have sought
to simulate this precompression along a reaction coordinate by
examining related intramolecular reactions.*> Although such
processes often enjoy kinetic acceleration, their relative rates
have been found to vary appreciably. As a consequence,
considerable controversy has arisen.%’ Page and Jencks have
compiled no less than 21 different well-defined attempts to
formulate a theory of enzymatic catalysis.® Clearly, if intramo-
lecular reactions are to serve as useful approximations of
enzymatic processes, paramount attention needs to be given to
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sorting out the individual factors that contribute to rate ac-
celeration and to according the proper weighting to them.??
In recent years, dyotropic rearrangements'? have emerged as
notably serviceable probes of proximity effects.!!=17 This is
because positional interchanges of atoms in this manner
(especially hydrogens) occur intramolecularly in the absence
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of catalysts and have the latent potential for operating under
orbital symmetry control.'® Various aspects of hydrogen
dyotropy have also been accorded intense theoretical
scrutiny.”**~22 From our vantage point, syn-sesquinorbornene
disulfones?® exemplified by 1 were considered to be attractive

a,X=HH;b,X=0;¢X=CH,

substrates for investigation because molecules of this type
promised to be inherently free of many mechanistic assumptions.
Furthermore, by the proper manipulation of X, it was considered
possible to alter progressively the intracavity distance that
separates the reaction centers, to determine the magnitude of
these distances by X-ray crystallography, and to correlate the
intracavity distance with reaction rate.?

Although a superb correlation has been found for these
“parent” systems, there remained unanswered those pivotal
questions bearing on whether distance was the sole kinetic
determinant and whether the translocation of hydrogen occurred
concertedly or in a stepwise manner. Herein we show that the
impressive rate profile originally seen with 1 is distinctive in
other ways not controlled exclusively by distance.?> By
modifying the structural features of 1 to incorporate added
ground-state strain, we have found that the intragap compression
is not heightened, but that the associated transition-state barriers
are nevertheless lowered significantly. There can be no question
therefore that proximity is not the sole determinant of rate,
although it does play an important role. In the companion
paper,? primary deuterium isotope effects are reported, theoreti-
cal analyses are applied, and quantum tunneling is shown to
operate as a significant mechanistic pathway in these systems.

Results and Discussion

Synthesis of the syn-Sesquinorbornene Disulfones. In
order to achieve different levels of steric compression or long-
range homoconjugation?” not present in 1, recourse was made
to three modes of framework substitution. The first category,
consisting of the several derivatives found in Scheme 1, features
the positioning of an isopropylidene or spirocyclopropyl group
at the apical carbon most proximal to the pair of phenylsulfonyl
substituents. Hydrocarbon 3a, which has been earlier de-
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scribed,?® is a relatively unreactive Diels—Alder diene. Its
conversion to 4a required that the cycloaddition with (Z)-1,2-
bis(phenylsulfonyl)ethylene?® be performed in a high-pressure
reactor at 90 000 psi.?8

The preparation of 3b was achieved by reaction of tricyclo-
[5.2.1.0%6]deca-2,5,8-triene3 with excess potassium hydride in
the presence of 1,2-dibromoethane as a solute in cold (—40 °C)
DMF.31 Maintaining THF solutions of 3b and the same
dienophile at 25 °C and 160 000 psi for 5 days resulted in
efficient conversion (87%) to a 1:1 mixture of 4b and its
endo,endo isomer. Subsequently, the central double bond in
adducts 4a and 4b was regioselectively reduced with diimide
to give 5, epoxidized with MCPBA to produce 6, and cyclo-
propanated in two stages to generate 7.

The disulfones of the second type were designed to carry
the same two groups on the apical carbon positioned above the
etheno bridge as in 10—12 (Scheme 2). Procedures for the
acquisition of 8a and 9a had previously been detailed?® and were
consequently followed. To arrive at 9b, the known 7-spiro-
cyclopropanebicyclo[2.2.1]hept-5-ene-2,3-dione*? was subjected
to 2-fold olefination with the bisWittig reagent available from
exposure of 1,3-bis(triphenylphosphonio)propane dibromide to
n-butyllithium in THFE.33 These conditions provided 8b in 18%
yield, the level of efficiency being in the normal range for this
annulation protocol. Like 8a, 8b is a reasonably reactive Diels—
Alder diene such that simple stirring with an equimolar amount
of (Z)-1,2-bis(phenylsulfonyl)ethylene at room temperature for
5 days furnished 9b in 98% yield. The conversion of 9a and
9b to 10—12 was performed as before.
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Spirocyclopropanation of 8b gave rise to 13 and subsequently
14 (Scheme 3). This adduct and its functionalized derivatives
15—17 are seen to be sterically crowded at both apical sites.

Molecular Structure Studies. The precise molecular geom-
etries of all 15 compounds whose kinetic responses were to be
quantified were obtained by X-ray crystallographic methods as
shown in Figures 1—3. These ORTEP drawings, pictured with
50% probability ellipsoids, have the phenyl groups omitted so
as to achieve added clarity. All of the crystallographic data
has been included in the supplementary material except for the
generically defined nonbonded distances C(1)-H—C(7) and C(2)-
H—C(6), and the intracavity angles (C(7)—H-(C1) and C(6)—
H-(C2)). Inspection of Figures 1—3 and Table I reveals that,
like 2a-2¢,2* many of the disulfones are slightly twisted in the
crystalline state such that the two distances of direct interest
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are modestly different. In order to achieve some simplification
in the plotting of data, the two nonbonded distances have been
averaged. However, the unequal gaps hold significance that
will be discussed in the sequel.?¢

Direct comparison of the molecular structures is facilitated
by compartmentalizing the disulfones according to the type of
central substitution. As concerns the dihydro series, 5a and
10b exhibit the closest average intragap distance of 2.36 A.
However, the intracavity angles for this pair of compounds are
rather different, the mismatch on both corners being among the
largest observed throughout the series (Table 1). At 2.41 A,
the average nonbonded C(1)-H—C(7) and C(2)-H—C(6) dis-
tances for 1a and 5b are seen to be 0.05 A larger than above.
In this case, the associated intracavity angles are relatively
comparable at 117.9—123.8°. On the basis of intraannular gap
considerations alone, 1a and 5b clearly occupy a position central
between the somewhat more compressed 5a and 10b and the
less crowded 10a (2.48 A) and 15 (2.47 A). Should proximity
factors contribute uniguely to the rate of thermal isomerization
of these six compounds, the relative ordering should fall in the
order 5a > 10b > 1a > 5b > 15 ~ 10a.

The experimentally determined geometric features of the
epoxides differ significantly from those found in the diimide
products. Thus, the effect of positioning an apical cyclopropyl
group as in 6b is to minimize the intracavity distance the most
(2.34 A). The gap spread in this series is the largest observed
(2.34—2.53 A), with 1b and 11a exhibiting the lowest levels of
steric compression. On this basis alone, the relative reactivity
of these systems would be expected to be 6b > 16 > 6a > 11b
> 11a > 1b. The associated intracavity angles are similarly
distinctive in the degree to which they are altered (Table 1).

One major consequence of central double bond cyclopro-
panation is a reduction in the magnitude of the intracavity gaps.
The effect is in a direction opposite to that observed in the
epoxide series principally because the newly introduced CH,
groups carry two hydrogen atoms that must be sterically
accommodated. The differing C—O bond lengths and angles
within the oxirane ring could, of course, also be contributory.
The global consequences of these combined effects surface in
the form of minimal structural differences between the several
cyclopropanated disulfones (Table 1) relative to their dihydro
and epoxy counterparts. Notwithstanding, it remains possible
to assign a compression-based reactivity order, viz. 7b > 17 >
1c > 12b > 7a > 12a, as long as experimental artifacts or
crystal packing effects are absent or of no consequence.

For obvious reasons, acquisition of the intermediate pyrazo-
line 18 in crystalline form prompted an X-ray crystallographic
determination of its structure. A comparison between 16, 17,

18

and 18 was anticipated to provide some insight into the extent
to which the basic syn-sesquinorbornene framework of these
closely related congeners would be deformed by the nature and
spatial demands of the central ring. The heterocycle 18
crystallized with two different molecules in the asymmetric unit
(see Figure 4 for the ORTEP diagram of molecule A). The
C(1)-H—C(7) and C(2)-H—C(6) distances were determined to
be 2.38 and 2.42 A, respectively, in molecule A, and 2.22 and
2.47 A in molecule B. Although B is rather more twisted than
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A, the averaged distance (2.37 A) positions 18 between 16 and
17. All three are more compressed than 15. Consequently, the
molecular scaffolding that characterizes these systems appears
to respond with reasonable predictability to nonbonded steric
compression in those various sectors where it is present.

Product Studies. The capacity of all the disulfones (exclu-
sive of 18) for dyotropic rearrangement was initially assessed
by heating the individual samples in bromobenzene. In order
to accommodate the differing levels of reactivity noted in pilot
experiments, the preparative scale runs were performed either
at 100 °C (for 7b and 17), 120 °C (for 5a, 5b, 7a, 10b, 12b,
and 15), or 160 °C (for 6a, 6b, 11a, 11b, and 16). Reaction
times ranged from 24 to 48 h as indicated in the Experimental
Section. Partial decomposition was noted during the isomer-
ization of 11a, such that the yield of isolated 23a did not surpass
the 25% level. The cyclopropanated disulfone 12a unexpectedly
proved to be thermally labile and decomposed during attempts
to effect its conversion to 24a. Consequently, 24a was never
acquired or characterized. Otherwise, the conversions to the
respective enedisulfones 19—27 proceeded smoothly. Success-
ful operation of each rearrangement was convincingly diagnosed
by the disappearance of the olefinic (6 6.5—6.0) and a.-sulfonyl
proton absorptions (0 4.0—3.6) in favor of a two-proton
multiplet at higher field. The increased shielding accompanying
the loss of allylic character to the bridgehead protons in the
non-sulfur-substituted norbornyl ring proved to be similarly
diagnostic.

= C=C(C b =<l 2
‘,R = H. . ,R
( 8)2 Ct

Kinetic Measurements. The absolute rate constants com-
piled in Table 2 were determined in C¢DsBr solution by suitable
monitoring of key spectral changes by 'H NMR spectroscopy
at 300 MHz. Although the appreciable temperature range
required for the proper acquisition of these data necessitated
the adaptation of two somewhat different laboratory procedures,
three disulfones (7b, 12b, and 17) examined under both sets of
conditions were found to give kinetic profiles that were identical
within experimental error.

In generic terms, the epoxy disulfones constitute the least
reactive subgroup examined in this study. Conversely, the

O’Doherty et al.

presence of a central cyclopropane ring exerts a notable
accelerating effect on the dyotropic change. The result of
plotting the log k. values for the 16 compounds listed in Table
2 against the average PhSO,C-H—sp?-C distances is seen in
Figure 5. Although the absence of a good correlation is clear
(r = 0.83), key departures from linearity are disguised by
presentation of the data in this fashion. The most significant
of these is made apparent when the kinetic behavior of the
dihydro disulfones is analyzed separately (Figure 6). For this
series, the experimentally-determined reactivity order of 15 >
10b > 5a > 10a > 5b > 1a correlates extremely poorly (r =
0.33) with the differences in magnitude of the intracavity gap.

Instead, the relative rearrangement rates give evidence of
adhering to a trend having its origins in the steric interactions
present in four other zones within these disulfones (see 28).

28

These are defined as a,, the compression existent between R,
and the two sulfone subunits; o, the nonbonded steric interac-
tion between Ry and the group X; o, a very similar Rc-X strain
factor; and oy, the structurally enforced proximity of Ry to the
norbornenyl double bond. Ground-state destabilization can in
principle be achieved at any of the four sites, especially by
positioning a cyclopropane ring there. Further exacerbation of
the situation materializes when X is similarly constituted.

The kinetic ordering among the dihydro disulfones suggests
that the ground-state strain in 15 is sufficiently elevated that
this compound experiences the least difficulty in passing over
the transition state barrier associated with the intramolecular
dyotropic shift. Compound 10a, which features an intracavity
gap entirely comparable to that present in 15, is more than 4
times less reactive. This dropoff in rate can seemingly be
attributed to the considerable dimunition of steric congestion
in the o, and oy zones.

The epoxide correlation (Figure 7) is also subpar (» = 0.65).
In this subset, the enhanced reactivity of 16 can be similarly
attributed to steric compression in all four zones. Although the
PhSO,C-H—sp>-C distance in 6b is reduced by nearly 0.1 A
relative to 16, the rate of rearrangement of 6b is roughly half
that of its biscyclopropane homolog. Thus, although the oxygen
atom at X is well-separated from the reaction site, its role in
controlling rate is not governed completely by the distance
necessarily traversed by the hydrogens undergoing translocation.

Very similar trends govern the rates of the most reactive
cyclopropanated disulfones (Figure 8, » = 0.83). Despite the
fact that the intracavity gaps for 1c and 17 differ by only 0.02
A, a 25-fold rate acceleration favoring tricyclopropane 17 is to
be noted.

Additional insight into the nature of the principal rate-
controlling factor can be derived from other comparisons. For
example, the presence of an apical cyclopropane ring proximal
to the two phenylsulfonyl groups uniformly enhances reaction
rate relative to those isomeric systems that carry the apical
cyclopropane in the “remote” norbornene subunit. This trend,
while not always accompanied by increased compression across
the intracavity gap, is characterized, however, by larger values
of Keq in the first subset: Sb (2.41 A), ket = 116, Keg = 30
versus 10b (2.36 A), ke = 42, Keq = 3; 6b (2.34 A), ket = 16,
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10b

Figure 1. Structures of the dihydro syn-sesquinorbornene disulfones.

Keq = 10 versus 11b (2.47 A), ke = 14, Keq = 3; 7b (2.25 A),
ket = 6700, Keq = 60 versus 12b (2.33 A), ke = 939, Keq = 9.
More impressive yet are the consequences of progressing from
5b-7b to those homologues that carry two apical cyclopropanes,
viz. 15—17. In all three series, spiroalkylation of the apical
carbons in this manner serves to increase concurrently the
distance across the intracavity gap, ki, and Kq (see Table 1).
These results clearly contraindicate the view that intramolecular
dyotropic reactions are controlled exclusively by distance.
The orientation of functional groups appropriate for ensuing
chemical reaction is a necessary prelude to chemical change.

15

For syn-sesquinorbornenes of the type examined here, the small
AS* values indicate that the changes in freedom of motion that
occur while progressing to the transition states for hydrogen
diotropy do not contribute in a dominant way to reaction rate.
Consequently, other influences that provide greater impact as
these rearrangements proceed need to be identified. One key
factor that we have identified is associated with the dissimilari-
ties in ground-state strain that gain importance in reducing the
energy barrier to various degrees. As always, the reactivity
determinant in this series is the energy difference separating
the specific ground state molecule from its dyotropic transition
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11a

16

Figure 2. Structures of the syn-sesquinorbornene disulfone epoxides.

state. This process gives every indication of being made less
costly by the introduction of nonbonded steric compression into
the 0,—0y zones rather than added compression within the
intracavity gap.

Unanswered by the present investigation is whether the
o-sulfonyl hydrogens migrate concertedly in gy + g2 + 725
fashion or do so stepwise via a tunneling mechanism that would
effectively skirt the full energetic costs associated with the
formation of biradical intermediates. These issues are addressed
in the paper that follows.26

Experimental Section

Melting points are uncorrected. Infrared spectra were recorded on
a Perkin-Elmer Model 1320 spectrometer. 'H NMR spectra were
recorded at 300 MHz and the *C NMR data obtained by 75, 62.5, 50,
or 20 MHz as indicated. Mass spectra were measured on a Kratos
MS-30 instrument at The Ohio State University Campus Chemical
Instrumentation Center. Elemental analyses were performed at the
Scandinavian Microanalytical Laboratory, Herlev, Denmark. All flash
chromatographic separations were carried out on Merck silica gel 60
(60—200 mesh), and reactions (exclusive of the high pressure processes)
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12b

Figure 3. Structures of the cyclopropanated syn-sesquinorbornene disulfones.

were routinely performed under an inert atmosphere unless otherwise
indicated. Solvents were reagent grade and dried prior to use.
Preparation of the Functionalized Tricyclo[5.2.1.0>6]deca-2,5,8-
trienes. The trienes 3a,? 8a,”® and 8b?® have been earlier described.
The spirocyclopropanations leading to 3b and 13 were performed as
follows. To a suspension of KH (3.3 g, 80 mmol) in dry DMF (200
mL) cooled to —45 °C was introduced a solution of tricyclo[5.2.1.0%6]-
deca-2,5,8-triene’®® (3.0 g, 23 mmol) in anhydrous THF (25 mL) by
syringe. After 30 min of stirring,1,2-dibromoethane was slowly added,
the mixture was stirred overnight at room temperature, and water (200
mL) was carefully dropped in. The product was extracted with pentane
(5 x 100 mL), and the combined organic layers were washed with
10% HCl (200 mL) and brine (100 mL) prior to drying and solvent

evaporation. The residue was chromatographed on silica gel (pentane
elution) to give 980 mg (28%) of 3b as a clear oil: IR (neat, cm™!)
2960, 2920, 2870, 1395, 1210, 1105; 'H NMR (300 MHz, CDCl3) &
6.46 (dd, J = 1.5, 1.5 Hz, 2 H), 5.42 (s, 2 H), 3.57 (s, 2 H), 2.31 (dt,
J=178,15Hz, 1H),2.12 (d, J= 7.8 Hz, 1 H), 1.30—0.88 (m, 6 H);
3C NMR (75 MHz, CDCls) ppm 151.5, 138.9, 121.9, 59.7, 43.9, 41.0,
11.0, 10.8; MS m/z (M™) calcd 156.3474, obsd 156.3475.
7-Spirocyclopropane bicyclo[2.2.1]hept-5-ene-2,3-dione® (1.00 g,
6.6 mmol) was added slowly to a solution of bis-Wittig reagent,
prepared by stirring 1,3-bis(triphenylphosphonio)propane dibromide
(4.80 g) and 8.8 mL of 1.5 M n-butyllithium in 50 mL of THF
overnight. The reaction mixture was stirred for 2 h at room temperature
and at 45 °C for 3 days, then extracted with water and pentane. The



10890 J. Am. Chem. Soc., Vol. 116, No. 24, 1994
Table 1. Relevant Experimentally Determined Structural
Parameters (X-ray Methods)
nonbonded distances, A
C(l)— C(2)—

intracavity angles, deg
average C(7)— C6)—

compd H—-C(7) H—C(6) distance H—C(1) H—C(2)
A. Dihydro Disulfones

la 244 237 241 117.9 122.0
5a 2.36 2.36 2.36 127.6 128.5
5b 2.38 243 241 123.8 120.5
10a” 242 2.52 2.48k 1239 119.3

243 2.54 122.5 118.4
10b” 2.37 2.37 2.36 121.5 118.8

2.37 2.34 119.3 1244
15 2.44 2.49 247 122.7 120.3

B. Epoxy Disulfones
1b 2.60 2.46 2.53 117.3 123.1
6a 2.43 2.47 2.45 126.2 127.5
6b 2.37 231 2.34 1317 128.2
1la 2.54 2.49 2.52 117.9 121.1
11b 2.42 2.53 247 124.1 119.5
16 2.38 2.47 2.43 127.8 117.9
C. Cyclopropanated Disulfones

1c 2.32 2.31 2.32 121.2 1224
7a 2.30 2.39 2.35 1254 120.8
] 227 2.23 2.25 126.3 129.6
12a 2.40 2.33 2.37 121.0 124.7
12b 235 2.31 2.33 122.7 123.2
17 233 227 2.30 1245 128.5

2 These compounds contain two different molecules in the asym-
metric unit. ® Average of all four data points.

Figure 4. Structure of the diazomethane adduct 18.

organic phase was dried and evaporated, and the residue was chro-
matographed on silica gel (pentane elution) to give 195 mg (19%) of
8b as a colorless solid: mp 45—50 °C; IR (neat, cm™!) 2960, 2920,
2870, 1395, 1210, 1105; 'H NMR (300 MHz, CDCl;3) 4 6.43 (dd, J =
1.8, 1.8 Hz, 2 H), 5.67 (s, 2 H), 3.30 (t, J = 1.5 Hz, 2 H), 2.85 (s, 2
H), 0.70—0.60 (m, 2 H), 0.60—0.50 (m, 2 H); *C NMR (75 MHz,
CDCls) ppm 153.9, 137.7, 114.0, 54.2, 49.7, 46.2, 8.3, 7.2; MS m/z
(M*) caled 156.0938, obsd 156.0938.

The spirocyclopropanation of 8b (500 mg, 2.75 mmol) in a manner
paralleling that described above furnished 150 mg (30%) of 13 as a
colorless oil: IR (neat, cm™') 2960, 2920, 2870, 1395, 1210, 1105; 'H
NMR (300 MHz, CDCl;) 6 6.52 (dd, J = 1.8, 1.8 Hz, 2 H), 5.39 (s, 2
H), 2.91 (s, 2 H), 1.10~0.80 (m, 4 H), 0.68—0.50 (m, 4 H); }*C NMR
(75 MHz, CDCl:) ppm 150.9, 138.4, 121.4, 54.6, 50.1,40.6, 11.2, 10.8,
8.6, 7.3; MS m/z (M*) calcd 182.1095, obsd 182.1010.

Preparation of the syn-Sesquinorbornene Disulfones. General
Procedure. Fulvene 3a (1.0 g, 5.96 mmol) and (Z)-1,2-bis(phenylsul-
fonyl)ethylene? (1.90 g, 6.0 mmol) were dissolved in CH,Cl; or THF
(5 mL, deoxygenated), sealed inside a Teflon tube, and subjected to
160 000 psi in a high-pressure reactor for 5 days. A white precipitate
was filtered off before hexane was added to induce further precipitation.
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Figure 5. Plot of log kw1 (160 °C) versus the average intragap distance
(A) for all compounds.

There was isolated a total of 2.84 g (98%) of 4a as a white solid mp
180 °C dec, which was stored under argon: IR (film, cm™) 1445, 1325,
1155, 1085; 'H NMR (300 MHz, CDCl;) 6 8.00—7.53 (m, 10 H), 6.47
(s, 2 H), 3.86 (s, 2 H), 3.23 (s, 2 H), 2.74 (s, 2 H), 2.04 (d, / = 6.6 Hz,
1 H), 1.87 (d, J = 6.5 Hz, 1 H), 1.79 (s, 6 H); '*C NMR (75 MHz,
CDCls) ppm 159.5, 141.3, 139.2, 138.7, 133.3, 128.9, 128.1, 119.2,
76.6, 69.7, 62.9, 48.6, 47.4; MS molecular ion too fleeting to be
accurately mass measured.

For 4b: From 300 mg (1.90 mmol) of 3b, 160 000 psi, 5 days; 800
mg (87%) of a 1:1 mixture of isomeric adducts, which were separated
by MPLC on silica gel. From 100 mg of the mixture, 45 mg of 4b
could be isolated as a white solid: mp 200 °C dec; IR (film, cm™!)
1445, 1325, 1155, 1085; 'H NMR (300 MHz, CDCls) 6 7.93—7.50
(m, 10 H), 6.43 (dd, J = 1.7, 1.7 Hz, 2 H), 3.22 (s, 2 H), 3.04 (s, 2 H),
2.78 (s, 2 H), 2.12 (d, J = 6.6 Hz, 1 H), 1.97 (d, / = 6.6 Hz, 1 H),
1.35 (t, J = 6.7 Hz, 2 H), 0.49 (t, J = 8.1 Hz, 2 H); **C NMR (75
MHz, CDCl;) ppm 160.2, 141.8, 138.8, 133.3, 128.9, 128.3, 70.2, 65.0,
52.6, 48.5, 41.4, 10.1, 4.4; MS molecular ion too fleeting to be
accurately mass measured.

For 9a: From 300 mg (1.8 mmol) of 8a, room temperature, 5 days;
850 mg (100%) of 9a, white solid, mp 120—125 °C dec; IR (film,
cm™) 1445, 1325, 1155, 1085; '"H NMR (300 MHz, CDCl;) 6 8.00—
7.53 (m, 10 H), 6.62 (dd, J =1.8, 1.8 Hz, 2 H), 3.75 (d, / = 1.6 Hz,
2 H), 3.37 (s, 2 H), 2.75(d, J =1.8 Hz, 2 H), 2.61 (d, J = 9.9 Hz, 1
H), 1.64 (d, J = 8.4 Hz, 1 H), 1.40 (s, 6 H);"*C NMR (75 MHz, CDCl,)
ppm 159.80, 159.76, 140.8, 139.2, 133.6, 129.0, 128.3, 99.8, 64.1, 48.8,
47.1, 43.4, 18.8; MS molecular ion too fleeting to be accurately mass
measured.

For 9b: From 520 mg (3.33 mmol) of 8b, room temperature, 5 days;
1.50 g (98%} of 9b, white solid, mp 235 °C dec; IR (film, cm™!) 1440,
1330, 1150; *H NMR (300 MHz, CDCls) 4 8.03—7.50 (m, 10 H), 6.56
(dd, J = 1.7, 1.7 Hz, 2 H), 3.36 (s, 2 H), 2.79 (d, ] = 1.8 Hz, 2 H),
2.67 (s, 2 H), 2.61 (d, J = 9.8 Hz, 1 H), 1.67 (d, J = 9.8 Hz, 1 H),
0.47 (m, 4 H); '*C NMR (75 MHz, CDCl3) ppm 160.6, 140.9, 138.9,
133.5, 128.9, 128.3, 65.9, 64.1, 53.8, 47.1, 43.6, 10.0, 8.0; MS molecular
ion was too fleeting to be accurately mass measured.

For 14: From 150 mg (0.82 mol) of 13, 160 000 psi, 5 days; 400
mg (100%) of 14, white solid, mp 175—180 °C dec; IR (film, cm™!)
1445, 1335, 1130, 1080; 'H NMR (300 MHz, CDCl;) 6 8.20—7.40
(m, 10 H), 6.58 (dd, J = 1.8, 1.8 Hz, 2 H), 3.10 (s, 2 H), 2.85 (s, 2 H),
2.65 (s, 2 H), 1.37 (t, J = 8.1 Hz, 2 H), 0.80—0.30 (m, 6 H); *C NMR
(75 MHz, CDClh) ppm 159.6, 141.8, 138.8, 133.2, 128.8, 128.2, 654,
54.1,53.4,52.7,41.0, 10.1, 10.0, 7.9, 4.4; MS molecular ion too fleeting
to be accurately mass measured.

General Procedure for Diimide Reductions. To a cold (0 °C),
magnetically stirred solution of 4b (278 mg, 0.60 mmol) and dipotas-
sium azodicarboxylate (114 mg, 60 mmol) in methanol (25 mL) and
CH,ClL; (5 mL) was slowly added acetic acid (1 mL) dissolved in
methanol (15 mL) over a 2-h period. The reaction mixture was stirred
for 8 h and partitioned between CH,Cl, and water. The organic phase
was dried and evaporated, and the residue was purified by silica gel
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Table 2. Absolute and Relative Rate Data, Equilibrium Constants, log A, and E, Values for the Dyotropic Rearrangements

krel krel
compd T,°C k, s} Kq logA E, (160°C) compd T,°C k, s} K. logA E, (160°C)
A. Dihydro Disulfones
1a® 130 (443 +0.44) x 107 10b 120 (237 4+024) x 1073 3 118 295 42

1.7 24
160 (425+043)x10™* 1.8
5a 100 (6.36+064)x 1078 4
(6.40 + 0.64) x 107¢
120 (435+0.5) x 1073 6
(390 £0.5) x 1073
150 (6.67+0.65)x 107* 8
(6.23 £ 0.65) x 1074
(1.814+0.18) x 10™* 30 102 255 116
(1.72 £ 0.18) x 10~
120 (1.07+0.10) x 107> 30
(1.05 £ 0.10) x 1073
(277+£027y x 1075 2 121 30 49
(2.60 +£0.27) x 1073
150 (4.08+041)x 10™* 2
(4.00 + 0.41) x 107*

11.7 288 72

5b 100

10a 120

(249 £0.24) x 1073
150  (3.59 +0.36) x 10~* 3
(3.51+0.36) x 1074
(220£022) x 108 60
(221 +0.22) x 10°¢
113 (649 +£0.65) x 107 30
(6.54 £0.65) x 107° 30
120 (1.20+0.13) x 10* 30
(1.30 £0.13) x 1074

15 80 11.6 279 180

B. Epoxy Disulfones

1b® 160
6a 120

(1.80 +0.18) x 107% 1
(1.19+0.12) x 107 40 11.7 313 2.5
(1.18 £ 0.12) x 10~¢
130 (2.68+£027)x 1078 30
(2.64 +£0.27) x 1076
150 (2.04 £0.20) x 10™* 30
(2.03 £0.20) x 1074
(3.05+0.31) x 107 10 11.6 298 16
(3.10 £ 0.31) x 103
156 (222+022)x 10™* 10
(2.10+0.22) x 107

6b 135

11b 120  (6.92+40.70) x 10°¢ 2 122 313 14
(6.68 + 0.70) x 107¢
130 (1.82+0.18) x 1073 3
(1.68 £ 0.18) x 1073
(2204+0.22) x 1076 100 114 292 28
(2.16 £ 0.22) x 107¢
120 (1.55+0.15) x 10~ 100
(1.53£0.15) x 1073
150 (2504 0.24) x 107 100
(2.27 + 0.24) x 107*

16 100

C. Cyclopropanated Disulfones

1c 110 (150+0.06) x 107 25 116 27.2 450
(1.52 £0.06) x 1074
120 (323+0.30) x10™* 2.8
(2.90 +0.30) x 1074
130 (7.38+0.35) x 107* 3.0
(6.48 £ 0.35) x 1074
(8.1140.83) x 10™¢ 40 119 272 622
(8.54 +0.83) x 1076
113 (2.11+023)x 107 30
(247 £0.23) x 1074
(416 +0.21) x 1075 70 11.3 240 6700
(4.06 +0.21) x 1073
70 (9.08 £045) x 1075 60
(9.08 £ 0.45) x 1073
91 (6.96+0.45)x 107* 60
(6.90 £ 0.45) x 1074

7a 80

7b 60

12b 80 (145+0.13)x107* 10 11.6 254 939
(1.45 +0.13) x 107°
126 (8.20+0.80) x 10~* 8
(7.50 £+ 0.80) x 104
(1.39+£0.14) x 1075 200 114 244
(1.39 £0.14) x 1073
81 (2.71 £0.30) x 104 200
(2.69 +0.30) x 10™*
91 (1.02+0.10) x 107* 200
(1.03 £0.10) x 1073

17 50 11,000

4 Data taken from ref 24.

chromatography (elution with 5% ethy! acetate in CH,Cl,) to give 150
mg (54%) of 5b as colorless crystals: mp 213 °C (from CH,Cl,—
hexane); IR (film, cm™!) 1445, 1385, 1150, 1090; 'H NMR (300 MHz,
CDCls) 6 8.00—7.50 (m, 10 H), 6.06 (dd, J = 1.9, 1.9 Hz, 2 H), 3.80
(s, 2 H), 2.77 (s, 2 H), 2.50 (s, 2 H), 2.20 (dd, J = 1.0, 1.0 Hz, 2 H),
1.73 (d, J = 8.2 Hz, 1 H), 1.48 (d, J = 8.2 Hz, 2 H), 1.25 (m, 1 H),
0.51 (t, J = 8.2 Hz, 2 H); ¥C NMR (75 MHz, CDCl;) ppm 142.0,
133.3, 133.1, 128.8, 128.3, 67.6, 59.2, 48.0, 47.9,43.9, 41.7,94, 4.6,
MS m/z (M*) caled 466.1272, obsd 466.1269.

For 5a: colorless crystals, mp 181 °C (60%); IR (film, cm™") 1450,
1335, 1155, 1085; *H NMR (300 MHz, CDCl,) 6 8.00—7.49 (m, 10H),
6.11 (dd, J = 2.0, 2.0 Hz, 2 H), 3.75 (s, 2 H), 3.10 (dd, J = 2.0, 2.0
Hz, 2 H), 2.42 (s, 2 H), 2.37 (s, 2 H), 1.75 (s, 6 H), 1.70 (d, J = 8.2
Hz, 1 H), 1.34 (d, J = 8.2 Hz, 1 H); ¥*C NMR (75 MHz, CDCl;) ppm
141.6, 140.3, 133.5, 133.2, 128.9, 128.3, 120.0, 65.2, 58.3, 46.3, 44.2,
43.4, 21.0; MS m/z (M*) calcd 480.1429, obsd 480.1428.

For 10a: colorless crystals, mp 145—146 °C (from CH.Cl,—hexane)
(37%); IR (film, cm™!) 1445, 1330, 1200, 1150, 1085; *H NMR (300
MHz, CDCls) 6 8.00—7.53 (m, 10 H), 6.20 (dd, J = 2.2, 2.2 Hz, 2 H),
373 (d, J = 2.0 Hz, 2 H), 3.01 (s, 2 H), 2.66 (m, 1 H), 2.64 (s, 2 H),
2.30 (s, 2 H), 1.51 (d, J = 2.4 Hz, 1 H), 1.38 (s, 6 H); *C NMR (75

MHz, CDCl;) ppm 152.9, 141.2, 133.4, 132.5, 129.0, 128.3, 106.3,
66.9,47.0, 44.3, 43.45, 43.44, 18.9; MS m/z (M*) calcd 480.1429, obsd
480.1428.

For 10b: colorless crystals, mp 219—220 °C dec (from CH,Cl,—
hexane) (54%); IR (film, cm™) 1455, 1160, 1090; *H NMR (300 MHz,
CDCl3) § 8.01—7.52 (m, 10 H), 6.19 (dd, J = 2.0, 2.0 Hz, 2 H), 3.76
(d, J = 2.0 Hz, 2 H), 2.67 (d, J = 12.0 Hz, 1 H), 2.65 (m, 4 H), 1.88
(s, 2 H), 1.62 (d, J = 12.0 Hz, 1 H), 0.37—0.25 (m, 4 H); '*C NMR
(75 MHz, CDCl3) ppm 141.2, 1334, 133.0, 128.9, 128 4, 67.1, 54.8,
48.9, 48.6, 44.1, 43.3, 8.5, 5.6; MS m/z (M*) calcd 466.1272, obsd
466.1270.

For 15: colorless crystals, mp 194 °C (from CH,Cl,-hexane) (80%);
IR (film, cm™!) 1450, 1335, 1270, 1235, 1150, 1090; 'H NMR (300
MHz, CDCl3) 6 7.98—7.50 (m, 10 H), 6.16 (s, 2 H), 3.87 (s, 2 H),
2.89 (s, 2 H), 2.23 (s, 2 H), 1.89 (s, 2 H), 1.31 (t, J = 8.0 Hz, 2 H),
0.55 (1, J = 8.0 Hz, 2 H), 0.40—0.30 (m, 4 H); *C NMR (75 MHz,
CDCls) ppm 142.0, 133.3, 133.1, 128.8, 128.3, 68.1, 48.9, 48.5, 47.8,
41.2, 29.7, 9.3, 8.7, 5.5, 47; MS m/z (M%) calcd 492.1429, obsd
492.1425.

General Procedure for Epoxidation. To a solution of 4a (500
mg, 1.01 mmol) in cold (0 °C) CH:Cl; (50 mL) was added MCPBA
(180 mg, 1.1 mmol) over a 30-min period. The reaction mixture was
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Figure 6. Plot of log k. (160 °C) versus the average intragap distance
(A) for the dihydro disulfones.
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Figure 8. Plot of log k. (160 °C) versus the average intragap distance
for the cyclopropanated disulfones.

stirred overnight, washed sequentially with water (50 mL), 1% NaOH
solution (100 mL), and brine (100 mL), dried, and evaporated. The
residue was chromatographed on silica gel (elution with 5% ethyl
acetate in CH,Cl,), and 300 mg (62%) of 6a was isolated as a colorless
crystalline solid: mp 202 °C (from CH,Cl,—hexane); IR (film, cm™")
1445, 1335, 1150, 1085; 'H NMR (300 MHz, CDCls) 6 8.01—7.55
(m, 10 H), 6.40 (dd, /= 1.7, 1.7 Hz, 2 H), 3.66 (s, 2 H), 3.62 (d, / =
0.8 Hz, 2 H), 2.89 (s, 2 H), 1.85 (d, / = 8.0 Hz, 1 H), 1.78 (s, 6 H),
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1.40 (d, J = 8.0 Hz, 1 H); *C NMR (50 MHz, CDCl:) ppm 141.0,
139.9, 133.6, 131.8, 129.1, 128.1, 125.8, 65.6, 63.7, 53.3, 455, 21.2;
MS m/z (M*) calcd 494.1222, obsd 494.1223.

For 6b: colorless crystals, mp 213 °C (from CH,Cl,-hexane) (65%});
IR (film, em™) 1395, 1210, 1105; ‘H NMR (300 MHz, CDCl3) 6 7.97—
7.50 (m, 10 H), 6.30 (dd, J = 1.8, 1.8 Hz, 2 H), 3.77 (s, 2 H), 2.83 (s,
2H),274(s,2H),197 (dt,J=79,16 Hz, 1 H), 1.39(d, J = 7.9
Hz, 1 H), 0.85 (t, J = 8.0 Hz, 2 H), 0.65 (1, J = 8.0 Hz, 2 H); ¥C
NMR (75 MHz, CDCL) ppm 141.7, 139.8, 133.5, 129.0, 128.2, 68.3,
65.6, 54.2, 50.0, 44.7, 35.1, 9.3, 5.4; MS m/z (M*) calcd 480.1065,
obsd 480.1051.

For 1la: colorless crystals, mp 208 °C (from CH,Cl,—hexane)
(30%); IR (film, cm™!) 1445, 1335, 1155, 1080, 690; ‘H NMR (300
MHz, CDCl;) 6 8.01—7.44 (m, 10 H), 6.54 (dd, J = 1.8, 1.8 Hz, 2 H),
3.72(d,J=24Hz, 2H), 343 (s,2H) 3.03 (s, 2H), 2.26 (d, J = 8.9
Hz, 1 H), 1.92 (d, J = 8.9 Hz, 1 H), 1.39 (s, 6 H); *C NMR (50 MHz,
CDCl,) ppm 147.8, 140.7, 140.2, 133.7, 129.1, 128.5, 107.9, 67.0, 64.5,
46.4, 44.0, 35.1, 19.0; MS m/z (M™) calcd 494.1222, obsd 494.1223.

For 11b: colorless crystals, mp 238 °C (from CH,Cl,—hexane)
(65%); IR (film, cm™") 1445, 1335, 1210, 1155, 1085; ‘H NMR (300
MHz, CDCl3) 4 7.98—7.55 (m, 10 H), 6.50 (dd, J = 1.9, 1.9 Hz, 2 H),
378 (d,J =25Hz,2H), 301 (s,2H), 235 (s, 2H), 226 (d, J =
10.8 Hz, 1 H), 1.99 (d, J = 10.8 Hz, 1 H), 0.62 (t, J = 8.0 Hz, 2 H),
0.12 (t, J = 8.0 Hz, 2 H); *C NMR (75 MHz, CDCls) ppm 140.5,
139.7,133.8, 129.1, 128.4, 66.8, 66.0, 52.2, 51.2, 44,2, 35.3, 14.2, 2.7,
MS m/z (M™*) calcd 480.1064, obsd 480.1065.

For 16: colorless crystals, mp 200—201 °C (from CH,Cl,—hexane)
(69%); IR (film, cm™!) 1445, 1335, 1165, 1085; 'H NMR (300 MHz,
CDCl3) 6 8.06—7.53 (m, 10 H), 6.41 (dd, J = 0.9, 0.9 Hz, 2 H), 3.83
(s, 2 H), 2.76 (s, 2 H), 2.36 (s, 2 H), 1.24 (t, J = 8.4 Hz, 2 H), 0.72—
0.65 (m, 4 H), 0.13 (t, J = 8.0 Hz, 2 H); '*C NMR (75 MHz, CDCl3)
ppm 141.9, 139.5, 133.5, 129.0, 128.4, 68.2, 66.6, 52.2, 51.5, 50.3,
34.8,14.5,9.4, 5.4, 2.8; MS molecular ion too fleeting to be accurately
mass measured.

General Procedure for Cyclopropanation. A solution of 4a (382
mg, 0.80 mmol) in CH,Cl, (25 mL) was treated with excess diazo-
methane (10 equiv in 100 mL of ether) at 0 °C and stored in a freezer
overnight. Residual diazomethane was destroyed by the addition of 1
drop of acetic acid, and the reaction mixture was washed with 10%
NaHCOs; solution and brine, filtered through a pad of neutral alumina
(activity I), and evaporated. The residue was taken up in CH,Cl;, (25
mL) and acetone (5 mL), deoxygenated for 15 min in a quartz cell,
and jrradiated with a complete bank of 3000 A lamps in a Rayonet
reactor for 30—45 min until no pyrazoline remained. The product
cyclopropane was purified by silica gel chromatography (elution with
5% ethyl acetate—CH,Cl,) to give 147 mg (38%) of 7a as a colorless
crystalline solid: mp 201 °C (from CH,Cl,—hexane); IR (film, cm™')
1445, 1335, 1150, 1085; 'H NMR (300 MHz, CDCl;) 6 8.01—7.53
(m, 10 H), 6.33 (dd, J= 1.7, 1.7 Hz, 2 H), 3.88 (s, 3H), 3.35 d, J =
0.9 Hz, 2H), 2.63 (s, 2 H), 1.74 (s, 6 H), 1.52 (d, J = 9.6 Hz, 1H),
120(d, J=75Hz, 1 H),1.08(d,J=9.6Hz,1H),090(d, /=76
Hz, 1 H); ¥C NMR (75 MHz, CDCl3) ppm 141.8, 138.2, 137.3, 133.2,
128.9, 128.1, 124.6, 66.0, 53.7, 45.8, 43.6, 30.7, 21.2, 16.3; MS m/z
(M™) calcd 492.1429, obsd 492.1424.

For 7b: colorless crystals, mp 218 °C (from CH,Cl,—hexane) (80%);
IR (film, cm™') 1450, 1340, 1165, 1095; 'H NMR (300 MHz, CDCl,)
6 8.00—7.51 (m, 10 H), 6.21 (s, 2 H), 3.96 (s, 2 H), 2.62 (s, 2 H), 2.59
(s, 2 H), 1.98 (d, J = 8.1 Hz, 1 H), 1.67 (d, J = 9.9 Hz, 1 H), 1.50—
1.35(m, 3 H), 1.1 (d, J = 9.8 Hz, 1 H), 0.81 (1, J = 8.3 Hz, 2 H); 1*C
NMR (62.5 MHz, CDCl;) ppm 142.8, 137.7, 133.1, 128.9, 128.2, 69.6,
54.8, 494, 44.0, 38.7, 34.2, 16.1, 13.3, 6.0; MS m/z (M*) calcd
478.1273, obsd 478.1274,

For 12a: colorless crystals, mp 195—200 °C (from CH,Cl,—hexane)
(55%); IR (film, cm™!) 1445, 1325, 1155, 1085; 'H NMR (300 MHz,
CDCl3) 6 7.99—7.53 (m, 10 H), 6.40 (s, 2 H), 3.88 (d,J =24 Hz, 2
H), 3.12 (s, 2 H), 2.78 (s, 2 H), 2.26 (d, J = 12.5 Hz, 1 H), 1.67 (1, J
= 125Hz, 1 H), 1.32 (s, 6 H), 1.07 (d, J = 7.7 Hz, 1 H), 0.85 (d, J
= 7.7 Hz, 1 H); *C NMR (75 MHz, CDCl3) ppm 151.5, 141.3, 137.5,
133.5, 129.0, 128.4, 105.7, 67.8, 46.2, 43.4, 38.4, 32.1, 18.9, 15.1; MS
m/z (M*) calcd 492.1429, obsd 492.1426.

For 12b: colorless crystals, mp 205 °C (from CH,Cl,—~hexane)
(78%); IR (film, cm™!) 1445, 1335, 1150, 1085; 'H NMR (300 MHz,
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CDCl3)6 7.97—7.53 (m, 10 H), 6.44 (s, 2 H), 3.96 (d, J = 2.4 Hz, 2
H), 2.78 (s, 2 H), 2.27 (d, J = 12.5 Hz, 1 H),2.10 (d, J = 7.9 Hz, 1
H), 2.07 (s,2 H), 1.79 (d, J = 12.7 Hz, 1 H), 1.04 (d, J = 7.9 Hz, 1
H), 0.67 (t, J = 8.0 Hz, 2 H), 0.08 (t, J = 8.0 Hz, 2 H); *C NMR (75
MHz, CDCls) ppm 141.1, 138.2, 133.4, 128.9, 128.3, 67.5, 52.5, 50.1,
43.8, 38.3, 34.6, 18.6, 14.0, 5.1; MS m/z (M™*) calcd 478.1273, obsd
478.1269.

For 17: colorless crystals, mp 120—125 °C (from CH,Cl,-hexane)
(83%); IR (film, cm™!) 1445, 1325, 1155, 1085; 'H NMR (300 MHz,
CDCls) 6 7.99—7.50 (m, 10 H), 6.31 (dd, / = 1.8, 1.8 Hz, 2 H), 3.99
(s, 2 H), 2.57 (s, 2 H), 2.21 (d, J = 7.2 Hz, 2 H), 2.05 (s, 2 H), 1.40
(t,J=75Hz 2 H),086(t,J=75Hz 2H),070(,J=80Hz,2
H), 0.13 (t, J = 8.0 Hz, 2 H); *C NMR (75 MHz, CDCls) ppm 142.8,
137.6,133.1, 128.9, 128.2, 69.3, 52.4, 50.3, 49.4, 37.8,35.8, 18.9, 17.5,
12.9, 5.8, 5.2; MS m/z (M*) calcd 504.1429, obsd 504.1420.

General Dyotropic Rearrangement Procedure. A. Dihydro
Disulfone 5a. A solution of 5a (20 mg, 0.41 mmol) in 15 mL of
bromobenzene was heated at 120 °C for 48 h under argon. The
bromobenzene was removed in vacuo, and the residue was submitted
to MPLC purification (silica gel, elution with 2.5% ethyl acetate in
CH,Cl;). There was obtained 10 mg (50%) of 19a as a white solid:
mp 200 °C (from CH,Cl,—hexane); IR (film, cm™) 1450, 1335, 1160,
1090; 'H NMR (300 MHz, CDCl;) d 7.64—7.35 (m, 10 H), 3.54 (dd,
J =19, 1.9 Hz, 2 H), 2.56 (s, 2 H), 2.28 (s, 2 H), 1.5 (m, 6 H), 1.06
(s, 6 H); *C NMR (75 MHz, CDCl,) ppm 152.59, 152.56, 140.0, 133.6,
129.0, 128.3, 108.8, 51.5, 49.3, 46.9, 39.2, 25.5, 17.9; MS m/z (M™)
calcd 480.1429, obsd 480.1427.

Anal. Calcd for C;7H2504S2: C, 67.47; H, 5.87. Found: C, 67.03;
H, 6.04.

B. Dihydro Disulfone 5b. 5b (10 mg, 0.21 mmol) in 15 mL of
bromobenzene; 120 °C for 24 h; silica gel chromatography gave 9 mg
(90%) of 19b as a colorless solid: mp 227 °C (from CH,Cl,—hexane);
IR (film, cm™!) 1445, 1395, 1210, 1160, 1090; 'H NMR (300 MHz,
CDCl3) 6 7.78—7.47 (m, 10 H), 2.81 (d, J = 1.6 Hz, 2 H), 2.48 (dd,
J=1.9, 1.9 Hz, 2 H), 2.27 (s, 2 H), 1.67 (d, J = 9.4 Hz, 1 H), 1.56
(m, 1 H), 1.53 (m, 4 H), 0.26 (t, J =7.9 Hz, 2 H), —0.30 (t, ] = 7.9Hz,
2 H); 3C NMR (62.5 MHz, CDCl;, ppm) 153.7, 139.9, 133.9, 128.9,
65.8, 58.8, 55.6, 50.6, 47.5, 39.0, 25.8, 8.8, 4.9; MS m/z (M™) calcd
466.1272, obsd 466.1265.

Anal. Calcd for C)¢H604S,: C, 66.93; H, 5.62. Found: C, 66.85;
H, 5.84.

C. Epoxy Disulfone 6a. 6a (20 mg, 0.40 mmol) in 15 mL of
bromobenzene; 160 °C for 24 h; silica gel chromatography gave 12
mg (60%) of 20a as a colorless solid: mp 222 °C dec (from CH,Cl,—
hexane); IR (film, cm™!) 1445, 1335, 1150, 1085; ‘H NMR (300 MHz,
CDCl3) 6 7.82—7.46 (m, 10 H), 3.98 (s, 2 H), 2.74 (s, 2 H), 1.85 (d,
J= 1.6 Hz, 1 H), 1.68—1.59 (m, 5 H), 1.54 (s, 6 H); 3C NMR (62.5
MHz, CDCl;) ppm 158.9, 148.4, 139.2, 134.2, 129.2, 128.6, 110.6,
64.6, 54.0, 39.3, 38.9, 25.1, 18.1; MS m/z (M™*) calcd 494.1222, obsd
494.1223.

Anal. Calcd for C;7H605S,: C, 65.56; H, 5.30. Found: C, 65.16;
H, 5.34.

D. Epoxy Disuifone 6b. 6b (10 mg, 0.21 mmol) in 15 mL of
bromobenzene; 160 ° C for 24 h; silica gel chromatography gave 8.5
mg (85%) of 20b as a colorless solid: mp 236 °C (from CH,Cl,—
hexane); IR (film, cm™!) 1445, 1325, 1160, 1090; ‘H NMR (300 MHz,
CDCl3) 6 7.85~7.50 (m, 10 H), 2.96 (s, 2 H), 2.70 (s, 2 H), 1.90 (d,
J=95Hz, 1 H), 1.7-1.4 (m, 4 H), 0.96 (d, J = 9.5 Hz, 1 H), 0.57
(t, J = 8.3 Hz, 2 H), —0.54 (t, J = 8.3 Hz, 2 H); *C NMR (50 MHz,
CDCls) ppm 159.4, 139.1, 134.4, 129.2 (2 C), 66.1, 58.3, 56.2, 39.6,
39.4, 25.0, 14.2, 1.3; MS m/z (M™) calcd 480.1065, obsd 480.1069.

Anal. Calcd for C6H,405S;: C, 64.98; H, 5.03. Found: C, 65.04;
H, 5.10.

E. Cyclopropanated Disulfone 7a. 7a (20 mg, 0.41 mmol) in 15
mL of bromobenzene; 120 °C for 24 h; silica gel chromatography gave
10 mg (50%) of 21a as a colorless solid: mp 234.5 °C (from CHy-
Cl—hexane); IR (film, cm™') 1440, 1335, 1155, 1090; 'H NMR (300
MHz, CDCl;) 6 7.65—7.41 (m, 10 H), 3.70 (s, 2 H), 2.47 (s, 2 H),
2.17 (d, J = 5.4 Hz, 1 H), 1.63—1.58 (m, 5 H), 0.98 (d, / = 7.5 Hz,
1 H), 0.92 (s, 6 H), 0.73 (d, / = 7.6 Hz, 1 H); ¥C NMR (75 MHz,
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CDCl;) ppm 156.9, 151.5, 139.7, 133.8, 129.0, 128.6, 108.9, 54.1,42.3,
384, 327, 27.4, 179, 13.9; MS m/z (M*) caled 492.1429 obsd
492.1423.

Anal. Calcd for CosH2048,: C, 68.27; H, 5.73. Found: C, 68.14;
H, 5.66.

F. Cyclopropanated Disulfone 7b. 7b (10 mg, 0.21 mmol) in 15
mL of bromobenzene; 100 °C for 24 h, silica gel chromatography gave
9 mg (90%) of 21b as a white solid: mp 218 °C (from CH,Cl,—
hexane); IR (film, cm™) 1449, 1385, 1175, 1090; 'H NMR (300 MHz,
CDCl;) 6 8.00—7.51 (m, 10 H), 2.71 (s, 2 H), 2.40 (s, 2 H), 1.76 (4,
J=178Hz, 1 H), 1.70 (d, J = 10.9 Hz, 1 H), 1.55 (m, 4 H), 1.05 (d,
J=17.7Hz, 1H),093(d,J=10.9 Hz, 1 H), 0.57 (t, J = 8.3 Hz, 2
H), —0.63 (t, J = 8.3 Hz, 2 H); *C NMR (75 MHz, CDCls) ppm
158.8, 139.6, 134.1, 129.5, 129.1, 57.8, 56.3, 42.5, 39.0, 35.2, 274,
18.3, 13.5, 2.8; MS m/z (M™) calcd 478.1273, obsd 478.1268.

Anal. Calcd for C;7Hp604S;: C, 67.47; H, 5.87. Found: C, 67.50;
H, 5.57.

G. Dihydro Disulfone 10a. 10a (20 mg, 0.41 mmol) in 15 mL of
bromobenzene; 120 °C for 48 h; silica gel chromatography gave 11
mg (55%) of 22a as a colorless solid: mp 171 °C (from CH,Cl,~
hexane); IR (film, cm™) 1450, 1335, 1155, 1085; '"H NMR (300 MHz,
CDCl3) 6 8.00—7.49 (m, 10 H), 3.11 (s, 2 H), 2.68 (s, 2 H), 2.63 (s,
2H), 1.74 (d, J = 8.6 Hz, 1 H), 1.61 (s, 6 H), 1.55 (s, 2H) 1.51 (s, 2
H), 1.6—1.5 (m, 1 H); **C NMR (75 MHz, CDCls) ppm 154.4, 148.2,
140.3, 133.9, 129.1, 128.7, 112.6, 61.8, 51.0, 48.0, 38.9, 24.4, 20.3;
MS m/z (M*) calcd 480.1429, obsd 480.1427.

Anal. Calcd for C;7H304S7: C, 67.47; H, 5.87. Found: C, 67.08;
H, 5.88.

H. Dihydro Disulfone 10b. 10b (10 mg, 0.21 mmol) in 15 mL of
bromobenzene; 120 °C for 48 h; silica gel chromatography gave 6 mg
(60%) of 22b as a colorless solid: mp 195—197 °C dec (from CH,-
Cl,—hexane); IR (film, cm™!) 1450, 1325, 1160, 1090; '"H NMR (300
MHz, CDCl3) § 7.85~7.81 (m, 4 H), 7.68—7.62 (m, 2 H), 7.53—7.44
(m, 4 H), 3.11 (d, J= 1.5 Hz, 2 H), 2.93 (d, J = 1.3 Hz, 2 H), 1.81~
1.52 (m, 4 H), 1.45 (s, 2 H), 0.58—0.40 (m, 6 H); *C NMR (75 MHz,
CDCls) ppm 154.9, 1404, 133.9, 129.1, 128.7, 62.6, 50.9, 50.0, 44.0,
43.5,25.6, 5.6, 5.2; MS m/z (M™) caled 466.1272, obsd 466.1269.

Anal. Calcd for C;5H,204S,: C, 66.93; H, 5.62. Found: C, 66.64;
H, 5.70.

I. Epoxy Disulfone 11a. 11a (20 mg, 0.40 mmol) in 15 mL of
bromobenzene; 160 °C for 24 h; silica gel chromatography gave 5 mg
(25%) of 23a as a colorless solid: mp 206 °C (from CH,Cl,—hexane);
IR (film, cm™!) 1440, 1330, 1150, 1085; 'H NMR (300 MHz, CDCl3)
6 7.85—7.50 (m, 10 H), 3.48 (s, 2 H), 3.22 (s, 2 H), 1.99 (d, J = 8.5
Hz, 1 H), 1.71 (d, J = 4.9 Hz, 1 H), 1.56 (s, 6 H), 1.7—1.40 (m, 4 H);
3C NMR (50 MHz, CDCls) ppm 159.8, 139.8, 139.4, 134.4, 1294,
128.7, 115.4, 64.0, 56.5, 51.8, 41.3, 24.5, 19.9; MS m/z (M*) calcd
494.1222, obsd 494.1221.

Anal. Calcd for C;7H0sS;: C, 65.56; H, 5.30. Found: C, 65.10;
H, 5.35.

J. Epoxy Disulfone 11b. 11b (20 mg, 0.21 mmol) in 15 mL of
bromobenzene; 160 °C for 24 h; silica gel chromatography gave 13
mg (65%) of 23b as a colorless solid: mp 235 °C (from CH,Cl,—
hexane); IR (film, cm™') 1445, 1335, 1165, 1035; 'H NMR (300 MHz,
CDCls) 6 7.75—7.42 (m, 10 H), 3.37 (s, 2 H), 2.01 (d, /=13 Hz, 1
H), 1.89 (s, 2 H), 1.70 (d, J = 10.7 Hz, 2 H), 1.45 (d, /= 9.9 Hz, 2
H), 1.32(d, J =84 Hz, 1 H), 0.60 (t, /=79 Hz, 2 H), 0.09 (t, J =
7.9 Hz, 2 H); **C NMR (75 MHz, CDCls) ppm 159.7, 139.4, 134.4,
129.3, 128.6, 65.9, 57.0, 52.0, 45.7, 37.7, 25.3, 10.9, 2.3; MS m/z (M™*)
calcd 480.1064, obsd 480.1065.

Anal. Caled for C,6H,405S2: C, 64.98; H, 5.03. Found: C, 64.94;
H, 5.09.

K. Cyclopropanated Disulfone 12a. Heating of 12a in bromoben-
zene at 120 °C during 24 h promoted its decomposition; only a trace
of the presumed dyotropic product was detected by TLC.

L. Cyclopropanated Disulfone 12b. 12b (10 mg, 0.21 mmol) in
15 mL of bromobenzene; 120 °C for 24 h; silica gel chromatography
gave 5.5 mg (55%) of 24b as a colorless solid: mp 215—216 °C dec
(from CH,Cl,—hexane); IR (film, cm™') 1445, 1325, 1155, 1090; 'H
NMR (300 MHz, CDCls) 6 7.83—7.47 (m, 10 H), 3.23 (s, 2 H), 1.92
(d, J= 7.9 Hz, 1 H), 1.78—1.58 (m, 4 H), 1.05 (d, J = 10.9 Hz, 1 H),
0.9—-0.8 (m, 4 H), 0.76 (t, J = 7.8 Hz, 2H), 0.24 (t, J = 7.8 Hz, 2 H);
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3C NMR (75 MHz, CDCl;) ppm 158.9, 140.1, 133.9, 129.1, 128.7,
57.1, 51.6, 44.6, 34.8, 27.7, 22.3, 14.5, 13.2, 4.2; MS m/z (M™*) calcd
492.1429, obsd 492.1424.

Anal. Calcd for C27H2504522 C, 67.47 H, 5.87. Found: C, 67.14;
H, 5.54.

M. Dihydro Disulfone 15. 15 (10 mg, 0.20 mmol) in 15 mL of
bromobenzene; 120 °C for 24 h; silica gel chromatography gave 9 mg
(90%) of 25 as a colorless solid: mp 194 °C (from CH,Cl,—hexane});
IR (film, cm™!) 1445, 1320, 1270, 1160, 1090; 'H NMR (300 MHz,
CDCl) d 7.78—7.46 (m, 10 H), 3.06 (s, 2 H), 2.50 (dd, J =1.8, 1.8
Hz, 2 H), 1.8—1.7 (m, 2 H), 1.67—1.60 (m, 2 H), 1.49 (s, 2 H), 0.60—
0.42 (m, 4 H), 0.30 (t, J = 7.8 Hz, 2 H), —0.28 (t, J = 7.8 Hz, 2 H);
BC NMR (20 MHz, CDCly) ppm 154.4, 139.9, 133.9, 1289 (2 O),
58.3,55.8,50.7,44.0,43.2, 26.2, 8.9, 5.7, 5.0, 4.8; MS m/z (M*) calcd
492.1429, obsd 492.1411.

Anal. Calcd for C;3H304S8;: C, 68.27; H, 5.73. Found: C, 68.33;
H, 5.81.

N. Epoxy Disulfone 16. 16 (10 mg, 0.20 mmol) in 15 mL of
bromobenzene; 160 °C for 24 h; silica gel chromatography gave 9 mg
(90%) of 26 as a colorless solid: mp 190—195 °C dec (from CH,-
Cl,—hexane); IR (film, cm™) 1450, 1340, 1165, 1095; *H NMR (300
MHz, CDCls) 6 7.87—7.51 (m, 10 H), 2.99 (s, 2 H), 2.00 (s, 2 H),
1.78 (d, J=11.0 Hz, 2 H), 1.54 (d, J=11.0 Hz, 2 H), 0.71 (t, J = 7.7
Hz, 2 H), 0.62 (t, J = 8.3 Hz, 2 H), 0.19 (t, / = 7.7 Hz, 2 H), —0.51
(t, J = 8.3 Hz, 2 H); '*C NMR (75 MHz, CDCl;) ppm 159.3, 139.1,
134.4, 129.3, 129.2, 67.1, 58.7, 55.8, 46.0, 37.2, 25.8, 14.3, 10.9, 2.2,
1.2; MS m/z (M™) caled 506.1222, obsd 506.1220.

Anal. Calcd for C;sHa605S,: C, 66.38; H, 5.17. Found: C, 66.12;
H, 5.14,

O. Cyclopropanated Disulfone 17. 17 (10 mg, 0.20 mmol) in 15
mL of bromobenzene; 100 °C for 24 h; silica gel chromatography gave
9 mg (90%) of 27 as a colorless solid: mp 241 °C (from CH,Cl,—
hexane); IR (film, cm™') 1449, 1330, 1155, 1090; ‘"H NMR (300 MHz,
CDCl3) 6 8.00—7.50 (m, 10 H), 2.70 (s, 2 H), 1.93 (d, J = 10.2 Hz, 2
H), 1.80 (d, J = 10.2 Hz, 2 H), 1.65 (m, 4 H), 0.75 (t, J = 8.3 Hz, 2
H), 0.60 (t, ] = 8.3 Hz, 2 H), 0.25 (t, J = 8.3 Hz, 2 H), —0.65 (t, J =
8.3 Hz, 2 H); *C NMR (75 MHz, CDCl;) ppm 158.8, 139.5, 134.1,
129.4, 129.0, 58.0, 55.4, 44.7, 39.8, 36.7, 27.4, 18.0, 15.0, 14.2, 4.0,
2.6; MS m/z (M*) calcd 504.1429, obsd 504.1442.

Anal. Calcd for C;sH,304S,: C, 69.02; H, 5.59. Found: C, 69.14;
H, 5.69.

Kinetic Measurements. The dyotropic rearrangements were per-
formed in degassed CsDsBr solutions and followed by either 250 or
300 MHz 'H NMR. The particular signals that were integrated for the
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starting materials, and products were standardized to reference samples
containing authentic 50:50 distributions of the pair of compounds. A
minimum of five data points were taken for each kinetic run, which
was performed in duplicate. The heating of the samples was performed
by one of two methods:

Method A: the CsDsBr solution was heated in a thermostated oil
bath. At intervals, the samples were removed, quickly cooled to 0 °C,
and maintained at this temperature until the 'H NMR spectrum was
taken soon thereafter.

Method B: The C¢DsBr solution was placed in a NMR tube and
heated directly in the probe of the NMR spectrometer at the desired
temperature. 'H NMR spectra were recorded at regular intervals.

In three instances, rates were determined by both methods and the
correspondence was found to be identical within the limits of
experimental error.

Care was taken to establish that all of the rearrangements were first-
order. In several examples, the substrate concentration was varied from
1—10 mg/mL and no variation in the initial rates was observed.
Consequently, the reported kqps are in fact ks and not values contaminated
with &; as

k=k+k=k(1+K,™)

The kinetic measurements involved quantifying both SM + P[C] versus
time and then plotting a least-squares fit of In[%SM] versus time to
obtain ;. Knowledge of K. permitted calculation of k.. The accuracy
of the K.q values are high for those that fall in the range of 1—10,
somewhat less accurate when between 10—20, and only roughly
approximate when > 20.
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