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The nucleophilic substitution reactions of p-substituted benzenesulfonyl chlorides wiht p-substituted anilines were car-
ried out in 1, 1, 1, 3, 3, 3-hexafluoro-2-propanol and 2-propanol mixtures. The salt effect was observed to be inhibited
by the reaction of 1,1, 1, 3, 3, 3-hexafluoro-2-propanol with nucleophiles. To investigate the effectiveness of the salt
for the nucleophilic substitution reaction the relative salt effect was determined. According to the comparison with
the inhibitive salt effect and the substituent effects for the substrates and nucleophiles, the reactions were predicted
to be controlled by the salt effect more than substituent effect in HFP-PrOH mixtures.

Introduction

The factors underlying ionizing power and nucleophilicity
of solvents involved in Sy2 reactions have long held the in-
terest of mechanistic chemists.! These solvent effects on nu-
cleophilic substitution reactions have presented as linear free
energy relationships (LFER) as a major tool studying?

In the discussion thus far, an attempt has been made to
understand nucleophilicity by use of relatively well un-
derstood model reactions,® or by use of reaction conditions
that reduce the number of variables affecting nucleophilicity.*

However, it seems now clear that the failure of nucleophi-
lic substitution reactions from the use of LFER in unsuitable
solvent systems such as poly fluorinated alcohols as which
are well known to have a highly ionizing power and very
poor nucleophilic assistant properties.*

An anomalous behavior, mainly from Schleyer ef al’ pro-
ved that solvolysis of primary and simple secondary substra-
tes involved nucleophilic solvent assistance (ks). Moreover,
the magnitude of ks is significant, even in the case of weakly
nucleophilic media such as 1, 1,1, 3, 3, 3-hexafluoro-2-propa-
nol (HFP).® Conductibility studies carried out on various el-
ectrolytes in HFP show that their solvating ability is strong
towards anions and weak towards cations.’

In the study of the evaluation of the anomalous medium
effect, McManus® ef al. showed that the binary solvent mix-
tures of HFP and 1, 3-propane-dithiol (PDT) were nonlinear
with solvent nucleophilicity dropping off at high HFP concen-
trations. Nevertheless, HFP-PDT mixtures were surprisingly,
3 to 4 oders of magnitude more nucleophilic than HFP-H,O
mixtures although pure PDT is estimated to be only 2.5

oders of magnitude more nucleophilic than pure water.

To explain these observations, they suggest that, at high
concentrations of electrophilic solvents, hydrogen bonding to
the oxygen or sulfur atom in the more nucleophilic solvent
molecules reduces the nucleophilicity of these solvents.

Nucleophilic substitution reaction of arenesulfonyl halides
with anilines are thought to have importnat effects upon sub-
strate reactivity in highly ionizing power solvents as HFP
or its mixtures.

A much discussed question arising in the direct displace-
ment process concerns the timing of bond formation and
breakage, that is, whether the rate determining step corres-
ponds to a transition state or intermediate in the reaction
of arenesulfonyl halides with aniline or pyridines® For the
reactions of arenesulfonyl chlorides with pyridine bases, Ro-
gne'® concluded that the amines function reveals as nucleo-
philic catalysts. But King ef al.! observed a different kind
in the reaction of 1l-alkenyl arylsulfonyl chloride with pyri-
dine. In this case the nucleophilic attacks the vinyllogous
carbon to form the cationic sulfene which on subsequent
reaction gives either the betylate or the simple overall sub-
stitution product.

Until it has been studied thoroughly for the nucleophilic
substitution reaction of arenesulfonyl chrolide with various
bases, any conclusion is unjustified. One of the most inter-
esting challenges for us is the design of reaction patterns
that are catalytically controlled through noncovalent interac-
tions in the reaction of arenesulfonyl chloride with p-substi-
tuted anilines. Control in a catalytic system should be limited
by the relative rates of the catalyzed reaction such as in
highly ionizing power solvent as HFP, and the uncatalyzed
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Table 1. The Observed Pseudo-First Order Rate Constants (kX 10* sec™?) and The Second Order Rate Constants (¢2X10° /-mol~!-
sec™)) of The Reactions of p-Methoxybenzenesulfonyl Chloride with p-Substituted Anilines in 1,1, 1, 3, 3, 3-Hexafluoro-2-propanol

and 2-Propanol Mixtures at 0C

PrOH Anilines p-CH, p-H p-Cl
contents Rate [Nu]X10 M [Nu]X10 M [NulX10 M
/v %) constants 145 242 3.39 174 242 3.46 145 242 3.39
100 Ko 425 50.4 58.3 312 348 403 125 155 186
k, 8.14 5.29 3.14
99.873 koo 394 5.89 7.84 308 364 449 137 165 194
ks 2,01 0.817 0294
70 B 3.20 458 5.87 2.15 2.58 328 1.09 1.36 161
k, 138 0.658 0.269
50 Eos 2.82 352 422 152 178 218. 084 106 127
ks 0.721 0.383 0.209
40 B 176° 220 2.73 0.950 113 143 0719 0892 108
ks 0.500 0279 0.186
30 B 129 161 1.90 0713 0844 1.02 0472 0613 0.767
ks 0314 0.179 0.152

reaction such as in poor ionizing power solvent as 2-propanol
(PrOH) or PDT.

We expect that the salt effect can be used to enhance
the reactivity of substrates that are noncovalently attached
to ionic host molecules while the reaction proceedes in the
HFP and PrOH binary mixtures because it would be
prefered that p-substituted anilines react with very acidic
HFP molecules more than react with substrate molecules.

In order to facilitate evaluation of solvent effects in nu-
cleophilic substitution reactions, we have begun to study pro-
tic solvent not ordinarily included in solvolytic studies. In
the present article, we report studies of the nucleophilic sub-
stitution reaction for p-substituted benzenesulfonyl chlorides
with p-substituted anilines in binary mixtures of two very
different soivent-one a highly electrophilic but poorly nucleo-
philic solvent, HFP and the other a poorly electrophilic but
comparative highly nucleophilc sovent, PrOH.

Experimental

Materials. P-Substituted benzenesulfony! chlorides, ob-
tained commercially (Aldrich), were purified by repeated re-
crystallization or redistillation. p-Substituted anilines were
purchased from Aldrich and purified. All nucleophiles and
substrates were characterized, hence structures were verified
by comparison of melting points, where appropriate, with li-
terature values” and by characteristic IR and NMR spectra.
HFP was obtained from Aldrich and was stored in the bottle
of silicagel after dried over several times. PrOH was dried
over 3A molecular sieves, purified by distillation, and stored
in a desicator.

Kinetics. Rates were determined conductimetrically as
previously described™® but using conductimetric cells with
pressure seals of teflon to prevent solvent loss. Each kinetic
sample contained about 5 m/ of solvent ca. 1X107! M in
nucleophile and ca. 1X107% M in ‘substrate.

Results and Discussion

Pseudo-first-order rate constants, k. and second order
rate constants, k, for the nuclophilic substitution reaction
of p-substituted benzenesulfonyl chlorides with p-substituted
anilines are summarized in Table 1-5.

The pseudo-first-order rate constants were linearly corre-
lated with the concentration of the nucleophiles to obtain
the second-order rate constants,

kobs = kZ[Nu] (1)

where [Nu] represents the concentration of p-substituted
anilines. Good second order kinetics were observed (72>
0.9997) in all cases.

At the very outset we hoped to study the reactions in
pure HFP. However, rates for nucleophilic substitution reac-
tions of the p-substituted benzene-sulfonyl chlorides with p-
substituted anilines in pure HFP solvents could not be ob-
tained by using our standard procedures. For example, con-
ductivity in such solutions was found to be low and the reac-
tions, monitored by GC/MS analysis, were also too slow. As-
suming that the slow rates resulted from an interruption
factor to accelerate the rates. HFP is known for its high
electrophilicity and low nucleophilicity."

The rate constants were increased with added PrOH, even
though HFP had high ionizing power and low nucleophilicity.
These data showed that the reactions may be inhibited by
the solvent effect, which added PrOH into HFP solvent. The
reactions must be expected that HFP molecules are reacted
with the nuclophilies, p-substituted anilines and formed a
kind of anilinium salt of hexafluoro-2-propionate before the
nucleophile attacks to the substrate. The reaction were ca-
talytically facilitated by the number of nucleophile’s mole-
cules were unrestricted form the salt formation.

McManus and his coworkers'® have measured solvolytic
rate constants for various alkyl tosylate and brosylates in
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Table 2. The Observed Pseudo-First Order Rate Constants (2,X 10* sec™!) and The Second Order Rate Constants (k;X10° {mol~!-
sec™’) of The Reactions of p-Toluenesulfonyl Chloride with p-Substituted Anilines in 1,1, 1, 3, 3, 3-Hexafluoro-2-propanol and 2-Propa-

nol Mixtures at 0C

PrOH Anilines $-CH, p-H p-Cl
contents Rate [NuIX10 M [NuIX10 M [NulX10 M
v %) constants 145 242 339 174 242 346 145 242 339
100 B 80.8 93.1 105 632 68.1 75.7 295 345 395
ks 125 7.27 5.15
99.873 Fs 722 10.2 132 5.00 6.11 781 2.49 3.19 3.89
ks 3.08 163 0.722
70 B 471 6.48 8.25 3.02 385 501 153 192 2.34
k. 1.82 115 0417
50 B 287 3.86 501 1.80 250 318 0910 114 142
ks 110 0.562 0.262
40 Fs 196 2.56 324 149 177 2.08 0794 0982 1.20
k, 0.659 0.339 0.211
30 Fus 158 2.00 243 0.974 114 138 0542 0697 0.872
E, 0.438 0.234 0.180
20 B 0.880 111 135 0525 0599 0712 0385 0464 0.543
ks 0.242 0.109 0.0814

Table 3. The Observed Pseudo-First Order Rate Constants (%,,X 10" sec™) and The Second Order Rate Constants (¢;X 10° [-mol!-
sec™") of The Reactions of Benzenesulfonyl Chloride with p-Substituted Anilines in 1, 1, 1, 3, 3, 3-Hexafluoro-2-propanol and 2-Propanol

Mixtures at 0T

PrOH Anilines p-CH; p-H p-Cl
:;"vte;:)s Rate [Nu]X10 M [NulX10 M [NulX10 M
constants 145 242 3.39 174 242 346 145 242 339
100 B — -~ — 121 156 210 204 275 346
k. - - - 517 7.32
99.873 Fos 348 4938 64.7 107 138 185 1.86 2,53 319
ks 154 453 0.686
70 Foss 128 211 20.4 494 6.17 8.00 140 176 2.20
ks 855 176 0.426
50 B 3.74 5.27 6.73 3.19 376 459 0963 123 155
ks 145 0.812 0.304
40 B 2,02 2.72 3.46 1630 193 235 0800 0994 126
ks 0.742 0417 0.237
30 Fos 168 2.13 263 0.880 108 140 0534 0712 0.944
ks 0.489 0.309 0211
20 B 0.957 1.20 145 0512 0637 0828 0363 0505 0.641
ks 0.254 0.184 0.144

HFP-PDT binary mixtures. They observed that the solvolytic
rates in pure thiols are very low, but by mixing them with
an electrophilic cosolvent like HFP, high reaction rates were
obtained. These results are similar to these normally found
for solvolysis in HFP-THF mixtures for limiting substrates.!®

Unlike the solvolytic rates in HFP and its binary solvent
mixtures for limiting substrates such as 2-adamantyl tosylate,
the nucleophilic substitution reactions of arenesulfonyl chlo-
rides with anilines were reversed over the entire range
(Table 1-5). This may be attributed that the reactions would

be suppressed by increasing with the content of HFP in bina-
ry mixtures. These inhibitive action of HFP molecules may
be caused to neutralize the effects of nucleophilic center and
the rates may be inhibited by the salt effect.

The effects of the intramolecular salt that in reaction of
3-chlorobenzylamine with methyl propynoate in the pres-
ence of tetrabutylammonium tosylate were observed by
Smith et al.”’. They reported that the reaction showed good
overall second-order behavior, and the rate was shown to
vary linearly with salt concentration.
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Table 4. The Observed Pseudo-First Order Rate Constants (kX 10* sec™) and The Second Order Rate Constants (k,X 103 /-mol~!-
sec”!) of The Reactions of p-Chlorobenzensulfony! Chloride with p-Substituted Anilines in 1,1, 1, 3, 3, 3-Hexafluoro-2-propariol and

2-Propanol Mixtures at 0C

PrOH Anilines p-CH; p-H b»-Cl
?jffe;:)s Rate [NuIX10 M [NuIX10 M [Nu]X10 M
constants 145 242 33 17 242 346 145 242 339
100 Robs — - — 162 194 244 45.6 479 60.0
ks - - - 477 125
99.873 ko 191 328 466 128 154 195 378 466 553
ks 142 3.90 0.092
70 Foss 8.81 13.6 19.2 5.98 7.52 9.18 1.99 2.55 3.27
ks 536 186 0.660
50 - 440 642 861 332 408 536 102 136 176
ks 217 119 0381
4 - 298 397 5.02 217 263 326 0893 118 148
ks 105 0631 0.304
30 FRobs 2.03 2.76 3.49 1.72 2.04 2.53 0.573 0.781 1.03
k, 0.752 0470 0.236
20 b 139 194 248 122 153 189 0314 0585 0856
ks 0562 0.386 0279

Table 5. The Observed Pseudo-First Order Rate Constants (kX 10* sec™') and The Second Order Rate Constants (k;X 10° /-mol~!-
sec™!) of The Reactions of p-Nitrobenzenesulfonyl Chloride with p-Substituted Anilines in 1,1, 1, 3, 3, 3-Hexafluoro-2-propanol and

2-Propanol Mixtures at 0C

PrOH Anilines p-CHy p-H »-Cl
f;’;‘;e;‘)s Rate [NuIX10 M [NuIX10 M [NulX10 M
0 Constants 1.45 2.42 3.39 1.74 2.42 3.46 145 242 3.39
100 Ross - - - 184 224 284 65.3 389 416
k2 - - — 58.1 18.1
99.873 Robs 32.7 48.3 63.8 14.9 17.7 22.0 7.87 13.2 18.8
k2 16.0 4.13 5.63
70 Robs 16.3 224 285 8.61 10.6 13.7 417 7.69 10.6
ko 6.29 2.96 330
50 Ross 8.12 119 15.7 5.36 6.65 8.64 2.93 428 5.83
ko 391 191 1.49
40 Robs 4.79 7.88 115 3.97 4.93 6.41 1.03 1.56 2.08
ko 346 142 0.541
30 Eoss 3.26 4,76 6.21 2.58 3.25 4.28 0.612 0.900 1.38
23 1.52 0.988 0.396
20 Ross 191 2.54 3.18 1.23 1.92 2.19 0.102 0.365 0.611
ks 0.654 0.533 0.262

To test the effectiveness of the salt in the reaction of
arenesulfonyl chlorides with anilines the rate constants in the
same concentration of HFP and p-substituted anilines, 0.242
M respectively were determined and showed in Table 1-5.

0242 M of [HFP] corresponds with 99.873% (v/v) of
PrOH. In comparison with 100% (v/v) and 99.873% (v/v) of
PrOH there is significantly different in the rates from Table
1-5.

Below of the content 99.873% (v/v) of PrOH the reaction
would be inhibited by the concentration of anilinium of hexa-

fluoro-2-propionate, then the second-order rate constant re-
presents by the following equation.

by = by —k'[salt] 2)

where k° is a rate constant which is not affected by salt
effect, k' is a rate constant which is affected by ionic salt
and [salt] is the concentration of anilinium of hexafluoro-
2-propionate. If we assume a ratio of the concentration of
HFP to anilines correlates with the concentration of salt,

a[HFP1/[Nu] = &'[salt] 3
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Figure 1. The relative salt effect of anilinium hexafluoro-2-pro-
pionates upon the second-order rate constants of the reaction
of benzenesulfonyl chloride with p-substituted anilines in HFP-
PrOH mixtures.
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Scheme 1.

where [Nu] represents the concentration of anilines and a
is constant. Hence, equation (2) becomes

ky = ky’—a[HFP]/[Nu] @

The relative salt effect on [HFP]/[Nu] in the rate of reac-
tion of p-substituted benzenesulfonyl chlorides with p-substi-
tuted anilines are presented in Figure 1.

As shown Figure 1 the rate constant decreases with in-
creasing the relative salt effect. On the other hand, above
of the content 99.873% (v/v) of PrOH the reactions showed
10 times faster than the mixture of 0.242 M of [HFP] and
[Nu] respectively in Table 1-5. The reaction mechanism in
case of 100% PrOH would be certainly different from below
of the content 99.873% (v/v) of PrOH. To be assured the
mechanism GC/MS product analyses were carried out. The
results were entirely consistent with solvent effect. In the
reaction of p-toluidine with p-nitrobenzenesulfonyl chloride
in 100% PrOH the product was found p-nitropheny! sulfoani-
lide toluidine as shown Scheme 1. Therefore the reaction
would be proceeded by a typical Sx2 mechanism (Scheme
2). In contrast to the product was found p-methoxyphenyl
2-propyl sulfonate for the reaction of p-methoxybenzene-sul-
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fonyl chloride with p-chloroaniline in below the content of
99.873% (v/v) of PrOH as shown Scheme 3. It is predicted
that the reaction should be controlled by the salt effect
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Table 6. Hammett py Values for The Reactions of p-Substituted
(X) Benzenesulfonyl Chlorides with p-Substituted (Y) Anilines
in 1,1,1,3,3, 3-Hexafluoro-2-propanol and 2-Propanol Mixtures
at 0C

PrOH X= ¢-OCH; ¢-CH; ¢-H ¢-Cl ¢-NO,

/v %)

100 —~2.24 —236 —241 —-252 —278
99.873 -1.79 —184 —187 -196 —264
70 -177 —-180 —183 —-194 -262
50 —1.34 —154 —-178 —192 —253
40 —1.06 —123 —-124 —135 —2.06
30 —0.772 -0914 -—-0923 —128 —148

Table 7. Bronsted B Values for The Reactions of p-Substituted
(X) Benzenesulfonyl Chlorides with p-Substituted (Y) Anilines
in 1,1,1,3, 3, 3-Hexafluoro-2-propanol and 2-Propanol Mixtures
at 0T

f;r/?,H% ) X=¢-OCH; ¢-CH; ¢o-H ¢-Cl ¢-NO,
100 0.703 0.714 0.752 0.764 0.998
99.873 0.681 0.698 0.702 0.745 0.975
70 0.640 0.672 0.692 0.713 0.924
50 0.486 0.559 0.640 0.685 0.902
40 0.387 0.450 0.450 0487 0.731
30 0.228 0.342 0.383 0.460 0.524

Table 8. Hammett ps Values for The Reactions of p-Substituted
(X) Benzenesuifonyl Chlorides with p-Substituted (Y) Anilines
in 1,1,1,3, 3, 3-Hexafluoro-2-propanol and 2-Propanol Mixtures
at 0C

PrOH

™ % Y= ¢-CH; o-H o-Cl
100 2.10 2.08 2.04
99.873 1.28 171 0.993
70 1.21 154 0.982
50 1.20 118 0.787
40 0.778 0.537 0437
30 0.456 0.400 6.377

(Scheme 4).

The question still remains as to how contribute the substi-
tuent effect of the substrates and anilines to the reaction.
The reactions of p-substitutedbenzenesulfonyl chlorides with
the series of anilines show linear Hammett piots with nega-
tive slopes, py = —0.772~ —2.64, and good Bronsted relation-
ships with $ values of 0.288~0.975 in the below region of
99.873% (v/v) in HFP-PrOH mixtures as summarized in
Table 6 and 7. The magnitude of py and B values are how-
ever considerably smaller than those for the reactions of
p-substituted benzenesulfonyl chlorides with p-substituted
anilines in methanol-acetonitrile mixtures.® This trend
means the reactions in HFP-PrOH are affected by strong
solvent effect more than the substituent effect. A similar

Hee Hyun Park et al.

trend for Hammett p, values in Table 8, for the reactions
of the series of benzenesulfonyl chlorides with anilines
showed 0.377~1.77 in the below region of 99.873% (v/v)
in HFP-PrOH mixtures. But the p, values in 100% (v/v)
PrOH are shown significantly higher. This indicates that the
N-S bond is formed weakly by the reaction of the nucleophi-
les with the more electron-withdrawing substituents in hi-
gher content of PrOH such as 100% (v/v).

This means that S atom is less negatively charged and
the N-S bond must be longer in the transition state with
the nucleophiles in 100% (v/v) PrOH as in case of ethanol-
acetonitrile mixture.

According to the comparison with the inhibitive effect of
the salt effect and the substituent effect, the reactions were
predicted to be controlled by salt effect and the contribution
of substituent effect to' the reaction was shown relatively
samll in HFP-PrOH mixtures.

We conclude that the reaction of p-substituted benzensul-
fonyl chlorides with p-substituted anilines proceeds to be
controlled by the salt effect in the region of relatively high
content of HFP in HFP-PrOH solvent mixtures.
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Kinetic Studies on the Addition of Thiophenol to
a, N-Diphenylnitrone
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The rate constants for the nucleophilic addition of thiophenol to a, N-diphenylnitrone and it's derivatives (p-OCHa,
$-Cl, p-NOy) were determined from pH 3.0 to 13.0 by UV spectrophotometry and rate equations which can be applied
over a wide pH range were obtained. On the basis of rate equation, general base and substituent effect a plausible
addition mechanism of thiophenol to a, N-diphenylnitrone was proposed: At high pH, the addition of sulfide ion
to carbon-nitrogen double bond was rate controlling, however, in acidic solution, reaction was proceeded by the
addition of thiophenol molecule to carbon-nitrogen double bond after protonation at oxygen of a, N-diphenylnitrone.

Introduction

The nucleophilic addition of activated carbon-carbon and
carbon-nitrogen double bond has been an important elemen-
tary process in organic chemistry.!™*

Nitrone, having carbon-nitrogen double bond and oxygen
attached to nitrogen atom is very reactive and a nucleophile
such as Grignard reagent,” thiol®” and HCN®~" easily react
with nitrone and used as intermediate in organic synthesis.’?

In previous paper,'® we described the hydrolysis mecha-
nism of a, N-diphenylnitrone over a wide pH range. In the
present paper, we discuss the kinetic behavior of thiophenol
to nitrone.

Experimental

a, N-Diphenylnitrone and it's derivatives were prepared
by condensation of N-phenylhydroxyamine and benzalde-
hyde.* All of the synthetic reagent used commercial grade
without purification and the ionic strength.of buffer solution
was constant 0.1 M by adding sodium chloride. The absorba-
nce of nitrone and it's derivatives were determined by Pye
Unican SP 500 UV spectrophotometer.

Kinetic runs were made in water at 25C. Each nitrone
and thiophenol were introduced as 1 m/ of 20X1073 M
methanolic solution in 100 m/ aqueous buffer solution, which

was then analyzed spectrophotometrically at the absoption
maxiama of nitrone.

Results

The observed rate of reaction with excess thiophenol con-
centration were always of the pseudo-first order. Plots of
the first-order rate constants aganist thiophenol concentra-
tion were also in all cases linear, showing the reaction are
of the first order in nitrone and thiophenol. Thus, the se-
cond-order rate constants simply can be calculated from the
slope of the equal initial concentration (2.0X1077 M) of ni-
trone and thiophenol against time (Figure 1). The se-
cond-order rate constants (&) calculated from the slope at
various pH are given Table 1 and Figure 2.

The relationship between acetate ion concentration and
rate constant given by the point in Figure 3, was not cataly-
zed by general base.

As shown in Figure 4, the effect of substituent on the
rate of addition was found to conform to the Hammett o-
constant with p is 0.77 at pH 4.0 and 1.25 at pH 10.0.

Discussion

As shown in Figure 2, the rate of addition of thiophenol
to a, N-diphenylnitrone is given by an expression of the



