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Second-order rate constants have been measured spectrophotometrically for the nucleophilic substitution reactions
of aryl substituted benzenesulfonates (1, X-CsH,S0,-OCsH,-Y) with aryloxides (Z-CsH,07) and ethoxide (EtQ~) in abso-
lute ethanol at 25C . The nucleophilicity of aryloxides increases with increasing electron donating ability of the substi-
tuent (Z) on aryloxides, and results in a good Hammett correlation with o~ constant. The reactivity of 1 toward
aryloxides and ethoxide shows also significant dependence on the electronic nature of the substituent X and Y. Large
positive psy values have been obtained for the reaction of 1 with phenoxide and ethoxide, indicating that the leaving
group departure is little advanced at the transition-state of the rate-determining step. This has been further supported
from the fact that o~ constant gives extremety poor Hammett correlation, while a® does reasonably good correlation
for the reaction of 1 with ethoxide. Thus, the present sulfonyl-transfer reaction is proposed to proceed vig a rate-
determining attack of nucleophile to the sulfur atom of 1 followed by a fast leaving group departure.

Introduction

Since acyl-transfer reactions are known to be significantly
important in chemistry and biochemistry, numerous studies
have been performed in order to investigate the reaction
mechanism.!~® However, detailed reaction mechanisms have
not been fully understood.*® Two distinct reaction pathways
have been suggested, ie. one-step concerted and step-wise
addition-elimination pathways'”7 One-step mechanism has
been known to proceed vig a single transition-state in which
bond formation by nucleophile occurs concertedly with leay-
ing group departure*® On the hand, step-wise mechanism
has been suggested to proceed vig formation of an addition
intermediate.%”’

The argument concerning reaction mechanisms is conside-
red mainly on the basis of linear free energy relationships

(LFER);? and the discrepancy seems to originate from lack
of systematic studies. Therefore, we have performed a syste-
matic study on LFER in order to investigate reaction mecha-
nism. The reaction system chosen are the following nucleo-
philic substitution reactions of aryl substituted benzenesulfo-
nates in absolute ethanol at 25.0°C . Unlike carboxylate esters,
sulfonate esters have not been studied intensively. Further-
more, the systematic variation of substituents on the sulfonyl
moiety, entering and leaving phenoxides in the present sys-
tem would be considered to give us important informations
concerning the reaction mechanism.

Experimental

Materials. The aryl substituted benzenesulfonates in the
present study were easily prepared by a modification of the
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Figure 1. Plots of observed rate constant (k) versus concent-
ration of EtO~ for the reactions of substituted phenyl 4-nitroben-
zenesulfonates (4-NO~CH,S0:-OCH,-Y) with ethoxide in EtOH
at 2507C.

oGy

X = 4-CHy0, 4-CH, H, 4-CL 3-NOy, 4-NO;
Y = 3-CHO, 4-COCHy, 4-CHO, 4-CN, 3-NOz, 4-NOz
Nu™ = EtO
o
(Z = 4-CH:0, 4-CHs, H, 3-CHO, 3-Cl, 4-CCCH;,
4-CN, 4-CHO)

method in the literature® using substituted benzenesulfonyl
chlorides and the corresponding phenol. Their purity was
checked by means of their melting point and spectral data
such as IR and 'H-NMR characteristics. The benzenesulfonyl
chlorides, phenols and other chemicals were of the highest
quality available (Aldrich) and were generally recrystalized
before use. Absolute ethanol was prepared by the method
described in the literature® under a nitrogen atmosphere.

Kinetics. The kinetic studies were performed with a
Hitachi U-2000 Modet UV-Vis spectrophotometer equipped
with a Neslab RTE-110 Model constant temperature circula-
ting bath to keep the temperature in the UV cell at 250+ 0.1
€. The reactions were followed by monitoring the appeara-
nce of the leaving phenoxides at a fixed wavelength corres-
ponding the maximum absorption (A of Y-CJHiO~. All the
reactions were carried out under pseudo-first-order condi-
tions in which the concentration of nucleophile was generally
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Table 1. Summary of Second Order Rate Constants (¢;, M~'s™1)
for the Reaction of 2,4-Dinitrophenyl Benzenesulfonate with Ary-
loxides (Z-CsHyO~) in EtOH at 25.0C*

yA ] ¢ Ry, M71s71

1 4-CHO -0.27 285

2 4-CH; -0.17 1.53

3 H 0.00 0.874

4 3-CHO 0.35 0.343

5 3C 0.37 0.307

6 4-COCH; 0.50 0.87 0.0391

7 4-CN 066 1.00 0.0337

8 4CHO 042 113 0.0180

¢The substituent constant values (o, ¢~) were taken from refe-
rence 18.

20 times, but at least 10 times greater than the substrate
concentration. The stock solutions of the nucleophilic phen-
oxides were made of with potassium ethoxide solution and
2 equivalent corresponding phenol to suppress formation of
ethoxide jon by solvolysis as described previously' and stor-
ed under a nitrogen atmosphere. The concentration of potas-
sium ethoxide solution was titrated against potassium hydro-
gen phthalate. Typically, reaction was initiated by adding 5
W of 0.02 M solution of the substrate in CH;CN by syringe
to a 10 mm UV cell containing 2.50 md of absolute ethanol
and the nucleophile solution. All the transfer of reactant
solutions were carried out by means of Hamilton gas-tight
syringes.

Results

All the reactions studied here obeyed pseudo-first-order
kinetics up to over 90% of the total reaction. Pseudo-first-
order rate constants (ks,) were obtained from the Guggen-
heim equation, In (A,—A)= —kaut+C. Correlation coefficie-
nts of the linear regressions were usually higher than 0.9995.
Generally, five different concentrations of nucleophile solu-
tion were used to get second-order rate constants (¥;) from
the slope of the plot of ka4 vs concentration of nucleophile,
In Figure 1 are demonstrated typical plots of . vs concent-
ration of nucleophile solution. Standard deviations of the slo-
pes were less than 3%. Second-order rate constants obtained
in this way are summarized in Tables 1-3 together with var-
jous o constants of the corresponding substituent. The kine-
tic data are shown graphically in Figures 2-5.

Discussion

The effect of substituents on the entering group.

Second-order rate constants have been summarized in Ta-
ble 1 and demonstrated graphically in Figure 2 for the reac-
tion of 24-dinitrophenyl benzenesulfonate with substituted
phenoxides. As shown in the table, the nucleophilic reactivity
of the phenoxides increases with increasing electron dona-
ting ability of the substituents. On the other hand, phenoxi-
des containing electron withdrawing substituents exhibit de-
creased reactivities. The decrease in nucleophilicity appears
to be more significant for the phenoxide containing.CN,
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Figure 2, Hammett plots for the reaction of 2A4-diritrophenyl
benzenesulfonate (CsHsS0,-OCeH;-2,4-NO2) with aryloxides (Z-Cs
H,07) in EtOH at 2507 . The numbers refer to the aryloxide
in Table 1.

CHO, or COCH;s at the 4-position. This is clearly demonstra-
ted in Figure 2, ie. the logarithmic second-order rate cons-
tants for these phenoxides exhibit significantly negative de-
viations from the Hammett linear line.

The negative charge on the oxygen atom of a phenoxide
anion can be delocalized to the substituent by direct resona-
nce when CN, CHO or COCH; is substituted at the 4-posi-
tion. However, the charge delocalization is not possible for
the phenoxide containing Cl or CHO at the 3-position and
for the ones containing electron donating -substituents. The
charge delocatization in this manner would cause an extra
stabilization and result in further decrease in the nucleophi-
licity of the phenoxides,

Therefore, the negative deviations shown by 4-CN-C;H,0,
4-CHO-CH/O~ and 4-COCH;-C¢H, O~ are not considered
due to any mechanistic difference for these phenoxides from
the othef ones. Instead, resonance stability would be respon-
sible for the negative deviations. This argument can be sup-
ported from the inset of Figure 2. As shown in the figure,
the logarithmic second-order rate constants give a good Ha-
mmett correlation with ¢~ constants which represent resona-
nce effect together with inductive effect for the substituent.!!

Although validity of the traditional interpretation of Ham-
mett p value has been questioned for decades,'*? it conveys
most important information regarding the transition state st-
ructure®* The magnitude of p value has been most widely
used as a relative measure of electron transmission or a
degree of bond formation at the transition state (TS) of the
rate-determining step (RDS)."™ The p.. value obtained in
the present reaction system is —153, This large pu. value
implies that the degree of electron transmission and bond
formation at the TS is significantly advanced. Therefore, it
is considered that the attack of the phenoxides to the suifur
atom of the sulfonate ester is deeply involved in the RDS.

The effect of substitvent on the acyl group. Se-
cond-order rate constants have been summarized in Table
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Table 2. Summary of Second-Order Rate Constants (2, M~'s™")
for the Reaction of 2,4-Dinitropheny] Substituted Benzenesulfo-
nates {(X-CH(S0,-0CcH;-2,4-NO;) with Phenoxide (CsHs07) in
EtOH at 25.0C*

X o ka M7s™!
1 4-CH;0 -0.27 0.253
2 4-CHs =017 0443
3 H 0.00 0.874
4 4-Cl 023 230
5 3-NO; 0.71 64.5
6 4-NO, 0.78 113

“The substituent constant values (¢) were taken from reference
18.
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Flgure 3. Hammett plot for the reaction of 24-dinitrophenyl
substituted benzenesulfonates (X-CsH SO,-OC:H;-2,4-NOy) with
phenoxide in EtOH at 250C. The numbers refer to the subst-
rate in Table 2,

2 for the reactions of 2,4-dinitrophenyl substituted benzene-
sulfonates with phenoxide. It is demonstrated that the reacti-
vity of the sulfonate esters increases with increasing electron
withdrawing ability of the substituent on the acyl moiety,'®
indicating that the TS of the reaction is stabilized by the
presence of electron withdrawing substituents. For a quanti-
tative analysis of the substituent effect on rate, a Hammett
plot has been constructed in Figure 3. An excellent linearity
has been obtained from the correlation of logarithmic second-
order rate constant with ¢ constant. The pey value obtained
is +2.52, indicating that the reactivity of the sulfonate esters
is significantly influenced by the electronic nature of the
substituents.

One would attribute the large puy value to a proximity
effect, since the reaction center is closely connected to the
aromatic ring in the present reaction system. However, the
nature of the reaction mechanism would be considered to
be more responsible for the large p., value. Since an elect-
ron withdrawing substituent on the acyl moiety can decrease
the electron density of the reaction center, the electrophili-
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Figure 4, Hammett plot for the reaction of 4-nitrophenyl substi-
tuted benzenesulfonates (X-CoH;S0.-OC:H-4-NO.) with ethoxide
in EtOH at 25.0C. The kinetic data were taken from reference
17.

city of the substrates would be enhanced when it is substitu-
ted on the acyl moiety. Accordingly, the attack of nucleophilic
phenoxide would be aided by the presence of electron withd-
rawing substituents on the acyl moiety and cause a large
positive p,, value. On the other hand, leaving group depar-
ture would be inhibited significantly by the presence of elec-
tron withdrawing substituents on the acyl moiety. Therfore,
a negative p,» value would be obtained for the leaving group
departing process. Such an opposing substituent effects
would effectively cancel each other and the rate would be
little influenced upon changing substituents (e.g. a small g
value), if the leaving group depariure is involved in the RDS
whether the reaction proceeds via one-step or step-wise me-
chanism. However, if the leaving group departure is not invol-
ved in the RDS, the opposing substituent effects would be
absent, and would result in a large positive p,y value. The-
refore, the pu.y value of +2.52 obtained in the present sys-
tem indicates clearly that the leaving group departure is not
the slow step. Consequently, one-step concerted mechanism
is excluded for the present reaction system.

Determination of reaction mechanism based on the magni-
tude of p values in this way has successfully been applied
to the reaction of substituted benzaldehydes with semicarba-
zide.”” Jencks ef a!. observed significantly large positive p
value for the reactions run in an acidic medium,” in which
the RDS has been known to be the addition of semicarbazide
to the carbonyl carbon of benzaldehydes to form a carbinola-
mine. On the other hand, the reactivity of benzaldehydes
was reported to be little sensitive to the electronic nature
of the substituents in neutral pH," in which the dehydration
of the carbinolamine has been known to be the RDS.

A further evidence supporting the proposed reaction me-
chanism has been obtained in the reaction of 4-nitrophenyl
substituted benzenesulfonates with ethoxide. As shown in
Figure 4, the reactivity of the substrate increases with inc-
reasing electron withdrawing ability of the substituent. As
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Table 3. Summary of Second-Order Rate Constants (k,, M~'s™")
for the Reaction of Substituted Phenyl 4-Nitrobenzenesulfonates
(4-NQ,-CsH,S0,-0CsH,-Y) with Ethoxide (EtO~) in EtOH at 25.0
°Ca

Y o~ s ko, M71s71
1 3-CHO 0.36 0.36 0.110
2 4-COCH; 0.87 046 0.344
3 4-CHO 1.13 0.49 0.544
4 4-CN 1.00 0.69 181
5 3-NO, 0.71 0.70 2.30
6 4-NO, 1.27 082 361

?The substituent constant values {¢~, 6" were taken from refe-
rence 18.
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Figure 5. Hammett plots for the reaction of substituted phenyl
4-nitrobenzenesulfonates (4-NQO,-CsHSO.-OCH,-Y) with ethoxide
in EtOH at 25.0C. The numbers refer to substrate in Table
3.

a result, a good Hammett correlation is obtained with a
large positive puy value {(+268). This value is comparable
with the one obtained from the reaction of 2,4-dinitropheny!
substituted benzenesulfonates with phenoxide {(p,r= +2.52),®
and supports the argument that the leaving group departure
is not involved in the RDS. Therefore, the slow step of the
present sulfonyl-transfer reaction would be considered to be
the attack of nucleophile to the sulfur atom of the sulfonyl
group.

The effect of substituent on the leaving group. In
order to examine the degree of leaving group departure at
the TS of the RDS, the reactions of substituted phenyl 4-
nitrobenzenesulfonates with ethoxide were investigated. In
Table 3 are summarized the kinetic results, in which the
reactivity of the substrates seems to increase with increasing
electron withdrawing ability of the substituent on the leaving
group. However, a careful examination of the data reveals
interesting phenomena. NO: group in the 3-position of the
aromatic ring is a weaker electron withdrawing substituent
than COCH; group in the 4-position based on ¢~ constant.
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However, the rate enhancing effect of the former substituent
is more significant than that of the latter. A similar result
can be seen for CN and CHO in the 4-position, i.e. 6~ values
for 4-CN and 4-CHO are 1.00 and 1.13, and %, values are
1.81 and 0.544 M~'s™, respectively. Such unusual substituent
effects on rate have been demonstrated in Figure 5, in which
o~ constants exhibit an extremely poor correlation with loga-
rithmic second-order rate constants.

If the leaving group departure is advanced at the TS of
the RDS, the developing negative charge on the oxygen atom
of the leaving phenoxides would be delocalized on the subs-
tituents at 4-position by direct resonance as discussed in
the preceding section. Therefore, one would expect that o~
constant gives a good Hammett correlation in this case. Ho-
wever, the correlation of 6~ constant with log %; has been
demonstrated to be extremely poor (Figure 5), indicating that
the negative charge on the oxygen atom of the leaving phe-
noxides is insignificantly developed at the TS of the RDS.
This is quite consistent with the preceding argument, based
on the magnitude of the p,y values, ie. the leaving group
departure is not involved in the RDS.

Since a® scale was devised mainly from the ionization of
substituted phenylacetic acids (X-CsH,CH.CO.H), this scale
fits best for insulated reaction systems in which through-con-
jugation is entirely excluded by the presence of CH: group.”®
Therefore, ¢° scale has been used as a measure of inductive
effect without any resonance contribution. As shown in the
inset of Figure 5, o® constant gives better Hammett correla-
tion than 6~. This result indicates that the electron withdra-
wing substituents accelerate the reaction rate simply by
enhancing electrophilicity of the substrates by inductive effe-
cts of the substituents. Therefore, the finding of a better Ha-
mmett correlation with ¢ than ¢~ constant in the present
system provides a conclusion that the degree of leaving
group departure at the TS of the RDS is negligible in the
present sulfonyl transfer reaction system.

Conclusions

The present studies of substituent effect on rate have allo-
wed us the following conclusions. (1) Substituent constants
should be carefully chosen in order to elucidate the TS st-
ructure of the RDS properly. (2) The present sulfonyl-trans-
fer reaction proceeds vig a rate-determining attack of nucleo-
philes 0 the suifur atom of the substrates followed by a
fast leaving group departure, and one-step reaction mecha-
nism is excluded.
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