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Abstract: The reactions of a series of alkyl and aralkyl a-disulfones, RSO,SO;R (R = Me, n-Bu, i-Pr, ArCH,), with a variety
of nucleophiles in aqueous dioxane have been examined. Both rates of reaction and whether a given reaction takes place by
an elimination—addition (sulfene intermediate) or a direct substitution (attack of nucleophile on SO, group of a-disulfone)
mechanism have been determined. The great majority of substitution reactions of alkyl a-disulfones take place via an
elimination—addition mechanism (eq 3a), with formation of a sulfene from the a-disulfone being rate determining. Only when
the nucleophile is one, like azide ion, that is weakly basic while still being a good nucleophile is direct substitution the preferred
pathway. Even with azide the reaction pathway changes to elimination—addition when the acidity of the hydrogens on the
carbon adjacent to the sulfonyl group is increased sufficiently, as in (PhCH,SO,),. Comparison of rates of elimination of
a-disulfones (R’CH,S0,), with rates of base-catalyzed hydrogen exchange of the corresponding trifluoromethyl sulfones
R’CH,SO,CF,; indicates that formation of sulfenes from a-disulfones involves either an irreversible E1¢B or a very E1cB-like
E2 mechanism, a conclusion that is also supported by the observed variation of the rate of elimination of RR’"CHSO,SO,R”
with changes in R and R’, Comparison of the behavior of an alkyl a-disulfone with that of the corresponding alkanesulfonyl
chloride reveals that changing Y in RCH,SO,Y from RSO, to Cl causes direct substitution to be able to compete much more
effectively with elimination—addition. Kinetic studies show that this arises because, for a given nucleophile, (a) elimination-addition
is 5—10 times slower for the alkanesulfonyl chloride than for the a-disulfone while (b) the rate of direct substitution is 5-10

times faster for the sulfonyl chloride. The origin of these rate differences is discussed and explained.

Ever since the classic work of King and Durst! and Truce et
al.? it has been recognized that some nucleophilic substitutions
of alkanesulfonyl derivatives take place by an elimination-addition
mechanism (eq 1a) involving a sulfene intermediate rather than
by attack of the nucleophile on the sulfonyl group (eq 1b) and
direct substitution of Nu for L.

U o+ e+ Do==s0, M Lsoon

/—- - 2 2
——TsozL + N H (la)
H . L+ ——%sozNu (Ib)

H

Almost nothing is known about the chemistry of alkyl a-di-
sulfones, RSO,SO;R, but the fact that they have been shown®
to be one of the products of the reaction of photochemically excited
sulfur dioxide with hydrocarbons (RH), a reaction of interest?
to those concerned with atmospheric chemistry and the environ-
ment, suggests they merit more attention than they have previously
received. Their aryl counterparts, ArSO,SO,Ar, undergo sub-
stitution (eq 2) readily with a wide range of nucleophiles, their

ArSO,S0,Ar + Nu™ — ArSO,Nu + ArSO,” 2)

reactivity in such reactions being comparable to that of sulfonyl
chlorides.> This suggests that high reactivity toward nucleophiles
will also be one of the salient characteristics of the chemical
behavior of alkyl a-disulfones.

Since aryl a-disulfones have no hydrogen on the carbon adjacent
to the sulfonyl group, the substitutions in eq 2 perforce proceed
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by direct substitution at the sulfonyl group. Alkyl a-disulfones,
on the other hand, provided they have an a-hydrogen, should be
able to undergo nucleophilic substitution either by an elimina-
tion—-addition (ea, eq 3a) or by a direct substitution pathway (ds,
eq 3b).

R! R!

* -
= NuH + >c=so2 + >CHSOZ
0 R R
R' ﬂ I R: (33)
>CHS—-—SCH/ + Ny JNuH
<L
R! R’
*ds \ -
HSO,Nu +
i _CHSOzNu >CHSOZ

(3b)

In the present work we have examined the reactions of a series
of alkyl a-disulfones with a variety of nucleophiles, determining
both reaction rates and whether a given reaction takes place by
elimination—-addition or direct substitution. These data allow one
to assess the effect of changes in (a) nucleophile and (b) alkyl
group structure on k, and ky. One thereby obtains a more
systematic and precise picture of the effect of such changes on
the rates for the two competing substitution mechanisms for
reactive alkanesulfonyl derivatives than has been available from
the studies of alkanesulfonyl chlorides reported to date.5 We have
also determined the behavior of an alkanesulfonyl chloride RSO,Cl
vis-3-vis the corresponding a-disulfone RSO,SO,R and from this
discovered that a change in leaving group from CI” to RSO, has
a significantly different effect on k4 than it has on k. Other
experiments have permitted one to decide which of the various
possible elimination mechanisms (E2, ElcB;, or E1¢B,) operates
for sulfene formation from a-disulfones.

Results

Substitution Reactions of a-Disulfones. Reaction of various
a-disulfones RSO,SO,R (R = Me, n-Bu, i-Pr, and PhCH,) with
different nucleophiles was studied in 60% dioxane (v/v). The

(6) (a) King, J. F. Acc. Chem. Res. 1975, 8, 10. (b) King, J. F.; Lee, T.
W.S.J. Am. Chem. Soc. 1969, 91, 6524. (c) King, J. F.; Kang, Y. 1. Chem.
Commun. 1978, 52.
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Table I. Deuterium Incorporation in Substitution Products in Reactions of Alkyl a-Disulfones in 60% Dioxane-40% D, 0%
struct of substn no. of Ds on «-C to SO, group in RSO,Nu
nucleophile product analyzed R =n-Bu R =Me R =iPr R =PhCH,
piperidine RSO2N ) 1.03 £ 0.02
. /\

morpholine RSOZN\_/O 1.05 + 0.07 1.02 £ 0.03 1.0 £ 0.1 0.96 £ 0.05

glycine ethyl ester RSO,NHCH,COOEt 1.0 £ 0.1

oD" RSO," 1.01 2 0.04

AcO" RSO," 1.00 £ 0.03

N, RSO,N, 0.00  0.05 <0.1 0.0 £ 0.1 0.71 £ 0.08

@ All data are for reaction of a-disulfone RSO, SO, R having the R group indicated with the nucleophile shown at 25 °C, except for the reac-

tion with acetate where a temperature of 50 °C was used.

Table III. Rate Constants for Reaction of Nucleophiles with Alkyl a-Disulfones at 25 °C in 60% Dioxane

k,, Mt 57!, for Nu” + RSO,SO,R® with the following nucleophiles

R for

RSO,SO,R OH" piperidine morpholine GEE? AcO” Ny~
Me 70 (ea) 1.45 (ds)
n-Bu 1.4 X 10* (ea) 56 (ea) 1.05 (ea) 0.13 (ea) 0.004 (ea) 0.14 (ds)
i-Pr 1.6 X 10? (ea) 8.0 (ea) 0.27 (ea) 0.021 (ds)
PhCH, 94 (ea) 4.2 (ea) 5.2 (ea)
p-CH,C,H,CH, 51 (ea)
p-CIC;H,CH, 4.1 X 102 (ea)
m-CIC,H,CH, 7.1 X 102 (ea)

@ Pathway used for substitution: (ea) = elimination-addition, (ds) = direct substitution. ? GEE = glycine ethyl ester.

nucleophiles used were piperidine, morpholine, and glycine ethyl
ester (three amines of differing base strength), OH™ and AcO~
(two oxyanions of greatly different basicity), and azide ion (an
anion of base strength comparable to acetate but of much greater
nucleophilicity). All except acetate yield substitution products
RSO,Nu that are stable under the reaction conditions used. The
mixed anhydride RSO,0Ac that is presumably formed initially
in the reaction with acetate is hydrolyzed to give the sulfonate
RSO;". Product isolation experiments (see Experimental Section)
showed that the expected substitution products were formed in
the various a-disulfone—nucleophile reactions.

Incorporation of Deuterium into Substitution Product in Re-
actions of a-Disulfones. In the presence of D,O any substitution
of an alkyl a-disulfone (R’CH,S0,), that proceeds via an elim-
ination—addition pathway and a sulfene intermediate will yield
a substitution product, RCHDSO,Nu, having a deuterium on the
carbon adjacent to the sulfonyl group (eq 4a). On the other hand,

ke u”
(R'CH;S0;), —> R'CH=S0; —25» R’'CHDSO,Nu  (4a)

k,
(R’CH,SO,), N—"- R'CH,SO,” + R’'CH,SO,Nu (4b)

a direct substitution mechanism (eq 4b) will result in a product,
R’CH,SO,Nu, having no deuterium on that carbon. The extent
of deuterium incorporation can be determined easily in most cases
from the integrated NMR spectrum of the substitution product.

Reaction of n-butyl a-disulfone with the various nucleophiles
in 60% dioxane-40% D,O led to deuterium incorporation in the
substitution product as indicated in the third column of Table I.
In all cases except the reaction with azide ion, the substitution
product has exactly one atom of deuterium on the carbon adjacent
to the sulfonyl group. In the product from the reaction with azide
ion there is none. Thus although the reaction of Ny~ with n-butyl
a-disulfone is a direct substitution, all of the other substitution
reactions of this a-disulfone occur exclusively by the elimina-
tion—addition pathway.

To see if a change in the nature of the alkyl group would alter
the mechanism used for substitution, we reacted methyl, isopropyl,
and benzyl a-disulfones with (a) morpholine (an “elimination—
addition” nucleophile with n-BuS0O,SO,Bu-#) and (b) azide ion
(a “direct substitution” nucleophile with #-BuSO,SO,Bu-n). The
results, shown in the last three columns of Table I, indicate that
the substitutions with morpholine all remain elimination—addition

reactions. On the other hand, while the reactions of azide with
methyl and isopropyl a-disulfone remain direct substitutions, that
of N;~ with benzyl a-disulfone occurs principally via the elimi-
nation—addition mechanism. A change in mechanism from direct
substitution to elimination—addition with a change in structure
of the alkyl group from CH, to PhCHj has also been observed®
in the reaction with pyridine of methanesulfonyl and phenyl-
methanesulfonyl chlorides.

Kinetics of the Reactions of Nucleophiles with Alkyl «-Di-
sulfones, The kinetics of the reactions of various of the nucleophiles
with the different alkyl a-disulfones were studied spectrophoto-
metrically (either by conventional or stopped-flow techniques) in
60% dioxane under conditions where the nucleophile was always
present in a large stoichiometric excess over the a-disulfone. When
either an amine or acetate ion was the nucleophile, buffers of the
nucleophile and its conjugate acid were employed. The disap-
pearance of the a-disulfone followed good first-order kinetics in
every case; the experimental first-order rate constants, k,, for the
various runs can be found in Table IL.” The slope of a plot of
k; vs. [nucleophile] gives the second-order rate constant, k,, for
each particular a-disulfone—nucleophile reaction; the k,’s for the
different reactions are given in Table III.

The data on deuterium incorporation in the substitution products
given earlier enable one to specify whether the measured &, for
a particular a-disulfone—nucleophile reaction represents the rate
constant (k) for an elimination—addition reaction (eq 3a) or,
alternatively, is one (ky,) for a direct substitution (eq 3b). Those
ky's in Table III that are rate constants for an elimination—addition
process are indicated by ea after the numerical value of kj; those
that are rate constants for a direct substitution process are followed
by ds.

Incorporation of Deuterium into Substitution Product in Re-
actions of 1-Butanesulfonyl Chloride. 1-Butanesulfonyl chloride,
n-BuSO,Cl, was allowed to react in 60% dioxane—40% D,0 with
each of the nucleophiles that had been shown (Table I) to react
with n-butyl a-disulfone exclusively via an elimination—addition
mechanism. Isolation of the substitution products and deter-
mination of the extent of deuteration of the carbon adjacent to
the sulfonyl group were carried out in the same fashion as in the
reactions of the a-disulfone. The results are shown in Table IV.

(7) See the paragraph at the end of paper regarding supplementary ma-
terial.
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Table IV, Deuterium Incorporation in Substitution Products
in Reactions of 1-Butanesulfonyl Chloride in 60%

Dioxane-40% D,0°%

no. of Ds on

a-C to SO,

struct of substn group in

nucleophile product analyzed n-BuSO,Nu
piperidine £ -BuSON 0.72 + 0.05
morpholine 7-BuSON. O 0.15 £ 0.05
glycine ethyl ester  n-BuSO,NHCH,COOEt  0.24 £ 0.15
oD n-BuSO,~ 0.97 + 0.04
AcO” n-BuSO,~ 0.27 £ 0.06

@ All data are for 25 °C, except for acetate ion where a tempera-
ture of 50 °C was used.

Table VI. Rate Constants for Reaction of Nucleophiles with
Sulfonyl Chlorides at 25 °C in 60% Dioxane

k,, M7 57}, for Nu- + RSO,CIe

nucleophile R =n-Bu R=Ph
OH- 4.0 X 102 (ea)
morpholine 1.0
EtOOCCH,NH, 0.095 2.1 (ds)
AcO~ 0.025 (50 °C) 0.015 (ds)
N,- 6.2 (ds)

@ Pathway used for substitution: (ea) = elimination-addition,
(ds) = direct substitution. Where no symbol is shown, the reac-
tion proceeds by a mixture of both pathways.

One sees that, while the reaction with hydroxide ion still occurs
exclusively by an elimination—-addition mechanism, the substitu-
tions involving the other nucleophiles all lead to significantly less
deuteration than in the case of the a-disulfone. In the case of
acetate, morpholine, and glycine ethyl ester, the data indicate that
most of the substitution product is being formed by direct sub-
stitution. Direct substitution is clearly much more competitive
in rate with elimination—-addition in substitution reactions of
n-BuSO,Cl than it is in reactions of (n-BuSO,),.

Kinetics of Reactions of Nucleophiles with Sulfonyl Chlorides.
The kinetics of the reactions of selected nucleophiles with 1-bu-
tanesulfonyl chloride and benzenesulfonyl chloride in 60% dioxane
were followed spectrophotometrically by using the same reaction
conditions as for the a-disulfones. The disappearance of the
sulfonyl chloride followed good first-order kinetics in each case;
experimental first-order rate constants, k;, for the different runs
may be found in Table V.7 Second-order rate constants, kj,
obtained from the slope of a plot of k, vs. [nucleophile] are given
in Table VI. Those for reactions involving PhSO,Cl naturally
represent rates for direct substitution processes. That for reaction
of OH™ with n-BuSO,Cl is for an elimination-addition. However,
since the data in Table IV indicate that elimination—addition and
direct substitution are competitive in rate for reaction of the other
nucleophiles with #-BuSO,(Cl, the measured k,’s for their reactions
represent the sum of k., and kg, for the system in question. For
this reason no symbol in parentheses has been placed after these
particular k,’s in Table VI.

Rates of Deuterium Exchange of Benzyl and n-Butyl Tri-
fluoromethyl Sulfones. Alkyl trifluoromethyl sulfones,
RCH;SO,CF;, undergo base-catalyzed exchange of the protons
in the CH; group in acetonitrile-D,0 via the mechanism shown
ineq 5. The rate of exchange can be followed by NMR and the

k; DO
RCH,SO,CF; + B —> BH* + RC'HSO,CF;, —
RCHDSO,CF, (5)

rate constant, k.., equal to kz[B], determined. Study of the
acetate-catalyzed exchange of PhCH,SO,CF; at 25 °C in 1:1
AcO™—AcOD buffers in 70% CD;CN-30% D,0O gave the following
results ([AcOT], kexcn): 0.01 M, 0.42 X 1074 571; 0.02 M, 0.78 X
10#571,0.04 M, 1.41 X 10* 5. From a plot of K, vs. [AcO]
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the second-order rate constant, kg, for the acetate-catalyzed
exchanlge of PhCH,SO,CF,; under these conditions is 3.1 X 1073
M1l

The much slower acetate-catalyzed exchange of n-
PrCH,SO,CF, was also studied in the same medium at 50 °C
([ACOT, kuger): 0.015M, 1.4 X 1057002 M, 1.7 X 10%s71,
From a plot of k.., v. [AcO7], one estimates that kg, for ace-
tate-catalyzed exchange of n-PrCH,SO,CF, at 50 °C in this
medium is ~6 X 107> M1 571, Due to the very slow rate of
exchange in these reactions this rate constant is probably somewhat
less accurate than the one for benzyl trifluoromethyl sulfone.

An attempt was also made to measure the rate of exchange of
n-PrCH,SO,CF; in the presence of 0.002 M OD™ at 25 °C in 70%
CD;CN-30% D,0, but under those conditions the rate was so
rapid that exchange was complete by the time (~45 s) needed
to mix the solutions of sulfone and OD, insert the tube into the
probe, and determine the integrated intensities of the CH; and
CH,S0, signals in the NMR spectrum of the sample. This means
that under those conditions k.., = 0.069 s! and that kop =
kesen/[OD"] is greater than 35 M~ 571,

Discussion

The results in Table I show that the great majority of nu-
cleophilic substitution reactions of alkyl a-disulfones take place
via an elimination-addition mechanism (eq 3a) with a sulfene as
an intermediate. Only when the nucleophile is one like azide ion
that is weakly basic while at the same time being a good nu-
cleophile does one see reaction proceeding by direct substitution.
Even with azide, when the acidity of the hydrogens on the carbon
adjacent to the sulfonyl group is increased sufficiently, as in
(PhCH,S0,),, the preferred pathway for substitution changes to
elimination-addition.

The k;, values in Table III for the reaction of n-butyl a-disulfone
with all nucleophiles except azide ion provide information on how
the rate constant for eq 3a, k., varies with nucleophile. Given
that the role of the nucleophile in the k,, step is to remove a proton
from the carbon « to the sulfonyl group, a correlation of nu-
cleophile reactivity with basicity of the nucleophile might be
anticipated. This is found to be the case. A plot of log k, values
for (n-BuS0,), vs. pK, (in H,0) of the nucleophiles is linear with
a slope (B) of about 0.6. A 8 value of this magnitude indicates
that in the transition state, transfer of the proton from the o-
disulfone to the nucleophile has proceeded to a significant extent.
It is comparable to the 8 values reported for the elimination of
HBr from 2-phenylethyl bromide® (0.54) and for the base-cata-
lyzed formation of PhCH==S0, from 2,4-dinitrophenyl phenyl-
methanesulfonate®!® (0.6).

Mechanism of Sulfene Formation from Alkyl a-Disulfones. A
priori, three mechanisms are possible for sulfene formation from
a-disulfones: (1) a reversible E1cB mechanism (eq 6, k; <
k,[BH*]); (2) an irreversible E1cB mechanism (eq 6, k; >
k.[BH*]); (3) an E2 mechanism (eq 7).

ki
B + RR’CHSO,SO,R” 74—’
kij
BH* + RR'C—S0,SO,R” —» RR'C=S0, + R”SO;" (6)
(ElCBr, k,',' < k_,'[BH+]; EICB,‘, ku > k_,[BH+])

The reversible E1cB mechanism can definitely be ruled out.
In an El¢B, mechanism the carbanions RR’CSO,SO,R” formed

(8) Hudson, R. F.; Klopman, G. J. Chem. Soc. 1964, 5.

(9) Davy, M. B,; Douglas, K. T.; Loran, I. S; Steltner, A.; Williams, A,
J. Am. Chem. Soc. 1977, 99, 1196.

(10) Recent work by Thea, Harun, and Williams!! indicates that the
Bronsted relation for this reaction actually has a slope of +1.0 for weak bases
and one of about +0.3 for stronger bases; in the earlier study® there were too
few data points to reveal this break in the slope. Since our data for n-butyl
a-disulfone are also for only a limited number of bases, it seems more ap-
propriate to compare our results with the earlier reported® “average” 8 for
sulfene formation from 2,4-dinitrophenyl phenylmethanesulfonate.

(11) Thea, S.; Harun, M. G.; Williams, A. J. Chem. Soc., Chem. Commun,
1979, 717,
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R
B + RCHS0pS0,R" —Ele |Bp-—-C=22g0,---27 0,SR"| —=
R' R'
transition state
BH' + RC==S0, + R"S0; (7)

Rl

by step k; revert to a-disulfone (step k) faster than they eliminate
sulfinate ion (step k;). In D,O with such a mechanism extensive
exchange of hydrogens on the a-carbon in the starting material
would therefore occur prior to reaction to form substitution
product, and one would find that the substitution products from
the reactions involving methyl, n-butyl, or benzyl a-disulfones
would have significantly more than one deuterium atom on the
a-carbon to the sulfonyl group. From Table I one can see that
this is not the case. Especially noteworthy are the reactions of
these a-disulfones with morpholine. In D,O the nitrogen atom
of morpholine is deuterated, and the ion pair formed upon removal
of a proton from these a-disulfones will have structure 1. Because

H

O/_\N*/ " CHS0,S02CHoR
\_/ \D R

1

of the deuterium already present on nitrogen in 1, exchange of
D for H on the a-carbon can take place directly in 1. There is
no need for BH* to diffuse away and be replaced by BD*, as would
be the case if a tertiary amine was being used as the base. Even
if step k is faster than diffusion, i.e., an Elc¢B, (ion pair)
mechanism, one should still get exchange of H by D in the starting
material prior to reaction to form substitution product in this
particular case. The fact that this is not observed allows one to
rule out any type of El¢B, mechanism for sulfene formation from
a-disulfones.

The distinction between the irreversible E1cB and E2 mecha-
nisms is that in the E2 mechanism the breaking of the C-H and
S-S bonds is synchronous, while in the E1¢cB; mechanism breaking
of the C-H bond precedes cleavage of the S-S bond. An un-
equivocal decision between E1cB; and E2 mechanisms is frequently
not easy. One way to attempt it is through use of the “leaving
group effect”. In an ElcB; mechanism step k; is rate-determining,
and the only influence that the leaving group (in this case R”SO;")
should have on k., is through its inductive effect on the ease of
removal of a proton from the a-carbon to the SO, group. On the
other hand, in the normal E2 mechanism, where the S-S bond
is substantially broken in the rate-determining transition state,
the energy of that transition state should be lower than for the
Elc¢B; process, and the reaction should be faster than expected
from the simple inductive effect of the leaving group on removal
of a proton from the a-carbon.

To use this probe one must be able to estimate reasonably
accurately what the inductive effect of R”SO, on k; would be.
The determination of kg for eq 5 for removal of a proton from
RCH,SO,CF; when B is AcO™ (R = Ph or n-Pr) was outlined
in the Results. Rate constant k; for removal of a proton from
(RCH,S0,), under the same reaction conditions should be related
to koac as shown in eq 8, where p* is the reaction constant for

log kiOAc(RCstOZ)z =
log koa(RCH,S80,CF3) + p*(ogrrs0, — 0*cr;) + log 2 (8)

removal of a proton from RCH,S0,Y by AcO-, and the log 2
term is the statistical factor needed to take into account that there
are two equivalent sites in the a-disulfone from which a proton
can be removed.

The o* values for CH;SO,CH, (+1.32) and CF,CH, (+0.92)
are known.!2 Given the usual attenuation factor (1/2.8) asso-
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ciated with insertion of a CH, group, this would make o*cp,s0,
= +3.69, o*cp, = +2.57, and o*grgo, — 0*cr, = +1.1; the same
value for (o*grso, — 0% ) is also obtained by using the reported!?
oy values for CH,SO, and CF; and the relationship Ag* = 6.2A0,.

For removal of a proton from PhCH,SO,0Ar by Et;N in
D,0-dimethoxyethane, p is +1.9,'% while p = +2.8 has been
reported '™ for the OD"-catalyzed exchange of the proton adjacent
to the sulfonyl group in an aryl alkyl sulfone, ArSO,CH. These
results indicate that p* for removal of a proton from RCH,SO,Y
by acetate ion will certainly be quite large and positive. Just how
large depends on one’s view regarding the most appropriate way
to estimate p* from the p values for these other reactions, but a
p* of at least +2.8 seems indicated. By use of eq 8 and p* = +2.8
the estimated ks for the a-disulfones and acetate in 70%
CD;CN-30% D,0 are as follows: (PhCH,S0,),, 25 °C, 7.5 M™!
s71; (n-BuS0,),, 50 °C, 0.15 M1 s, The measured rate constants
(k) for reaction of acetate with these two a-disulfones under the
same conditions are as follows: (PhCH,S0O,),, 25 °C, k., = 6.5
M1 57h (n-BuS0O;),, 50 °C, 0.03 M~ s71. In neither case is ke
larger than k; as estimated from eq 8. This indicates that the
leaving group R”SO, has no significant effect on the rate of sulfene
formation from the a-disulfone beyond its expected inductive effect
on the ease of proton removal. The results therefore point to an
El¢B; mechanism (eq 6, k; > k[BH™]) for formation of sulfenes
from a-disulfones.'?

In this connection one should note that Davy et al.’ in their
study of sulfene formation from aryl phenylmethanesulfonates,
PhCH,SO,0Ar, concluded that, when the pK, of ArO™ is very
low, k; for loss of ArO™ from PhC"HSO,0Ar may become so rapid
(>10".s7") that the “lifetime” of the carbanion is less than a
vibration frequency, and the mechanism, which would otherwise
be ElcB,, is forced to become concerted in the sense that no
discrete carbanion intermediate can be present on the reaction
coordinate. Such a mechanism can be considered to be an extreme
example of an ElcB-like E2 reaction, having an unusually
“unsymmetrical” timing for bond cleavage. Given that the a-
disulfone eliminations also involve a leaving group of low pKj, if
the conclusions of Davy et al.” about the magnitude of k; for
PhC-HSO,0Ar are in fact correct, which some doubt,' sulfene
formation from a-disulfones would then presumably also be an
ElcB; reaction where the extreme magnitude of k; precludes a
finite lifetime for the carbanion intermediate and forces the re-
action to be in actuality a very ElcB-like E2 reaction.

Variation in k, for a-Disulfones with Alkyl Group Structure.
From the data in Table III the typical variation in k. with
variation in alkyl group structure would seem to be that shown
in the first line of Table VII. This reactivity pattern for sulfene
formation from RR’CHSO,SO,R” is very different from that for
a classic E2 reaction, the EtO -induced elimination of HBr from
RR’CHCH,Br!* (second line of Table VII). On the other hand,

(12) (a) Taft, R. W. “Steric Effects in Organic Chemistry”; Newman, M.,
Ed.; Wiley: New York, 1956; p 595. (b) Exner, O. “Advances in Linear Free
Energy Relationships”; Chapman, N, B., Shorter, J., Eds; Plenum Press:
London and New York, 1972; pp 37-38. (c) Use of a larger value for p* than
+2.8 would, of course, increase the values of k; estimated for the a-disulfones
from eq 8. Since even with p* = +2.8 k; 2 k,,, use of a larger p* would not
alter the conclusion reached, namely, that the rate of elimination of the
a-disulfone is not any faster than would be expected from the inductive effect
of the leaving group on the acidity of the protons « to the sulfonyl group.

(13) (a) King, J. F,; Beatson, R. P. Tetrahedron Lett. 1975, 973. (b)
Hogeveen, H.; Maccagnani, G.; Montanari, F.; Taddei, F. J. Chem. Soc. 1964,
4101.

(14) Professor J. F. King (private communication) does not feel that &y
for PhC-HSO,0CH;-2,4-NO, is necessarily 2 10!* 51, as Davy et al® believe.
From the evidence that the carbanion PhAC"HSO,0C4H;-2-CI-4-NO, can be
successfully trapped in 80% dimethoxyethane (DME)-20% H,O by 0.07 M
Et;NH*, King concludes that k; for this intermediate is <10° s~ in 80%
DME-20% H,O. Since the equation given by Davy et al.’ predicts that k;;
for the carbanion from the 2,4-dinitro ester should be only about 500 times
larger than this, King estimates that in 80% DME-20% H,0 k; for PhC”
HSO,0C¢H;-2,4-NO, is <5 X 10! 7! (well below the vibration limit), and
the carbanion should have a finite lifetime in that medium. Since there is no
a priori reason why ky in water (the solvent used by Davy et al.®) should be
much larger than k; in 80% DME-20% H,0, King feels that his results!*
raise doubts about whether the conclusions given by Davy et al. regarding the
lifetime of the carbanion in water are in fact correct.
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Table VII. Effect of Alkyl Group Structure on Rates of Various Elimination Reactions

k/kg=H R'=n-p:’°

reaction R=R'=H R=R'=Me R=H,R'=Ph
kea

’ "’ C= 0.15 9x10°
RR'CHS0,50,R B:, 60% dioxane, 25 °C RR'C=50, 70 x 10

"CHC EELALIEN ’ @ 0.45 2.4 1.6 x 10?
RR H,Br EtOH, 55°C RR’'C=CH, . . .

EtO”

’ + ’ = b . . 1 4

RR’CHCH,N*Me, m RR’C=CH, 25 0.6 3.3x10

@ Data are from ref 14. ® Data are from ref 15 and 16. € Ratio is 1.0 for R=H and R’ = n-Pr.

for methyl, n-butyl, and isopropyl a-disulfones the change in k.,
with change in alkyl group structure is similar to although
somewhat greater in magnitude than the change in rate with alkyl
group structure found® for the Hofmann elimination of quaternary
ammonium salts RR’"CHCH,N*Me; (third line of Table VII),
an elimination normally considered to be an El¢B-like E2 reaction.
The variation in k, with alkyl group structure thus provides further
support for the idea that sulfene formation from a-disulfones takes
place by either an ElcB; or a very ElcB-like E2 mechanism.

One notes, however, that in the elimination involving the a-
disulfone a phenyl group provides about 30-fold less rate en-
hancement than does the corresponding structural change in the
Hofmann elimination. We believe the probable reason for the
smaller acceleration provided by phenyl in the elimination involving
th a-disulfone is as follows.

On the basis of the X-ray crystal structure of phenyl a-di-
sulfone,"” the preferred conformation for benzyl a-disulfone might
be expected to be as in 2 (Newman projection along C-S bond).

SOzCHzPh S05CHgPh
S e
o 0 o | o N

H

]

g%
2 3

The required geometry for removal of a proton from a carbon
adjacent to a sulfonyl group is known!® to be one in which the
hydrogen lies on the bisector of the angle between the two oxygens
of the sulfonyl group. That being the case, the required con-
formation for the transition state for sulfene formation from benzyl
a-disulfone will be as shown in 3.

In the elimination of the quaternary ammonium salt the re-
placement of n-Pr by Ph results in a 33000-fold rate increase,
primarily because of the ability of the phenyl group to stabilize
by resonance the partial negative charge on the adjacent carbon
and thereby lower the energy of the transition state. For the benzyl
a-disulfone elimination, examination of molecular models suggests
that the decrease in energy of the transition state due to resonance
stabilization of the negative charge when R’ = Ph will be partially
offset by the fact that going from 2 to 3 introduces, if the phenyl
group is to be positioned in 3 so that it can provide maximum
stabilization of the negative charge by overlap with the = system
of the ring, an energetically significant, unfavorable steric in-
teraction between the phenyl group and one of the oxygens on
the adjacent SO, group. Because of this unfavorable steric in-
teraction, the change from R’ = n-Pr to Ph leads to a 30-fold
smaller increase in rate in the a-disulfone system than in the
elimination involving the quaternary ammonium salt. In n-butyl
a-disulfone the fact that the last two carbons of the propyl group

(15) Dhar, M. L.; Hughes, E. D.; Ingold, C. K.; Masterman, S. J. Chem.
Soc. 1948, 2055.

(16) (a) Banthorpe, D. V.; Hughes, E. D.; Ingold, C. K. J. Chem. Soc.
1960, 4054. (b) Saunders, W. H.; Bushman, D. G.; Cockerill, A. F. J. 4m.
Chem. Soc. 1968, 90, 1775.

(17) Kiers, C. T.; Vos, A. Recl. Trav. Chim. Pays-Bas 1972, 91, 126.

(18) (a) Corey, E. J.; Kénig, H.; Lowrey, T. H. Tetrahedron Lett. 1962,
515. (b) Bordwell, F. G.; Phillips, D. D.; Williams, J. M. J. Am. Chem. Soc.
1968, 90, 426. Bordwell, F. G.; Doomes, E. J. Org. Chem. 1974, 39, 2526.

Table VIII. Effect of Alkyl Group Structure on Rates of Direct
Substitution at Different Electrophilic Centers

k/kR=n-Buc
reaction R=Me R=iPr
RSO,SO,R + N,~ = RSO,N, + RSO," " 10 0.15
RCH, Br + EtO™ - RCH,OEt + Br ¢ 4.3 0.15
RS-SO, " + *$0,* - R§*-§0," + 50,7 3.3 0.03

@ Reference 19. © Reference 20. € Ratio is 1.0 for R = #-Bu.

can be bent back away from the oxygen (see 4) eliminates any
unfavorable steric interaction of the n-propyl group with this
sulfonyl oxygen.

SO2Bu 7
|
H 3 Co
A ~H
07 O\E?
H
!
g
4

A plot of log k., for the reaction of glycine ethyl ester with the
various (ArCH,SO,), in Table III vs. ¢ indicates that the p value
associated with this reaction is +2.3. This measured p value, of
course, represents the sum of the two separate p values associated
with (1) substituents in the ring attached directly to the carbon
from which the proton is being removed and (2) substituents in
the distant aromatic ring of the ArCH,S0O, leaving group; i.e.,
Povsa = M + py. The p value (p;) associated with the proximate
Ar group should clearly be much larger than the one (p,) asso-
ciated with the distant Ar group. Just how much larger cannot
be specified precisely, but it seems likely that p; = +1.9, while
P2 < +04.

A value for p, in this range is comparable to the values (p =
+1.83,"! p~ = +2.35'%) that have been reported for the pyri-
dine-catalyzed formation of ArCH==SO, from 2,4-dinitrophenyl
phenylmethanesulfonates in 80% dimethoxyethane—20% water as
solvent, a reaction that is thought to proceed via either an E1cB;!*
or a very ElcB-like E2%!! mechanism. That p, for sulfene for-
mation from the a-disulfones, as induced by another weakly basic
amine (glycine ethyl ester) in a comparable solvent medium (60%
dioxane), is similar to p for this elimination involving the 2,4-
dinitrophenyl phenylmethanesulfonates provides additional support
for the view that sulfene formation from a-disulfones involves
either an El¢B; or a very ElcB-like E2 mechanism.

Note that despite the other evidence clearly indicating their
ElcB character, neither of these sulfene-forming eliminations of
ArCH,S0O,Y deriatives exhibits as large a positive p value as do
ElcB-like E2 eliminations of 2-phenylethyl derivatives such as
ArCH,CH;N*Me,. The discussion in ref 11 of the changes in
effective charge on various atoms that are thought to occur on
going from the reactants to the transition state in sulfene-forming
reactions may provide a possible explanation.

Variation in ky for o-Disulfones with Alkyl Group Structure,
The variation in rate with alkyl group structure for the reaction
of azide ion with methyl, n-butyl, and isopropyl a-disulfones
indicates how the rate, kg, for a direct substitution reaction is
influenced by the nature of the alkyl group. It is interesting to
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see how this compares with the variation in rate with the same
change in alkyl group structure for substitutions at other elec-
trophilic centers. This is done in Table VIII. The data show
that the variation for the a-disulfone-azide reaction is quite similar
to what is observed in either an S\2 substitution at the CH, group
of RCH,Br'® or a nucleophilic displacement at the dicoordinate
sulfur of a Bunte salt, RSS0O,~% The variation in kg for
RSO,SO;R with changes in the steric requirements of R is clearly
unexceptional when compared with other direct substitutions where
the reaction goes through a transition state (or intermediate) where
the entering and leaving groups occupy the apical positions of a
trigonal bipyramid.

Comparison of the data in Tables VII and VIII shows that for
methyl, n-butyl, and isopropyl a-disulfones the change in kg, with
alkyl group structure is approximately the same as the change
in ke, For this reason, changing the alkyl group from n-butyl
to either methyl or isopropyl should not normally alter the path
(elimination—addition or direct substitution) by which a given
nucleophile reacts with the three alkyl a-disulfones.

Comparison of Nucleophilic Substitutions of Alkyl o-Disulfones
and Alkanesulfonyl Chlorides. It is apparent from comparison of
the data in Table IV for n-BuSO,Cl with those in Table I for
n-BuS0O,SO,Bu-~ that changing Y in #n-BuSO,Y from RSO, to
Cl enables direct substitution (ky) generally to compete much
more effectively with elimination—addition (k.,). Rate data reveal
that this arises from the fact that, for a reaction with a given
nucleophile, k., for n-BuSO,Cl is significantly slower than k., for
n-BuSO,SO,Bu-n, while at the same time ky, for a sulfonyl
chloride is considerably faster than k4 for the corresponding
a-disulfone. Specifically, since reaction of hydroxide ion with both
substrates is seen from Tables I and IV to be cleanly elimina-
tion—addition, the rate constants for reaction of OH~ with n-
BuSO,CI (Table VI) and (n-BuS0O,), (Table III) show that for
this nucleophile k,(RSO,Cl)/k,(RSO,SO,R) = 0.25. One might
expect that with less reactive, and presumably therefore more
selective, nucleophiles this ratio would be somewhat smaller; values
of ke (RSO,C1)/k,o(RSO,;SO,R) =~ 0.1-0.25 would seem indi-
cated. Comparison of the rate constants for reaction of PhSO,Cl
with several nucleophiles (Table IV) with those for reaction of
PhSO,SO,Ph under the same conditions*® provides information
relevant to kg(RSO,Cl)/kgs(RSO,SO,R).?! They indicate that
kys(RSO,Cl)/ k4 (RSO,SO;R) is typically 5-10. Taken together
these data on k., and kg suggest that in general kg/k,, for RSO,Cl
2 (20-100)(kys/ k<o) for RSO,SO,R. From this one can see how
a direct substitution mechanism can be the dominant pathway
for the reaction of the alkanesulfonyl chloride with certain nu-
cleophiles (morpholine, glycine ethyl ester, acetate) while the same
nucleophiles react with the a-disulfone entirely via elimination—
addition. The fact that stronger bases than morpholine react with
the sulfonyl chloride either exclusively (OH") or predominantly
(piperidine) by elimination-addition requires that k., be more
sensitive to nucleophile basicity than is k4. That such should be
the case is not unexpected.

It is not surprising that k.,(RSO,Cl) < k,(RSO,SO,R). We
saw earlier that in either an ElcB; or a very ElcB-like E2
mechanism the effect of the leaving group on the rate is determined
by its inductive effect on the ease of proton removal from the
a-carbon to the sulfonyl group. Since o*cicy, (+1.05) is less than
o*cuso,ch, (+1.32), RSO, will be inductively a stronger elec-
tron-withdrawing group than Cl, and removal of a proton from
the a-carbon should be faster in the a-disulfone than in the sulfonyl
chloride, in line with k,(RSO,Cl) < k.,(RSO,SO,R). On the
basis of o*ggo, — 0*c| and the sort of p* that would seem rea-

(19) Streitweiser, A., Ir. “Solvolytic Displacement Reactions”; McGraw-
Hill: New York, 1962; p 12.

(20) Fava, A; lliceto, A. J. Am. Chem. Soc. 1958, 80, 3478.

(21) Unfortunately kg, for reaction of azide ion with n-BuSO,CI could not
be measured accurately spectrophotometrically; k4 for other nucleophiles and
n-butyl a-disulfone are not accessible because those nucleophiles react with
the a-disulfone entirely by the elimination-addition pathway., For these
reasons we have had to use k4,(PhSO,C1)/k,(PhSO,SO,Ph) values and make
the plausible assumption that these should approximate kg, (n-BuSO,Cl)/
k4y(n-BuS0O,S0;,-n-Bu) reasonably well.

Farng and Kice

sonable for proton removal, one would have anticipated a con-
siderably smaller value for k.,(RSO,Cl)/k(RSO,SO;R) than
the one actually found; i.e., the sulfonyl chloride seems to undergo
elimination quite a bit faster than would be predicted for an ElcB;
mechanism. Since we noted earlier that eliminations where the
bond to the leaving group is broken to a significant degree in the
rate-determining transition state show a faster rate than the one
predicted from the purely inductive effect of the leaving group
on the ease of proton removal, this may indicate that the elimi-
nation of the alkanesulfonyl chloride is a less ElcB-like E2 reaction
than the elimination of the a-disulfone and that in its transition
state the S—Cl bond is cleaved to a significant degree. Such a
shift in mechanism on changing the leaving group from RSO, to
Cl can be rationalized on the basis that, although Cl has a weaker
acidifying effect than RSO, on the hydrogens on the a-carbon,
CI should be a better leaving group than RSO, (HCl is a con-
siderably stronger acid than RSO,H).

In considering why k4 (RSO,Cl) is greater than ky,-
(RSO,S0,R), one should first take note of the two different views
regarding the normal mechanism for direct substitution at sulfonyl
sulfur. Williams?? and Rogne?® believe such substitutions involve
concerted bond making and bond breaking (eq 9a), while others
like Ciuffarin®* believe that they proceed by a stepwise mechanism
(eq 9b) with an intermediate 5§ on the reaction coordinate.

o]

//o
Nu + RSOpL ——m Nus-'-X\T———La' —= RSO,Nu + L (92)
R

0
- Aa C\'/ * -
Nu + RSOpL === Nu—'S—L 2= RSOpNu + L (9b)
~-a

R
5

In the concerted mechanism (eq 9a) there is obviously appre-
ciable negative charge on the leaving group, L, in the transition
state, and since CI is more stable than RSO,", one would clearly
expect a kg(RSO,Cl) > k4o(RSO,SO,R).

Because CI” and RSO, are very good leaving groups, stepwise
mechanisms in the system under consideration here would pre-
sumably be ones where ky > k_,, and attack of the nucleophile
on the substrate (step k,) would be rate determining. At first sight,
it might seem that k4(RSO,Cl) > k4,(RSO,SO,R) could not be
reconciled with a mechanism of this type and that the'data could
be construed as evidence in favor of the concerted mechanism.
However, in an intermediate like § the entering and leaving groups
should be bonded to the sulfonyl group by four-electron, three-
center (hypervalent) bonds.?* Such bonds are quite different?6
from ordinary bonds, and in 5 there will be appreciable partial
negative charge on both Nu and L. The intermediate § from the
sulfonyl chloride (L = Cl) where that negative charge is on
chlorine should be of somewhat lower energy and be more easily
formed than the one from the a-disulfone (L = RSO,) where the
partial negative charge is on RSO,. Thus the stepwise mechanism
can also adequately account for the fact that k4,(RSO,CIl) is
greater than kg (RSO,SO;R).

Experimental Section

Preparation and Purification of Materials. n-Butyl a-Disulfone, 1-
Butanesulfinic acid was synthesized from »n-butylmagnesium bromide and
sulfur dioxide by using the procedure of Houlton and Tartar.?’ The
sulfinic acid was neutralized with sodium hydroxide, and evaporation of

(22) Deacon, T.; Farrar, C. B.; Sikkel, B, J.; Williams, A. J. Am. Chem.
Soc. 1978, 100, 2525,

(23) Rogne, O. J. Chem. Soc. B 1971, 1855.

(24) Ciuffarin, E.; Senatore, L.; Isola, M, J. Chem. Soc., Perkin Trans.
2, 1972, 468.

(25) Kice, J. L. Adv. Phys. Org. Chem., in press.

(26) Perozz, E. F.; Martin, J. C.; Paul, L. C. J. 4m. Chem. Soc. 1974, 96,
6735.

(27) Houlton, H. G.; Tartar, H. V. J. Am. Chem. Soc. 1938, 60, 544.
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the neutralized solution gave sodium 1-butanesulfinate, IR (KBr), strong
band at 960-1020 cm*! (SO,7). Oxidation of the sulfinate with cobalt-
(II1) sulfate following the procedure of Denzer et al.2 gave, after re-
crystallization from benzene—ethanol, n-butyl a-disulfone: 31% yield; mp
58-59 °C (lit.” mp 59-60 °C); IR (KBr) strong absorption at 1339 and
1102 em™! (>S0O,); NMR (CDCl;) 8 0.99 (t, 6 H), 1.53 (sextet, 4 H),
1.99 (quintet, 4 H), 3.46 (t, 4 H).

Methyl o-Disulfone. Methanesulfonyl chloride (Aldrich) was reduced
to sodium methanesulfinate by treatment with sodium sulfite in an
aqueous solution which was kept slightly alkaline throughout the course
of the reaction. At the end of the reaction the water was removed, and
the residue was thoroughly dried. Treatment of the residue with absolute
methanol allowed the sulfinate to be separated from methanol-insoluble
salts, and removal of the methanol gave pure sodium methanesulfinate:
95% yield; mp 279-281 °C; IR (KBr) strong band at 9601040 cm™!
(SOy"). After oxidation of the methanesulfinate with cobalt(III) sulfate
via the same procedure? as in the n-butyl case, the a-disulfone was
removed from the reaction mixture by extraction with methylene chlo-
ride. Removal of the methylene chloride and recrystallization from
absolute ethanol gave methyl a-disulfone: 10% yield; mp 169-171 °C
(1it.3 mp 167-168 °C); IR (KBr) strong bands at 1305-1325 and 1105
cm™! (>S0,); NMR (CDCl,) § 3.33 (s).

Isopropy! o-Disulfone, Isopropyl disulfide (Aldrich; 4.69 g, 0.03 mol)
was dissolved in 30 mL of chloroform, and a solution of m-chloroper-
benzoic acid (12.2 g, 0.06 mol) in 200 mL of chloroform was added at
0 °C with stirring. The reaction mixture was then allowed to warm to
room temperature and stand for 5 h. The m-chlorobenzoic acid was
filtered off, and the filtrate was washed with 5% sodium bicarbonate and
then dried (Na,SO,). After removal of the chloroform the residue was
purified by column chromatography on silica gel. The fraction eluted
with benzene was pure isopropyl 2-propanethiolsulfonate: 2.46 g (45%);
IR (neat) 1312 and 1117 cm™! (s, >SO,); NMR (CDCl;) é 1.43, 1.44,
1.49, 1.51 (pair of d, 12 H), 3.36 (m, 1 H), 3.68 (m, 1 H). The product
appears to be identical with that synthesized by Field and co-workers®!
by another procedure.

The thiolsulfonate (2.68 g, 14.7 mmol) and 6.6 g (32.4 mmol) of 85%
m-chloroperbenzoic acid were dissolved in 100 mL of methylene chloride,
and the solution was allowed to stand at room temperature for 1 week.
The precipitate of m-chlorobenzoic acid was filtered off, and the filtrate
was washed with 5% sodium bicarbonate and then dried (MgSO,). The
residue after removal of the solvent was chromatographed on silica gel
by using benzene as eluent. From the chromatography, isopropyl a-di-
sulfone (1.49 g, 47%) was obtained as a liquid. Purification of the
a-disulfone by distillation was not attempted since spectral and elemental
analyses indicated that the material as obtained from the chromatogra-
phy was already of high purity: IR (neat) 1325-1331 and 1081-1108
cm! (s, >SO,); NMR (CDCly) 4 1.56 (d, 12 H), 3.96 (septet, 2 H).
Anal. Calcd for C¢H,40,S,: C, 33.63; H, 6.58; S, 29.92. Found: C,
33.92; H, 6.65; S, 30.18.

Benzyl a-Disulfone, Benzyl a-toluenethiolsulfonate®? (1.3 g, 4.7
mmol) and 2.21 g of 85% m-chloroperbenzoic acid were dissolved in 70
mL of methylene chloride, and the solution was allowed to stand for 4
days at room temperature. The workup followed the same procedure
used in the synthesis of isopropyl a-disulfone. The residue after removal
of the methylene chloride was recrystallized from benzene—ethanol, giving
0.45 g (31%) of benzyl a-disulfone: mp 178-180 °C; IR (KBr) >SO,
absorptions at 1336, 1315, and 1105 cm™; NMR (CDCl,) 5 4.46 (s, 4
H), 7.43 (s, 10 H). Anal. Calcd for C1,H,4,0,S,: C, 54.20; H, 4.55; S,
20.67. Found: C, 54.12; H, 4.61; S, 20.75.

p-Chlorobenzyl o-Disulfone, p-Chlorobenzyl disulfide’* (10.6 g, 0.035
mol) and 13.8 g of 85% m-cloroperbenzoic acid were dissolved in meth-
ylene chloride (200 mL), and the solution was allowed to stand at room
temperature for 14 h. After the same workup procedure as that used in
the other m-chloroperbenzoic acid oxidations, the residue, which TLC
showed contained at least four compounds, was chromatographed on
silica gel. p-Chlorobenzyl (4-chlorophenyl)methanethiolsulfonate (1.42
g, 12%) was eluted with benzene. It was recrystallized from ethanol: mp
125-127 °C; IR (KBr) 1320 and 1120 cm™ (SO;); NMR (CDCl,) &
4.05 (s, 2 H) 4.19 (s, 2 H), 7.1-7.5 (m, 8 H).

(28) Denzer, C. G., Jr.; Allen, P, Jr.; Conway, P.; Van der Veen, J. M.

J. Org. Chem. 1966, 31, 3418.

(29) Allen, P, Jr,; Karger, L. S.; Haygood, J. D., Jr.; Shrensel, J. J. Org.

Chem. 1951, 16, 757.

(30) Backer, H. J. Recl. Trav. Chim. Pays-Bas 1950, 69, 1127.

2 (?36Buckman, J. D.; Bellas, M; Kim, H. K.; Field, L. J. Org. Chem. 1967,
(32) Bretschneider, H.; Klotzer, W. Monatsh. Chem. 1950, 81, 593.
(33) Voronkov, M. G.; Pereferkovich, A. N.; Mikhailova, S. V. J. Appl.

Chem. USSR (Engl. Transl.) 1969, 42, 1091.
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The thiolsulfonate (0.50 g, 1.44 mmol) and 1.2 g of 85% m-chloro-
perbenzoic acid (5.8 mmol) were dissolved in 40 mL of methylene
chloride, and the solution was allowed to stand at room temperature for
5.5 days. After the standard workup procedure the residue was recrys-
tallized from absolute ethanol, giving 0.19 g (34%) of p-chlorobenzyl
a-disulfone: mp 184-185 °C; IR (KBr) strong bands at 1340, 1160, and
1110 cm™ (>SO, groups); NMR (CDCl;) 6 4.54 (s, 4 H), 7.38 (8 H).
Anal. Calcd for C4H,,Cl,0,S,: C, 44.35; H, 3.19; S, 16.88. Found:
C, 44.60; H, 3.35; S, 16.72.

p-Methylbenzyl o-Disulfone, p-Methylbenzyl disulfide®® (8 g, 29
mmol) and 12.2 g of 85% m-chloroperbenzoic acid were dissolved in 140
mL of methylene chloride, and the solution was allowed to stand for §
h at room temperature. After the usual workup the residue was chro-
matographed on silica gel. p-Methylbenzyl (4-methylphenyl)methane-
thiolsulfonate was eluted with benzene and recrystallized from ethanol:
mp 83-84 °C; 0.75 g (9%); IR (KBr) 1320 and 1110 cm™! (>SO,);
NMR (CDCly) 6 2.34 (s, 3 H), 2.36 (s, 3 H), 4.02 (s, 2 H), 4.20 (5, 2
H), 7.20 (8 H).

Oxidation of this thiolsulfonate (0.63 g, 2.07 mmol) with m-chloro-
perbenzoic acid (8.2 mmol) in methylene chloride with a reaction time
of 36 h gave, after recrystallization from ethanol, 0.44 g (63%) of p-
methylbenzyl a-disulfone: mp 162-163 °C; IR (KBr) 1340, 1160, and
1115 em™ (>S0,); NMR (CDCly) § 2.39 (s, 6 H), 4.45 (s, 4 H),
7.16-7.38 (m, 8 H). Anal. Calcd for C;¢H;30,S,: C, 56.79; H, 5.36;
S, 18.92. Found: C, 56.69; H, 5.38; S, 18.79.

m-Chlorobenzyl a-Disulfone, m-Chlorobenzyl disulfide was synthes-
ized from m-chlorobenzyl chloride (Aldrich) by using the general pro-
cedure for the synthesis of symmetrical disulfides from alkyl halides
developed by Milligan and Swan.** From 24.3 g (0.15 mol) of the
chloride there was obtained, after purification of the crude disulfide by
chromatography on silica gel, 12.8 g (54%) of the disulfide: NMR
(CDCl,) 6 3.57 (s, 4 H), 7.0-7.5 (m, 8 H).

The disulfide (9.6 g, 30.5 mmol) and 13.6 g of 85% m-chloroper-
benzoic acid were dissolved in 150 mL of chloroform, and the solution
was allowed to stand at room temperature for 21 h. After the usual
workup the residue was purified through column chromatography on
silica gel. m-Chlorobenzyl (m-chlorophenyl)methanethiosulfonate, which
was eluted with benzene, was recrystallized from ethanol: mp 46-49 °C;
2.26 g (21%); IR (KBr) 1315-1325, 1121 cm™! (>SO,); NMR (CDCl;)
6 4.07 (s, 2 H), 4.21 (5, 2 H), 7.1-7.5 (m, 8 H).

The thiolsulfonate (0.92 g, 2.66 mmol) was then oxidized with m-
chloroperbenzoic acid (10.6 mmol) in methylene chloride (35 mL) as
solvent. After 5 days at room temperature, the reaction mixture was
worked up in the usual manner, and the residue was recrystallized from
ethanol, affording 0.27 g (27%) of m-chlorobenzyl a-disulfone: mp
168-170 °C; IR (KBr) 1342, 1326, 1164, 1115 cm™ (>S0,); NMR
(CDCly) 6 4.52 (s, 4 H), 7.2-7.5 (m, 8 H). Anal. Calcd for
CiH1,ClLOSy: C, 44.35; H, 3.19; S, 16.88. Found: C, 44.18; H, 3.39;
S, 16.67.

Other Reagents, n-Butyl trifluoromethyl sulfone and benzyl tri-
fluoromethyl sulfone were prepared and purified as described by Hen-
drickson and co-workers.>* 1-Butanesulfonyl chloride (Eastman) and
benzenesulfonyl chloride (Eastman) were purified by distillation under
reduced pressure. The various amines, dioxane, and the other reagents
used were purified as previously described.* Deuterium oxide (Wilmad,
99.8 atom % D) was used without further purification. Perchloric acid-d
was prepared by addiing 5 g of 70% perchloric acid to 10 mL of D,0,
evaporating the solution to about 6 mL volume, and then repeating the
dilution with 10 mL of D,O and subsequent evaporation three more
times. Titration indicated that the concentration of perchloric acid-d in
the final solution was 8.0 N.

Reaction of Amines with a-Disulfones, Product Isolation and Deu-
terium Incorporation Experiments, The a-disulfone (1 mmol) in 5-10
mL of anhydrous dioxane was added rapidly with stirring to a solution
of the amine (3 mmol) and its conjugate acid (3 mmol) in 10-20 mL of
30% dioxane-70% water (either H,O or D,0), and the solution was
allowed to stand at room temperature for a period of time just sufficient
for complete reaction. The solution was then poured into approximately
5 times its volume of water, and the resulting mixture was extracted
several times with either ether or methylene chloride. The extracts were
washed with dilute hydrochloric acid (to remove excess amine) and water
and dried (Na,S0,), and the solvent was removed under reduced pressure
at room temperature. After being subjected to an oil-pump vacuum at
room temperature to remove any traces of dioxane, the residue was
purified and identified, and, for the runs in dioxane-D,0, the extent of

(34) Milligan, B.; Swan, J. M. J. Chem. Soc. 1962, 683.

(35) (a) Hendrickson, J. B.; Giga, A.; Wareing, J. J. Am. Chem. Soc.
1974, 96, 2275. (b) Hendrickson, J. B.; Skipper, P. L. Tetrahedron 1976, 32,
1627.
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deuteration of the carbon a to the sulfonyl group in the substitution
product was determined by NMR. The results of the different a-di-
sulfone-amine reactions are summarized below.

1-(Butylsulfonyl)piperidine [0.12 g (59%); mp 42-43 °C (lit.*¢ mp
42-43 °C)] was obtained by recrystallization (benzene—hexane) of the
residue from the reaction of piperidine with n-butyl a-disulfone: NMR
(CDCl,) 5 0.95 (1, 3 H, CHjy), 1.63 (m, 10 H), 2.90 (t, 2 H, CH,S0,),
3.25 (m, 4 H). Deuteration of the carbon a to the sulfonyl group in the
product from the reaction in dioxane-D,O was determined from the ratio
of the integrated intensities of the signals at 6 2.90 and 0.95.

1-(Butylsulfonyl)morpholine [0.11 g (55%): mp 40 °C (lit.3” mp 39
°C] was obtained on recrystallization (benzene—petroleum ether) of the
residue from the reaction of morpholine and n-butyl a-disulfone: NMR
(CDCly) 6 0.97 (t, 3 H, CHj), 1.25-1.8 (m, 4 H), 2.92 (t, 2 H, CH,S0,),
3.27 (m, 4 H), 3.76 (m, 4 H). The extent of the deuteration of the
a-carbon of the product from the reaction in dioxane-D,O was deter-
mined from the relative intensities of the triplets at § 2.92 and 0.97.

The residue from the reaction of glycine ethyl ester and n-butyl a-
disulfone was a liquid (0.14 g, 63%) that infrared and NMR spectra
showed must have the structure EEOOCCH,NHSO,Bu-n: IR (neat)
3300-3320 (NH), 1750, 1205 (C(0)0), 1325, 1135 cm™ (>S0O,); NMR
(CDCl,) 6 0.95 (t, 3 H, CH;, in n-Bu), 1.31 (t, 3 H, CH, in Et), 1.5-2.0
(m, 4 H), 3.13 (1, 2 H, CH,;S0,), 3.96 (s, 2 H, CH,C(0)), 4.27 (q, 2
H, CH,0). For the reaction in dioxane—D,O the extent of deuteration
of the a-carbon was determined from the relative intensities of the signals
centered at § 3.13 and 0.95.

1-(Methylsulfonyl)morpholine [0.07 g (44%); Mp 96 °C (lit.’® mp
92-94 °C)] was obtained from recrystallization (ethanol) of the residue
from the reaction of morpholine with methyl a-disulfone: NMR (CDCly)
5 2.81 (s, 3 H), 3.23 (m, 4 H), 3.80 (m, 4 H). Deuteration of the methyl
group in the product from the reaction in dioxane-D,0 was determined
from the ratio of the integrated intensities of the signals at 4 2.81 and
3.23. :

1-(Benzylsulfonyl)morpholine [0.164 g (68%); mp 175-177 °C (ljt.*®
mp 174—175 °C)] was obtained upon recrystallization (ethanol) of the
residue from the reaction of benzyl a-disulfone with morpholine: NMR
(CDCl,) 4 3.10 (m, 4 H), 3.62 (m, 4 H), 4.24 (s, 2 H), 7.42 (s, 5 H).
The extent of deuteration of the methylene group adjacent to sulfonyl
group in the product from dioxane-D,0 was determined from the relative
intensity of the signals at § 4.24 and 7.42. In a separate experiment,
undeuterated 1-(benzylsulfonylymorpholine showed no deuteration of the
CH,SO0, group when allowed to stand in a 1:1 morpholine-morphilineH*
buffer in 60% dioxane—40% D,O for the same period of time used for the
rection of the a-disulfone with morpholine.

The reaction of isopropyl a-disulfone with morpholine gave a liquid
residue of 1-(isopropylsulfonyl)morpholine (0.08 g, 41%). The identity
of the product was established by IR and NMR comparison with a
known sample:® NMR (CDCl;) 4 1.35 (d, 6 H), 3.37 (m, § H), 3.75
(m, 4 H). The degree of deuteration of the carbon « to the sulfonyl group
in the product group in the product from dioxane-D,0 was estimated by
comparing the integrated intensity of the multiplet centered at § 3.37
(CHSO, plus (CH,),N) with that of the doublet at 5 1.35 (CH;),CH).

Reaction of Azide Ion with a-Disulfones, Product Isolation and Deu-
terium Incorporation Experiments, The reactions were carried out and
worked up exactly the same way as those involving the amines except that
sodium azide only (2 mmol), and none of its conjugate acid, was em-
ployed. During the workup the wash of the methylene chloride extracts
with dilute hydrochloric acid was omitted. All of the sulfonyl azides
except a-toluenesulfonyl azide are liquids, and their thermal instability
precludes their purification by distillation. However, the residues re-
maining after removal of methylene chloride and any traces of dioxane
appear, as judged by IR and NMR spectral comparisons with knowns,
to be quite pure samples of sulfonyl azides. The results of the different
a-disulfone—azide jon reactions are given below.

The residue from the reaction of azide ion with n-butyl a-disulfone
was 1-butanesulfonyl azide;*® 0.15 g (91%); IR (neat) 2117 (Nj), 1360,
1190, 1151 ecm™! (>S0O,); NMR (CDCl;) 8 0.98 (t, 3 H), 1.67 (m, 4 H),
3.36 (t, 2 H). The ratio of the integrated intensities of the signals at &
3.36 and 0.95 was the same for the product of the reaction in dioxane—
D,0 as for the one from dioxane-H,0.

Reaction of methyl a-disulfone with azide gave methanesulfonyl
azide;* 0.086 g (71%); NMR (CDCl;) 6 3.30 (s). The NMR spectrum
of the product from the reaction in dioxane-D,0 showed, after scale

(36) Purrington, S. T.; Wilder, P., Jr. J. Org. Chem. 1965, 30, 2070.

(37) Kostsova, A, G.; Kozachenko, E. 1.; Osina, O. M.; Volokhova, V. P;
Maslova, L. D. J. Org. Chem. USSR (Engl. Transl.) 1968, I, 729.

(38) Truce, W. E.; Christensen, L. W. Tetrahedron 1969, 25, 181.

(39) Goerdeler, J.; Ullman, H. Chem. Ber. 1961, 94, 1067.

(40) Horner, L.; Christmann, A. Chem. Ber. 1963, 96, 388.
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expansion, no indication of any detectable splitting of the & 3.30 singlet
into a triplet, as would be the case of there had been any significant
deuteration of the methyl group.

The residue from the reaction of the isopropyl a-disulfone was an oil
whose infrared spectrum [2120 (Nj), 1350 and 1143 cm™ (>S0,)] and
NMR (CDCly) [6 1.51 (d, 6 H), 3.53 (septet, 1 H)] indicated it to be
2-propanesulfonyl azide (0.09 g, 60% yield). The relative intensities of
the two signals at 6 3.53 and 1.51 were unchanged when dioxane-D,0
was used as the reaction solvent.

a-Toluenesulfonyl azide [0.10 g (52%); mp 53-54.5 °C (lit.** mp 54
°C)] was obtained upon recrystallization from ethanol of the residue from
the reaction of benzyl a-disulfone with N;= NMR (CDCl;) § 4.55 (s,
2 H), 7.47 (s, 5 H). The degree of deuteration of the a-carbon in the
product from the reaction in dioxane-D,0 was determined from the
relative intensities of these two NMR signals. That azide ion is able to
trap PhACH==S0, in dioxane—water to yield the sulfonyl azide was dem-
onstrated by allowing benzyl a-disulfone (1 mmol) to react with tertiary
amine, N-methylimidazole (2 mmol), in the presence of sodium azide (1
mmol) in 60% dioxane-40% D,0. The workup of the reaction gave
a-toluenesulfonyl-a-d azide: 0.76 mmol (76%); NMR (CDCl;) 6 4.55
(s, 1 H), 7.47 (s, 5 H).

Reaction of Sodium Deuteroxide with n-Butyl o-Disulfone, A solution
of n-butyl a-disulfone (1.0 mmol) in 9 mL of dioxane was rapidly added
with efficient stirring to a solution of 2.0 mmol of NaOD in 8 mL of D,O
plus 3 mL of dioxane. After 5 min the solution was evaporated nearly
to dryness under reduced pressure at room temperature. The residue was
dissolved in 5 mL of water, and the solution was acidified to pH <1 with
2 N sulfuric acid and then extracted three times with 10 mL-portions of
ether. (That this extraction will remove 1-butanesulfinate, as 1-buta-
nesulfinic acid, from 1-butanesulfonate had been demonstrated in a trial
experiment using equal amounts of sodium 1-butanesulfinate and 1-bu-
tanesulfonate.) The aqueous solution was then neutralized to pH 7 with
concentrated potassium hydroxide, and the water was removed under
reduced pressure. The solid residue was transferred to an extraction
thimble in a Soxhlet extractor and extracted for 6 h with ethanol. The
ethanol extract was concentrated to 10-15 mL under reduced pressure
and cooled. The potassium 1-butanesulfonate-1-d (0.056 g, 32%) that
crystallized was filtered off and dried: NMR (D,0) é 0.84 (t, 3 H),
1.15-1.80 (m, 4 H), 2.87 (t, 1 H); IR (KBr) strong bands at 1214 and
1180 em™ (SOy).

Reaction of Acetate Ion with n-Butyl o-Disulfone, The a-disulfone
(2.0 mmol) was allowed to react with sodium acetate (8.0 mmol) at 50
°C under nitrogen in a 4:1 acetate—acetic acid buffer in 60% dioxane—
40% D,0. After the reaction the solution was diluted with 1.5 times its
volume of water and evaporated to a volume of 5 mL under reduced
pressure at room temperature. It was then acidified and worked up in
the fashion described for the reaction of deuterioxide with the a-disulfone,
yielding 0.135 g (38%) of potassium 1-butanesulfonate-1-d whose in-
frared and NMR spectra matched those of the sample from the reaction
of OD" with n-butyl a-disulfone.

Reaction of 1-Butanesulfonyl Chloride with Nucleophiles. Product
Isolation and Deuterium Incorporation Experiments, The reactions of
1-butanesulfonyl chloride with the various nucleophiles were carried out
by using the same procedures employed for the corresponding reactions
of n-butyl a-disulfone. The extent of deuteration of the a-carbon of the
substitution products from the reactions in dioxane-D,0O was also de-
termined in the same manner as in the reactions of a-disulfone. The
yields of substitution product isolated from the various reactions were as
follows (nucleophile, substitution product, yield): piperidine, 1-(butyl-
sulfonyl)piperidine, 41%; morpholine, 1-(butylsulfonyl)morpholine, 54%;
glycine ethyl ester, n-BuSO,NHCH,COOE:t, 81%; sodium deuterioxide,
potassium 1-butanesulfonate, 85%; sodium acetate, potassium l-buta-
nesulfonate, yield not determined.

Procedure for Kinetic Runs. In the runs that were followed by con-
ventional spectrophotometry 3.5 mL of a 60% dioxane solution containing
the desired concentration of the nucleophile and, where appropriate, its
conjugate acid was placed in a l-cm spectrophotometer cell in the
thermostated cell compartment of a spectrophotometer. Once the solu-
tion had reached thermal equilibrium, the reaction was initiated by the
addition (via microsyringe) and rapid mixing of 10-35 nL of a solution
of the a-disulfone or sulfonyl chloride dissolved in anhydrous dioxane.
The change in absorbance with time was then followed at an appropriate
wavelength. Wavelengths used were as follows: r-butyl a-disulfone, 230
nm; isopropyl a-disulfone, 240 nm; methyl a-disulfone, 225 nm; benzyl
a-disulfone, 250 nm; p-methylbenzyl a-disulfone, 246 nm; 1-butane-
sulfonyl chloride, 225 and 230 nm; benzenesulfonyl chloride, 255 and 270
nm.

In those runs that were so rapid that they had to be followed by
stopped-flow spectrophotometry a solution of the a-disulfone or sulfonyl
chloride in 60% dioxane, prepared immediately prior to use, was placed
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in one of the reservoir syringes of a Durrum-Gibson Model D-110 stop-
ped-flow spectrophotometer, and a solution of the nucleophile (and, where
appropriate, its conjugate acid) in 60% dioxane was placed in the other
reservoir syringe. After the reactants were mixed, the course of the
reaction was then monitored on the storage oscilloscope at an appropriate
wavelength. These wavelengths were the same as those used for runs
employing conventional spectrophotometry. For those a-disulfones whose
kinetics were followed only by stopped-flow spectrophotometry the
wavelengths were as follows: p-chlorobenzyl a-disulfone, 246 nm; m-
chlorobenzyl a-disulfone, 250 nm.

Pseudo-first-order rate constants for each run were determined from
the slope of a plot of log (4, — A.) vs. time. All plots showed excellent
linearity, and duplicate runs showed excellent reproducibility.

Deuterium-Exchange Reactions of Trifluoromethyl Sulfones, The alkyl
trifluoromethyl sulfone RCH;SO,CF; (R = n-Pr or Ph; 10-20 mg) was
dissolved in 1 mL of 709% CD;CN-30% D,O containing the desired
concentrations of sodium acetate and acetic acid, and the solution was
placed in an NMR tube and kept at constant temperature. At appro-
priate time intervals the integrated NMR spectrum of the solution was
measured, and from this the extent to which the protons on the methylene
group adjacent to the sulfonyl function had undergone exchange with the

deuterium of the solvent was determined. For the a-butyl sulfone the
ratio of the integrated intensity of the signal for the methyl group to that
for the hydrogens on the carbon « to the sulfonyl group was used to
measure the degree of exchange. In the case of the benzyl sulfone the
ratio of the integral for the aromatic protons of the phenyl group to the
integral for the methylene group protons was employed.

That exchange in the presence of [OD"] = 0.002 M was too fast to
be able to be followed by the NMR procedure was shown by the fact that
when n-butyl trifluoromethyl sulfone (60 mg), dissolved in 1 mL of 70%
CD;CN-30% D,0, was placed in an NMR tube and 20 uL of 2 0.1 N
stock solution of sodium deuterioxide in D,O was added, exchange of the
protons on the carbon adjacent to the sulfone group was complete by the
time (45 s) the NMR spectrum could be determined.
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Abstract: The reactions of (9-anthryl)arylmethyl chlorides 2a—e (the substituents are p-MeO, p-Me, H, p-Cl, and m-Cl),
the corresponding bromides 3b—d (the substituents are p-Me, H, and p-Cl), and the antimonate salts 4b-e (the substituents
are p-Me, H, p-Cl, and m-Cl) with several nucleophiles have been examined. When 2 was allowed to react with sodium ethoxide,
ethanol in the presence of triethylamine, sodium azide in aqueous DMF, and sodium borohydride in aqueous diglyme, a mixture
of anthracene derivatives and compounds with a quinoidal structure was obtained. The yield of the quinoidal product increased
as the substituent became increasingly electron withdrawing. The reaction of the bromide 3 gave also a mixture of an anthracene
derivative and the quinoidal compound; the product composition was almost the same as that obtained by the reaction of 2.
By contrast, the preferential formation of the anthracene derivatives was observed in the reactions of the antimonate salt 4
with the same nucleophiles. When 2 was treated with sodium borohydride in trifluoroacetic acid, only the anthracene hydrocarbon
was isolated. The reaction of 9-(diphenylmethylene)-10-chloro-9,10-dihydroanthracene (6a) under the same conditions, however,
yielded predominantly the thermodynamically less stable quinoidal compound 28a. When (10-methylanthracen-9-yl)benzyl
chloride (9a) was allowed to react with several nucleophiles, the corresponding quinoidal compounds were obtained in good
yields. However, the reactions of (10-phenylanthracen-9-yl)benzyl chloride (9b) and the corresponding antimonate salt 11b
gave mainly the anthracene derivatives. In the case of 9-benzylidene-10-isopropyl-10-chloro-9,10-dihydroanthracene (9¢),
the product composition remarkably depends on the nucleophilicity of reagent; sodium ethoxide, a powerful nucleophile, attacks
predominantly the benzylic site. In contrast, the quinoidal compound 30¢ was the main product when ethanol was the nucleophile.
A mechanism which emphasizes the role of a tight ion pair for attack by a nucleophile on the ring site and that of a free ion
(and a solvent-separated ion pair) for attack on the benzylic site has been proposed to explain the effects of reaction conditions
and the substituents on the reaction sites.

Recently we reported"? that the reaction of (9-anthryl)benzyl
hexachloroantimonate (4¢) with the nucleophiles H,0, “OH,
MeOH, “OMe, EtOH, “OEt, “0i-Pr, and "N, gave exclusively
products with the anthracene structure by attack of a nucleophile
on the benzylic site (eq 1). By contrast, the reaction of (9-

(1) Takagi, M.; Ogata, F.; Nojima, M.; Kusabayashi, S. J. Chem. Soc.,
Perkin Trans. | 1979, 2948.

(2) Takagi, M.; Nojima, M.; Kusabayashi, S. J. Chem. Soc., Perkin Trans.
11979, 2941.
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anthryl)benzyl chloride (2¢) with the same nucleophiles in protic
solvents yielded a mixture of anthracene derivatives and com-
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