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Abstract: The rates of reaction, k NS, of 15 different nucleophiles with phenyl benzenethiolsulfonate (2) at 25° in 60% diox-
ane (eq'9) have been determined using both stopped-flow and conventional spectrophotometry. These rate constants are
compared with those, k n,S92, obtained earlier under identical conditions for reaction of the same nucleophiles with phenyl
a-disulfone (1) (eq 8). A plot of log kNS vs. log k NSO for the data for seven nitrogen-base nucleophiles shows excellent
linearity, with the slope of the correlation line being quite close to one. While the data for five anionic nucleophiles are also
fairly well correlated by this same correlation line, the data for CN~ and #- BuS™, the only two soft-base nucleophiles stud-
ied, are not. Both CN~ and n- BuS~ are much more reactive in the substitution at the sulfenyl sulfur of 2 than would be pre-
dicted from the correlation line governing the reactivity of the rest of the nucleophiles. This behavior is in line with what the
theory of hard and soft acids and bases, as applied to nucleophilic substitutions, would predict would happen on changing
from SO, to S as the electrophilic center where the substitution occurs. Possible reasons for the failure of the N function of
Ritchie and Virtanen to correlate the data for 2 are discussed. Comparison of the data for 1 and 2 also reveals that the a-di-
sulfone 1is in general very reactive for a sulfonyl compound as regards the rates at which it undergoes substitution at an SO,
group. This is believed to be due to significant thermodynamic destabilization of the a-disulfone due to inductive repulsion

between the two adjacent sulfur atoms each bearing an appreciable partial positive charge.

Nucleophilic substitution reactions, which can be repre-
sented in a generalized sense as shown in eq 1, play a cen-

Nu” + E-Y — Nu-E + Y~ (1)

tral role throughout chemistry. One of the important ques-
tions regarding their behavior is what factors principally de-
termine the relative order of reactivity of a series of nucleo-
philes in a given substitution and whether or not there are
significant changes in the reactivity order of a series of nu-
cleophiles with a change in the nature of the electrophilic
center (E) where the substitution takes place.

A series of papers by Pearson and various associates?
over the course of a period of years have presented data
which appeared to indicate the existence of significant
changes in the reactivity pattern for nucleophiles with a
change in the nature of the electrophilic center where the
substitution occurred. Pearson and Songstad?® suggested
that many of these changes could be rationalized by the
theory of hard and soft acids and bases (HSAB) if one pre-
sumed that hard electrophilic centers (acids) would react
particularly well with hard nucleophiles (bases), while soft
electrophilic centers would react particularly well with soft
nucleophiles.

More recently Ritchie and coworkers®# have measured
the reactivity of an extensive series of nucleophiles toward
various triarylmethyl cations (eq 2), aryl diazonium ions
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(eq 3), and tropylium ions (eq 4). Ritchie’s key finding was

'that although the cations studied differed enormously in re-

activity the entire body of data could be correlated by the
equation

log (kNu/kHZO) =N, (5)

where k Ny is the rate constant for reaction of a given nu-
cleophile Nu with a particular cation, k y,o is the rate con-
stant for reaction of the same cation with water, and N is
a parameter characteristic of the nucleophile and indepen-
dent of the cation. Values of N4 were normally determined
by measuring the reactivity of the nucleophile and water
toward the reference cation p-nitro(Malachite Green),
PNMG, and making use of the relationship Ny = log
kNuPNMG — log k1,0PNMG, Thus, in the reactions repre-
sented by eq 2-4, even though one might have thought that
the various cations employed would differ somewhat in
character as electrophilic centers, there is no detectable al-
teration in the pattern of nucleophile reactivity as one
changes from one cationic center to another.

Ritchie and Virtanen* have argued that the Ny values
are measures of the energies required to desolvate the nu-
cleophiles, the higher Ny, the lower the energy required,
and that the reason N4 values successfully correlate all the
reactivity data for eq 2-4 is because in all these reactions
the ease of desolvation of the nucleophile is the dominant
factor in determining relative rates. They have suggested
that other nucleophilic substitution reactions in which de-
solvation of the nucleophile is the dominant factor govern-
ing nucleophile reactivity might also therefore be expected

Journal of the American Chemical Society | 96:26 | December 25, 1974



to show a good correlation of rates with N4 values, and they
have gone on to show that the extensive data on reactivity of
various nucleophiles toward l-acetoxy-4-methoxypyridin-
ium perchlorate, AMPP (eq 6), and 2,4-dinitrophenyl ace-
tate, DNPA (eq 7), obtained by Jencks and Gilchrist® are
also well correlated by N.
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Recent work® in this laboratory has shown that there is
essentially a 1:1 correlation between the order of reactivity

of a series of nucleophiles toward phenyl «-disulfone, 1 (eq
8), and their reactivity order toward either AMPP or
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Nu" + PhS—SPh — PhSNu + PhSO,~ (8)
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DNPA, a plot of log k nuS92 vs. log k ny*MFPP, for example,
being linear with unit slope. Given the fact that N, corre-
lates the data on nucleophile reactivity toward AMPP and
DNPA, this, of course, means that Ny will also correlate
the data on nucleophile reactivity toward phenyl a-disul-
fone. Thus N, appears to provide a good correlation for nu-
cleophilic reactivity in a substitution at a sulfonyl sulfur
bearing a good leaving group (pK , of PhSO,H = 1.2),7 just
as it appears to be able to correlate data for substitutions at
the carbonyl carbon of highly reactive esters (eq 6 and 7).

Phenyl benzenethiolsulfonate (2) also undergoes simple
nucleophilic substitution reactions with a wide range of nu-
cleophiles (eq 9). These reactions can be studied kinetically

0
kNus
Nu~ + PhSSPh —— PhSNu + PhSO," (9)
o)
2

in the same solvent medium used for the reactions of the a-
disulfone 1. Since the leaving group (PhSO,-) is identical,
the only difference between eq 8 and 9 is the nature of the
electrophilic center at which the substitution takes place. In
eq 8 it is a sulfonyl sulfur, while in eq 9 it is a dicoordinate,
or sulfenyl, sulfur. According to the ideas of Pearson and
Songstad,?® the change from sulfonyl to sulfenyl sulfur
should represent a change from a hard to a relatively soft
electrophilic center, and should presumably lead to signifi-
cant and predictable changes in the order of nucleophile re-
activity toward 2 from what is observed with 1. Alternative-
ly, given the identity in reaction conditions, the otherwise
apparent marked similarity between eq 8 and 9, and the
success of N in correlating nucleophile reactivity discussed
above, others might predict that log k n.S would correlate
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with N+ and that one would get the same order of nucleo-
phile reactivity toward 2 as toward 1.

In the present work we have measured the reactivity of
about 15 common nucleophiles toward 2 under exactly the
same conditions used previously® for these same nucleo-
philes with 1. Our hope was that comparison of the results
for 2 with those for 1 would contribute to a better assess-
ment of both the value of the HSAB proposals regarding
nucleophile reactivity made by Pearson and Songstad?® and
the breadth of applicability of the N4 concept of Ritchie
and Virtanen.*

In the course of carrying out this work we have also
found in several cases interesting chemical behavior associ-
ated with certain of the compounds PhSNu resulting from
attack of certain nucleophiles on 2, These observations are
also discussed.

Results

Reaction of Amines with 2. Dunbar and Rogers® have
shown that 2 reacts with primary or secondary amines to
give sulfenamides (eq 10). Although the reaction is revers-

2R,NH + PhSSO,Ph — PhSNR, + PhSO,” + R,NH,’
(10)

ible, the equilibrium constant is large enough (K oq = 2.2 for
reaction of 2 with morpholine in 7:1 acetonitrile:H,O, for
example) that by using a large excess of amine over 2 one
can easily drive it to completion. We have measured the
rate of reaction at 25° of five different representative
amines with 2 in 60% dioxane in 1:1 amine:amineH™* buff-
ers in which the amine was present in from 25 to 100 times
stoichiometric excess over 2, The reactions were followed by
observing the change in absorbance, 4, at an appropriate
wavelength between 270 and 275 nm, using either conven-
tional or stopped-flow spectrophotometry, depending on the
rate of the particular reaction. In every instance plots of log
(4 — Ax) vs. time were nicely linear, showing that the dis-
appearance of 2 followed good first-order kinetics. The
slope of such a plot, k, is equal to the experimental first-
order rate constant under those conditions. The results are
tabulated in Table 1. If the reaction also shows a simple
first-order dependence on amine concentration, k; /[amine]
should be independent of amine concentration for any given
amine. Table I shows this to be the case.

Reaction of Hydrazine and Hydroxylamine with 2. The
kinetics of the reaction of hydroxylamine with 2 were simi-
lar to those observed with ordinary primary and secondary
amines, and the results are shown in Table 1.

On the other hand, the reaction of hydrazine with 2 did
not exhibit the same kinetic behavior as the reactions of the
other amines, as can be seen from Figure 1, which shows a
plot of log (4 — A..) vs. time for a typical run with hydra-
zine. The apparent first-order rate constant is seen to in-
crease during the first part of the run, but finally levels off
at a value approximately double what it is at the start. This
is the sort of behavior that would be expected if the sulfenyl
hydrazide, PISNHNH,, formed initially by reaction of 2
and hydrazine, were to break down rapidly to PhSH and di-
imide, since PhSH, once formed, would react very fast with
2 under these conditions.” The presumed sequence of reac-
tions is shownineq 11-13.

kHs
2NH,NH, + PhSSO,Ph —
PhSNHNH, + PhSO,” + NH,NH,* (11)

kb[base]
PhSNHNH, ——— PhS* + HN==NH + baseH* (12)

]
PhS™ + PhSSO,Ph —» PhSSPh + PhSO,~  (13)
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Table I. Kinetics of the Reaction of Amines and Hydroxylamine with Phenyl Benzenethiolsulfonate at 25° in 60% Dioxane®

ki/[amine],
Amine 1042)o, M 10(amine]? M  104amineH*], M 102%k;,° sec™! M1 sec™!
Piperidine 2.2 4.0 4.0 115 29
2.0 2.0 54 27
1.0 1.0 27 27
Piperazine 2.0 4.0 4.0 11.8 3.0
2.0 2.0 5.8 2.9
1.0 1.0 3.0 3.0
n-BuNH, 2.2 4.0 4.0 8.9 2.2
2.0 2.0 4.3 2.1
1.0 1.0 2.1 2.1
Morpholine 2.0 4.0 4.0 1.28 0.32
2.0 2.0 0.67 0.33
1.0 1.0 0.33 0.33
NH.OH? 2.1 2.0 2.0 0.126 0.063
1.0 1.0 0.059 0.059
H,NCH;COOEt¢-* 2.1 4.0 4.0 0.037 0.0092
2.0 2.0 0.019 0.0093

= Except where indicated all runs with ionic strength of the solution held constant at 0.04 by addition of lithium perchlorate. ® Solutions
were prepared by adding the calculated amount of standard HCIO. to a solution of the nitrogen base. © Experimental first-order rate constant
for the disappearance of 2, ¢ Buffers were prepared by adding the calculated amount of standard OH~ to a solution of the hydrochloride of

the base. ¢ Ionic strength = 0.08 in all runs with glycine ethyl ester.
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Figure 1. Plot of log (4 — A4 ) vs. time for reaction of hydrazine (0.02
M) with 2 (2 X 10™* M) in 60% dioxane at 25°.

At the start of the reaction, before any PhS™ has been
formed, the experimental first-order rate constant, k, will
be equal to kyS[NH;NH,]; but, as long as ky[base] >
ky[NH;NH:]1[2] and & [PhS~] > ky[base], [PhS™] will
increase and reach a steady state value before the reaction
has proceeded too far. As [PhS~)] increases k; will in-
crease, finally leveling off at a value equal to
2k u[NH;NH,] when [PhS~] reaches its steady state
value.

When generated as an intermediate in other systems di-
imide (HN==NH) is known to be able to effect the reduc-
tion of olefinic double bonds.!! Strong support for the pro-
posal (eq 12) that PhSNHNH; decomposes readily into
thiophenol and diimide is therefore provided by a series of
experiments which show that mixing hydrazine and 2 to-
gether in the presence of several olefins leads to the reduc-
tion of significant amounts of the olefin. Specifically, with
stilbene as the olefin, adding 2 (0.75 mmol) to a refluxing
methanol solution of stilbene (0.5 mmol) and hydrazine (5
mmol) gave upon work-up a 63% yield of bibenzyl; with
allyl alcohol as the olefin, the same conditions gave a 34%
yield of 1-propanol; with diphenylacetylene, one got a mix-
ture of equal amounts of cis- stilbene and bibenzyl, both in
about 10% yield. No reduction of these compounds oc-
curred under the same conditions in the absence of 2.

We thus believe that the mechanism for the hydrazine-2
reaction shown in eq 11-13 has been adequately substan-
tiated and have accordingly estimated the reactivity of hy-
drazine toward 2 by taking the final slopes of plots of log (4
— As) vs. time for the various runs as equal to
2ky[NH;NH;]. The results, all for 1:1 NH,;NHj:
NH>NH;" buffers are the following: 0.04 M, 0.077 sec™};
0.02 M, 0.037 sec~!; 0.01 M, 0.016 sec™!. From these data
ky is estimated to be 0.9 M~ ! sec™!.

Reaction of Anionic Nucleophiles with 2. The reactivity of
n-BuS—, PhS—, and OH~ toward 2 has been determined in
accompanying papers.!®12 In the present work we have ex-
amined the kinetics of the reaction of the following addi-
tional anionic nucleophiles toward 2-—CN-, HO;",
CH;C(O)NHO-, N;—, and CF;CH,O~. The reactions
were followed by monitoring the change in optical density
with time at suitable wavelengths in the range 270-285 nm.
In all cases the nucleophile was present in large stoichio-
metric excess over 2 so that the disappearance of 2 would
follow pseudo-first-order kinetics.

The runs with cyanide ion were carried out in 1:1 CN ~:
HCN buffers. The kinetic behavior was straightforward
and unexceptional, plots of log (4 — A.) vs. time showing
excellent linearity with no drift in 4, with time. The re-
sults, which are shown in Table 11, indicate that the experi-
mental first-order rate constant, k;, varies linearly with
[CN].

The runs with HO,~ were carried out in solutions in
which H,O; was present in considerable excess over HO,™.
That HO,~ is the reactive nucleophile, however, is shown
by the manner in which k; varies with [HO,™] (see Table
I1). As with the cyanide runs, plots of log (4 — A) vs.
time were nicely linear. There was also no significant drift
in A« with time, at least for a period of time which was
substantially longer than the time required for the initial
reaction to go to completion. Since the initial substitution
product, PhSOOH, is doubtless quite unstable, this obser-
vation suggests that either its breakdown is apparently
rapid compared to its rate of formation under these condi-
tions or that it and its decomposition products have essen-
tially the same extinction coefficient at 270 nm, the wave-
length at which the reaction was followed. The former ex-
planation seems the more likely. We believed that decompo-
sition of the persulfenic acid PhSOOH, or its anion, should
lead to the corresponding sulfinic acid PhSO;H or its anion.
That this is indeed the case was shown by experiments in
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Table II. Kinetics of Reaction of Selected Anionic Nucleophiles with Phenyl Benzenethiolsulfonate at 25° in 609, Dioxanes

ki/[Nu~),
Nucleophile 1042]e, M 104Nu~], M 10NuH], M kb sec™?! M~1gec™?
CN- 2.1 2.0 2.0 151 7.6 X 103
1.0 1.0 78 7.8 x 103
0.4 0.4 32 8.0 X 108
HOO~ 21 0.5 1.25 9.2 1.8 X 108
0.2 1.55 3.7 1.8 X 10¢

CH;C(O)NHO~ 2.1 2.0 2.0 0.19 9.5

1.0 1.0 0.12 12

¢ All runs with ionic strength of solution held constant at 0.04 by addition of lithium perchlorate. ® Experimental first-order rate con-

stant for disappearance of 2.

which both 2 and another aryl thiolsulfonate, p-
CH;C¢H4SO,SC¢Hy-p- CH3, were treated with an equi-
molar amount of H,O» in a solution made basic with excess
sodium carbonate. Yields of sulfinic acid of 75-90%, based
on a stoichiometry involving initial reaction according to eq
9 (Nu~ = HO;™) followed by decomposition of the persul-
fenic acid to sulfinic acid, were obtained.

In the runs with CH;C(O)NHO™ as the nucleophile
there is a definite drift in 4~ with time. The rate of this
drift is independent of the concentration of CH3;C(O)N-
HO~™ and is rapid enough to make it quite difficult to esti-
mate an accurate value of 4. for runs having a
CH;C(O)NHO™ concentration of less than 0.01 M. The
rate constants for runs having acetohydroxamate concen-
trations of 0.01 and 0.02 M are shown in Table II. The
problem with the drifting 4. is doubtless responsible for
the fact that k| /[Nu~] shows less constancy than for the
other nucleophiles.

With azide ion the breakdown of the initial substitution
product PhSN3 occurs at a rate comparable to its rate of
formation from 2 and N3~, even for an azide concentration
of 0.04 M.'3 In principle the system could be treated as
two consecutive first-order reactions. However, since the ex-
tinction coefficient of PhSN3 is unknown, one cannot hope
to obtain very accurate rate constants for the two steps by
treating the absorbance data in this manner. We have
therefore simply estimated a rough value of k&, for the
reaction of azide with 2 by using the initial rates as mea-
sured on a stopped-flow spectrophotometer for runs having
concentrations in the range of 0.04 M N;~. They indicate
that kN, 18 0.7 £ 0.3 M ~1 sec™! at 25° in 60% dioxane.

To assess the reactivity of CF3CH,0~ toward 2 stopped-
flow runs were carried out in 60% dioxane solutions con-
taining 0.10 M CF3;CH,OH to which was added either
0.005 or 0.01 M OH~. Given the relative pK,s of
CF3CH;,0H and H,O these are conditions under which all
the OH ™ added should be converted to CF;CH,0™ by reac-
tion with the alcohol. In these runs there was initially a
modest, but rapid, increase in absorbance which was fol-
lowed by a considerably slower (factor of about 7) and con-
siderably larger (factor of about 3) decrease in absorbance.
We assume that the initial increase is due to the reaction of
CF3;CH,0~ with 2 to form PhSOCH,CF; (eq 9, Nu™ =
CF3;CH>07), and that the subsequent slower decrease is
due to a base-catalyzed decomposition of PhSOCH,CF;.
Since we did not investigate the nature of the final reaction
products, we will not speculate on the course of the latter
reaction. The apparent first-order rate constant for the ini-
tial phase of the reaction was 2.5 + 0.4 sec™! for a run
0.005 M in CF3CH,0~ and 5.0 £ 0.7 sec™! for a run 0.01
M in CF3;CH,0™, indicating a second-order rate constant
for reaction of CF;CH,0O~ with 2 0of 5 X 102 M~ 1! sec™!.

Reaction of 1-Butenethiolate Ion with 1. |-Butanethiolate
ion was not one of the nucleophiles studied in the earlier
work® on nucleophile reactivity toward phenyl a-disulfone
(1). To permit comparison of its reactivity toward 1 vs. 2,

Table III. Summary of Rate Constants for Reaction of
Nucleophiles with Phenyl Benzenethiolsulfonate (2) and
Phenyl a-Disulfone (1) in 607 Dioxane at 25°¢

ko8 (eq 9), kxu801 (eq 8),

Nucleophile M™1sec™? M1 sec™?
n-BuS— 1.9 X 107 4.4 X 102
PhS- 3.2 X 108
CN- 7.8 X 108 0.45
HOO~ 1.8 X 108 5.4 X 108
CF;CH,O~ 5 X 10 230
OH- 4.4 X 102 75
Piperidine 27 120
CH;C(O)NHO~ 11 870
Piperazine 3.0 48
n-BuNH,; 2.1 17
NH,NH, 0.9 16
Ng~ 0.7 0.94
Morpholine 0.33 12
NH:OH 0.061 1.9
H,NCH:COOEt 0.0093 0.26

@ PData for 2 are from the present work and ref 10 and 12; data
for 1 are from ref 6, except for n-BuS—, which was measured in
present work. In almost all cases the data were obtained at an ionic
strength of 0.04.

we have now studied the kinetics of the disappearance of 1
in the presence of 1-butanethiol (0.10 M) in acetate buffers
in 60% dioxane. Rates were determined by following the
change in optical density with time at 270 nm. Since n-
BuS~— reacts with thiolsulfonates much faster than 1 the
reaction presumably takes the course

n-BuS™ + PhS0O,S0,Ph —

determining

n-BuSSO,Ph + PhSO,"
n-BuS~ + n-BuSSO,Ph & #-BuSSBu-n + PhSO,"

In a 10:1 AcO~:AcOH buffer the experimental first-order
rate constant for the n-BuSH-1 reaction was 2.4 X 104
sec™!. In a 20:1 AcO~:AcOH buffer, it was 5.1 X 10™4
sec™!. These values are 43,000 times smaller than the rate
at which this thiol would react with thiolsulfonate 2 under
the same reaction conditions.!©

Discussion

The second column of Table III lists the rate constants,
k noS, for reaction of the various nucleophiles studied with
phenyl benzenethiolsulfonate (2) in 60% dioxane at 25° (eq
9). The right-hand column of Table III lists the rate con-
stants, k n,50?, for reaction of the same nucleophiles with
phenyl a-disulfone (1) under exactly the same reaction con-
ditions (eq 8).6

Figure 2 shows a plot of log kn,S vs. log k n,S02 for the
data in Table III. One can see that for the seven nitrogen-
base nucleophiles (open circles) there is quite a good corre-
lation between log kxS and log &k nuS92, the slope of the
correlation line for these data being slightly smaller than
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Figure 2. Plot of log k ny® for reaction of nucleophiles with 2 vs. log

k noS©2 for their reaction with 1 under the same reaction conditions.

Anionic nucleophiles shown as solid circles, nitrogen-base nucleophiles
as open circles.

one (0.85). While the data points for five of the anionic nu-
cleophiles, although scattered, do not diverge too seriously
from this line, the data points for the other two, CN~ and
n-BuS~, deviate very seriously. This deviation is in the di-
rection that both these nucleophiles are from 103 to 10°
more reactive toward the thiolsulfonate than their position
in the reactivity order toward the a-disulfone would have
led one to expect. These two nucleophiles, it should be
noted, are the only two out of the whole group studied that
are classed as soft bases by Pearson and Songstad.?®

The dicoordinate, or sulfenyl, sulfur of 2 would be ex-
pected, according to the principles outlined by Pearson and
Songstad,?¢ to be a much softer electrophilic center than the
sulfonyl sulfur where substitution occurs for 1.14 According
to the ideas of Pearson and Songstad,?® soft-base nucleo-
philes should react with soft electrophilic centers particular-
ly readily compared with their relative position in the reac-
tivity order for a series of nucleophiles reacting with a hard
electrophific center. The behavior exhibited by CN~ and
n-BuS~ in Figure 2 is therefore exactly what would have
been predicted by HSAB and would seem to support the
contention of Pearson and Songstad?® that variations in the
character of the electrophilic center where substitution
takes place can lead to variations in the order of nucleophile
reactivity that are predictable from application of HSAB.

Some caution is perhaps advisable, however, as the fol-
lowing will show. Of the nucleophiles in Figure 2 other than
CN ~and »-BuS~, all but one are classed by Pearson and
Songstad?® as hard bases. The exception is azide ion, which
is classed as being “intermediate.” In accord with such a
position it does react relatively faster, by about 1.2 log
units, toward 2 than would be expected from the correlation
line for the nitrogen-base nucleophiles and its reactivity
toward 1. However, before ascribing this to N3~ being a
softer nucleophile than the nitrogen bases, one should note
that OH~ and CF3CH,0™, both of which are hard bases,
also exhibit a comparable deviation from the correlation
line.

To be successfully correlated by Ny, substitutions at dif-
ferent electrophilic centers must not exhibit, in a given sol-
vent, any significant variation in the order of reactivity of a
series of nucleophiles with a change in the nature of the
electrophilic center. Obviously this does not hold for the be-
havior of CN~ and »n- BuS~ in the substitution at the sul-
fenyl sulfur of 2 (eq 9). Clearly, despite the success of N4
in correlating the reactivity of nucleophiles toward «-disul-
fone 1, it does not do at all well for the reaction of nucleo-

philes like CN~ with the sulfenyl sulfur of 2, even though
the leaving group and solvent are the same and the reac-
tions involved (eq 8 and 9) seem to be very similar in char-
acter.

There would appear to be two positions that one can take
on this failure of N4 to correlate the data for 2 as well as it
does those for 1. The first is to point out that although N
successfully correlates data for substitutions at carbonyl
and sulfonyl centers there is no reason that rates of nucleo-
philic substitutions at all electrophilic centers need be con-
trolled primarily by the desolvation energy of the nucleo-
phile. For those centers where the desolvation energy of the
nucleophile is not the paramount factor in determining nu-
cleophile reactivity, a correlation of rates with N4 will al-
most certainly fail, as it does here for the substitutions in-
volving 2. The alternative is to suggest that, despite their
apparent similarity in character, reactions 8 and 9 may con-
ceivably differ significantly in mechanism in the sense that
for 1 the rate-determining step always involves only the for-
mation of the Nu-SO, bond, while for 2 the rate-determin-
ing step either involves formation of the Nu-S bond syn-
chronous with the cleavage of the S-SO, bond, or, alterna-
tively, that cleavage of the latter bond may in some cases be
rate determining. '3

Study of the spontaneous hydrolysis of phenyl «-disulfo-
ne'” (eq 14) and phenyl benzenesulfinyl sulfone'’® (eq 15)

PhSO,SO,Ph + H,0 —> PhSO;H + PhSO,H (14)
PhS(0)SO,Ph + H,0 -— 2 PhSO,H (15)

has indicated that, despite a large difference in rate, the
reactions show virtually the same p value, AS™, and re-
sponse of rate to solvent composition. This suggests that
both are of the same mechanistic type. Assuming this also
holds true for other nucleophilic substitutions involving
these two compounds, interpretation of the meaning of any
change in the pattern of nucleophile reactivity on going
from substitutions involving 1 to those involving the sulfinyl
sulfone would presumably be free of the ambiguity just dis-
cussed for 2 vs. 1. Previous study of the reaction of a very
limited number of nucleophiles has suggested that going
from the suifonyl group of 1 to the sulfinyl group of the sul-
finyl sulfone as the site of substitution does indeed alter the
pattern of nucleophile reactivity significantly,'® but a defin-
itive judgment and further discussion on this point would
seem best deferred until a much more extensive study of nu-
cleophile reactivity toward the sulfinyl sulfone, currently in
progress in this laboratory, has been completed.

1t is widely recognized!® that sulfonyl derivatives gener-
ally undergo nucleophilic substitution at the SO, group
much less rapidly than equivalent substitution reactions
occur at less highly oxidized sulfur centers. Yet, when we
examine the data in Table 111 we are immediately struck by
the fact that for the majority of the nucleophiles & nS for
reaction with 2 is actually smaller than the rate constant at
which the same nucleophile reacts with a-disulfone 1. (Only
in the case of CN~ and n- BuS~™ is k xS/ & 507 really sig-
nificantly larger than one.}) What is responsible for this, at
first glance, most surprising state of affairs? We believe it is
due to the fact that the a-disulfone (1) is unusually reactive
for a sulfonyl compound,? and that its unusually high reac-
tivity stems from the fact that it is significantly destabilized
by inductive repulsion between the two adjacent sulfur
atoms each bearing a substantial partial positive charge (as
shown below). Such inductive destabilization is not a prob-
lem for the thiolsulfonate 2; as a matter of fact, one can
even suggest that 2 might be somewhat stabilized due to in-
teraction of the unshared pairs on the sulfenyl sulfur with d
orbitals on the suifonyl group.
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If one assumes that the rate of a typical nucleophilic sub-
stitution would normally be at least 105-10° faster at a sul-
fenyl sulfur than at a sulfonyl one,!® then the sort of ratios
of knuS/kNuSO7 observed in Table III suggest that the
combined effect of inductive destabilization of 1 plus any
mesomeric stabilization of 2 must add up to at least 7-9
kcal/mol.

One final point is worth brief discussion. Several of the
nucleophiles in Table III are of the class usually referred to
as “‘a-effect” 22 nucleophiles. As a class such nucleophiles
exhibit greatly enhanced reactivity in many substitutions
compared to that exhibited by closely related nucleophiles
of comparable proton basicity. In its reaction with hydra-
zine 2 shows an « effect, as measured by kNy,nH./KGEE =
61 (GEE = H,NCH,COOEt), very similar to that found
for 1, On the other hand, the « effect for HO5 -, as mea-
sured by kno.,-/kon- = 4.1, is significantly smaller than
those that this nucleophile gives with 1 (k no,-/kon- = 72)
or any other electrophilic centers yet studied (45-10%).% In
the case of hydrazine the belief is that much or all of the o
effect arises from the fact that AF° for reaction of this nu-
cleophile with many electrophilic centers is more favorable
than would be expected from its basicity toward a proton,
and that this is reflected in AF* for the reaction.??? In the
case of HO>~ only part of the usually observed « effect can
be ascribed to a more favorable AF° than predicted from
the proton basicity of HO,~ compared to other oxygen ba-
ses.222 Aubort and Hudson2?® have ascribed the remainder
to a decrease in the overlap integral of p orbitals on the ad-
jacent oxygen atoms on going from HO; ™ to transition state
which decreases the repulsion energy between the unshared
electron pairs on the two atoms. A referee has suggested
that the presence of unshared pairs on the electrophilic cen-
ter in 2, through a repulsive interaction with the approach-
ing HO,™ anion, might tend to largely offset the usual posi-
tive a-effect which has been observed® with HO,™ in substi-
tutions at centers where there is no unshared electron pair
on the atom serving as the electrophilic center. In this con-
nection it is worth noting that the studies with 2 are appar-
ently the first case where the reactivity of a-effect nucleo-
philes toward an electrophilic center bearing one or more
unshared electron pairs has been investigated. Study of
other such centers accordingly now seems indicated. An al-
ternative explanation of the small a-effect for reaction of
HO,~ with 2 might be the following. We have noted earlier
that the initial substitution product of the reaction of HO,~
with 2, PhSOOH, is apparently very unstable. This could
cause AF° for reaction of HO>™ with 2 to be less favorable
than would be predicted from the basicity of HO,~ toward
a proton (i.e., AF° for HO,~ + H* — H;,0,). If this were
then reflected in AF* for the reaction, this could lead to a
significantly smaller value of k 130,-/k on- for 2 than those
found® for other substrates.

Experimental Section

Preparation and Purification of Materials. The preparation of
phenyl benzenethiolsulfonate has been described in an accompa-
nying paper!® as has the method used for purifying the dioxane
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used as solvent. The purification of the nucleophiles followed the
procedures of Kice and Legan.6

Procedure for Kinetic Runs with 2, In those cases (hydroxyl-
amine hydrochloride, glycine ethyl ester hydrochloride, hydrogen
peroxide, trifluoroethanol, and acetohydroxamic acid) in which the
purified form of the nucleophile was the conjugate acid, solutions
of the nucleophile of the proper concentration were prepared by
adding a calculated amount of standard sodium hydroxide solution
in 60% dioxane (v/v) to a known amount of the conjugate acid of
the nucleophile in the same solvent. The proper amount of stan-
dard lithium perchlorate, if any, needed to bring the final ionic
strength to the desired value was then added, and the solution was
made up to volume. For all of the remaining nucleophiles except
azide ion a 1:1 buffer of the nucleophile and its conjugate acid was
prepared by adding a known amount of standard perchloric acid
solution to a known amount of the nucleophile in 60% dioxane.
Here too, if needed, the ionic strength was adjusted by the addition
of standard lithium perchlorate.

The general procedures for the runs with 2, whether followed by
stopped-flow or conventional spectrophotometry, were the same as
those already outlined® for following the reaction of 1 with the
same nucleophiles. In all cases except CH3;C(O)NHO™ a wave-
length in the range 270-275 nm was used to follow the reaction.
For CH3C(O)YNHO™ either 280 or 285 nm was employed.

Kinetics of the Reaction of 1 with 1-Butanethiolate Ion, 1-Bu-
tanethiol (0.10 M) was dissolved in an acetate buffer (either 10:1
or 20:1 AcO™:AcOH) in 60% dioxane. The reaction of 1 with the
thiol under these conditions was followed by monitoring the change
in optical density with time at 270 nm using the general procedures
already outlined.6

Reduction of Olefins by Hyvdrazine in the Presence of 2. A solu-
tion of 0.32 g (5.3 mmol of NH;NH;) of 85% hydrazine hydrate
and 0.10 g (0.57 mmol) of trans-stilbene in 75 ml of methanol was
brought to reflux and a solution containing 0.21 g (0.75 mmol) of 2
in 20 ml of methanol was added dropwise over a 1-hr period. The
solution was then refluxed for an additional 4 hr. All but about 5
ml of the methanol was then removed under reduced pressure at
room temperature. The residue was taken up in diethyl ether and
extracted with 5% hydrochloric acid. The ether solution was then
washed with water and dried over magnesium suifate and the ether
then removed under reduced pressure. A proton nmr spectrum on
the residue showed it to consist of a mixture of bibenzyl and un-
reacted trans-stilbene. From the integrated intensities of the ben-
zylic proton signal of bibenzyl at § 2.82 and the olefinic protons of
trans-stilbene at 6 7.1 this was shown to consist of 63% bibenzyl
and 37% unreacted trans-stilbene. A control experiment shows
that merely heating trans-stilbene and hydrazine in methanol
under these conditions leads to only a very small amount of reduc-
tion of the olefin, consistent with the behavior reported by others.2?

Essentially the same reaction conditions were employed to re-
duce allyl alcohol, 0.03 g (0.52 mmol), with hydrazine (4.9 mmol)
and 2 (0.72 mmol). Gas chromatography of a sample of the final
reaction mixture on a 4 ft X 0.25 in. column of Carbowax 20M on
Chromosorb P at 130° indicated that 34% of 1-propanol had been
formed, based on the comparison of peak areas with known sam-
ples.

In another experiment 0.11 g (0.62 mmol) of diphenylacetylene
was treated analogously with hydrazine and 2 in methanol. Upon
work-up there was isolated 10% of bibenzyl and 10% of cis-stil-
bene. The isolation of the latter rather than trans-stilbene is ex-
pected from the stereochemistry associated with diimide reduc-
tions. "'

Reaction of Hydrogen Peroxide Anion with 2, To a solution of
0.21 g (2.0 mmol) of sodium carbonate in 15 ml of water was
added 0.05 g of 30% hydrogen peroxide (0.43 mmol of H,05). To
this was then added with stirring a solution of 0.12 g (0.43 mmol)
of 2in 15 ml of dioxane. The solution was allowed to stand for 4 hr
at room temperature. The solvents were then removed under re-
duced pressure at room temperature, and the residue was treated
with a known volume of glacial acetic acid. An aliquot of the gla-
cial acetic acid solution was then titrated for sulfinic acid content
using titration with standard sodium nitrite solution.?* This titra-
tion method has been found to be quite specific for sulfinic acids
and not to be influenced by the presence of a considerable variety
of other sulfur compounds.?® From the titration data, reaction of
0.43 mmol of 2 with an equimolar amount of HO,~ gave 0.75

Kice, Rogers, Warheit | Nucleophilicity of Nucleophiles toward Sulfenyl Sulfur



8026

mmol (87%) of benzenesulfinic acid.

In another experiment 1.1 g (4.0 mmol) of p-tolyl p-tolu-
enethiolsulfonate,'? dissolved in 30 ml of dioxane was added with
stirring to a solution of 0.52 g of 30% hydrogen peroxide (4.6 mmol
of H,0,) and 2.2 g (20.8 mmol) of sodium carbonate in 100 ml of
water and 25 ml of dioxane. The final solution was allowed to
stand for 15 min. At the end of that time the still-alkaline reaction
mixture was extracted with diethyl ether; the ether extracts were
discarded. The water layer was then made quite strongly acid by
the addition of sulfuric acid and immediately extracted with ether.
The ether extracts were dried over anhydrous magnesium sulfate
and the ether was removed under reduced pressure. After drying at
room temperature under high vacuum for 0.5 hr the residue was
recrystailized from ether-hexane, affording 0.9 g (72%) of p- tol-
uenesulfinic acid, mp 84-84.5° (lit.24 85°).
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Nucleophilic Substitution at Tricoordinate Sulfur(IV).
Stereochemistry of Dialkylarylsulfonium Salt Formation
from Alkyl Aryl Sulfoxides!
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Abstract: The cis and trans isomers of 2-methyl-2,3-dihydrobenzothiophene 1-oxide (1 and 2) were alkylated with trimeth-
yloxonium tetrafluoroborate and treated with methylmagnesium bromide at ~78° or dimethylcadmium at room temperature
to yield the cis and trans isomers of 1,2-dimethyl-2,3-dihydrobenzothiophenium tetrafluoroborate (10 and 11). The reaction
proceeds with inversion of configuration at sulfur, but loss of stereospecificity may occur owing to isomerization of the start-
ing material. The assignments of configuration to 1, 2, 10, and 11 are presented.

Optically active dialkylarylsulfonium salts can be pre-
pared from optically active alkyl aryl sulfoxides by alkyla-
tion followed by reaction with a dialkylcadmium or an alkyl
Grignard reagent* (eq 1).

0 OR? R
| |

Ar—8—R —> Ar—-§—-R — Ar—§'—R {1

The aim of this present work was to determine the stereo-
chemistry of this conversion, which, although assumed to
proceed with inversion of configuration at sulfur analogous
to most other nucleophilic substitutions on tricoordinate
sulfur(IV) compounds had never been established. Nucleo-
philic displacement of alkoxy groups from sulfinate esters
and alkoxysulfonium salts usually proceeds with inversion,
thus providing the analogies to eq 1.3

We now wish to report the first experimental evidence
concerning the stereochemical pathway followed in eq 1,

beginning with the cis and trans isomers of 2-methyl-2,3-
dihydrobenzothiophene l-oxide (1 and 2), the preparation

O,

and characterization of which are described below. The dia-
stereomeric sulfoxides, 1 and 2, were chosen as substrates
for the reaction since they not only fulfilled the basic re-
quirement of being alkyl aryl sulfoxides but also converted
the problem from one involving a determination of the abso-
lute configuration of a chiral, acyclic sulfonium salt, with
which a correlation to the starting sulfoxide could be
made,% into one involving the experimentally easier assign-
ment of configuration to cis-trans cyclic stereoisomers. Sul-

I 3 S CH,
0 o
1 2
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