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vents could exhibit a nonmonotonic FRS decay profile. Con-
stderation of permanent dipole moments and the polarity of
the solvent provides a qualitative explanation for this ob-
servation although a more systematic study appears to be
necessary to understand the behavior in detail. We also con-
firmed experimentally that the extraction of two individual
diffusivities from DGD type FRS decay profiles is very trou-
blesome. Nonetheless, we can measure the mean diffusivity
quite reliably, and we can at least infer a range for 1, and T,
individually from the ¢° dependence of the 7's. Difficulty in
deducing individual t's from nonmonotonic FRS decay sig-
nals seems to be inherent to FRS method, which evidently
mandates independent measurements of the amplitudes A,
and A.,.
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Nucleophilic substitution reactions of (Z)-phenylethyl (X)-benzenesulfonates with (Y)-pyridines were in-
vestigated in acetonitrile at 60 °C under respective pressures. The magnitudes of the Hammett reaction con-
stants, px, Py and p; indicate that a stronger nucleophile leads to a greater degree of bond formation of C-N
and a better leaving group is accompanied by a less degree of bond breaking. The magnitude of correlation in-
teraction term, o, can be used to determine the structure of the transition state (TS) for the Sy reaction. As the
pressure is increased, the Hammett reaction constants, py and |pY|, are decreased. but correlation interaction
cocfficient, px, and |py;|, arc increased. The results indicate that the reaction of (Z)-phenylethyl (X)-ben-
zenesulfonates with (Y)-pyridines probably moves from a dissociative Sy2 to early-type concerted S,2 mechan-
ism by increasing pressure. This result shows that the correlation interaction term p, can be useful tool to de-
termine the structure of TS, and also the sign of the product pxz - pyz can be predict the movement of the TS.

Introduction

One of the linear free energy relationships (LFER), the
notable Hammett equation, has been used as an empirical
means of characterizing transition-state (TS) structures.'™
The Hammett p is first derivative of log & as shown in

equation (1) and reflects TS structures involved in a series
of reactions with structural changes affecting the reaction
center,

p=logk/do (1)

The magnitudes of the p values in the nucleophile and
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leaving group can estimate the degree of bond formation
and bond dissociation. However, it has occasionally been
suggested that the p value cannot be used as a measure of
TS structure, since the efficiency of charge transmission for
different reactions scries may differ.**

In previous work,” we proposed that the ‘TS structure in
nucleophilic substitution (Sy) reactions can be predicted by
the sign and absolute values of p; and comparison of the re-
lative value of the correlation interaction coefficient, pyz
with pyz.

Menschutkin reactions — typical Sy2 reactions of alkyl
halides with tertiary amine to form quaternary ammonium
salts — have been widely investigated for the effects of pres-
sure.”® Recently kinetic studies of Menschutkin type reac-
tions of benzyl benzencsulfonate with pyridines in acetone
were carried out by the electric conductivity method under 1
to 2,000 bars at 20-40 “C.° From the enthalpy, entropy. and
volume of activation, it was found that this reaction proce-
cds via the 5,2 reaction mechanism in which the rate of the
reaction was determined by C-N bond formation in the tran-
sition state. In this connection, we studied on pressure de-
pendence of the reaction rate of phenylethyl arenesulfonate
with pyridines to get some detailed information about the
transition state which is expected to be more typical Sy2
under high pressure at 60 °C in acetonitrile, Under at-
mospheric condition, the substituent effect in substrate of
phenylethyl system was not so significant as expected, but
still the electron-donating substituents showed the slight ac-
celeration to give a small negalive p value and Hammett
plot slightly curvatures on the acting substituents, even
though it is not so remarkable as that of benzyl system.'
These results represented a littie bit favorable bond-breaking
at the transition state by the electron-donating substituents.

In this paper, we report the results of the relationship of
the effect of substituent on the substrate(Z), nucleophile(Y),
and leaving group(X) by the Hammett reaction constants,
Px, Py and pz and correlation interaction coefficients, Pxs
and pyz, on the reaction between (Z)-phenylethyl (X)-ben-
zenesulfonates with (Y)-pyridines in acetonitrile under re-
spective pressures as shown in equation (2).

(Z)-CH,CH,CH,0S0,CH-(X) + (Y)-CsH.N —
(Z)-C;H,CH.CH,-"NCH,~(Y)
080.CH-(X) 2

X=H, 4-Br, 3-NO,
Y=3,4-(CH,),, 3-CH,, H, 3-C]
Z=4-CH,, H, 4-C]

Results and Discussion

Effect of Substituent. The reaction rates were det-
ermined by monitoring the changes in the electrical con-
ductance on formation of the salt from the reaction of sub-
stituted (Z)-phenylethyl (X)-benzenesulfonates with substitut-
ed (Y)-pyridines in acetonitrile. The second-order rate con-
stants, k, for this reaction at respective pressures, are sum-
marized in Tables 1 and 2.

The rate was increased by electron-donating substituent
on pyridine nucleophile, which is expected for nucleophile
as nucleophilic attack of nitrogen in the pyridine on the car-
bon atom. With increasing leaving ability and electron-
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Table 1. Second-order rate constants, 10 k., (1I/mol-s), for the
reactions of (Z)-phenylethyl brosylates with (Y}-pyridines in
acetonitrile at 60 °C under respective pressures

. Y -
z k 34-(CH), 3-CH, H 3.l

4-CH, 1 2.931 1.541 0911 0.188
1000 3.921 2,219 1.345 0.274

2000 6.221 3721 2.454 0.501

H 1 2.793 1.462 0.851 0.171
1000 3.809 2.130 1.273 0.250

2000 6.071 3.630 2.353 0.461

4-Cl 1 2.641 1.355 0.790 0.152
1600 3.633 1.998 1.191 0.226

2000 S.916 3.466 2.234 0.421

Table 2. Second-order rate constants, 10° &;, {(1/mol-s), for the
reactions of {Z)-phenylethy! (X)-benzenesulfonates with pyridine
in acetonitrile at 60 °C under respective pressures

Z bar X H 4-Br 3-NO,
4-CH, 1 0.409 0.911 4.640
1000 0.598 1.345 6.165

2000 0.993 2454 9.234

H 1 0.382 0.851 4.361
1000 0.557 1.273 5.850

2000 0.933 2.353 8.934

4-C1 1 0.349 0.790 4.075
1000 0.516 1.191 5.582

2000 0.874 2.234 8.656

donating ability in substrate, the rate was increased. The
change of rate constants is less sensitive to the variation of
substituents in the phenylethyl substrate than to that of ben-
zyl one because of the intervention of the more -CH,-
group. Thus the magnitude of p, values for the substrate is
smaller than py and px. The Hammett plots are generaily
good linear correlations and the py, py, and @z values are
listed in Tables 3-6.

In Table 3, the signs of py are negative and the mag-
nitudes of |py| values are fairly large, that the nucloephilic
nitrogen atom locates in the aromatic ring. The magnitudes
of |py] and px are increased with a more electron-with-
drawing substituent in the substrate, which suggests the de-
gree of bond formation on reaction center is high. The vari-

Table 3. Reaction constants (py) and correlation interaction coef-
ficients (pyz) for the reactions of (Z)-phenylethyl brosylates with
(Y)-pyridines in acetonitrile at 60 °C under respective pressures

7 Py
1 bar 1000 bars 2000 bars
4-CH, -1.940 -1.892 -1.799
H -1.975 -1.937 - 1.843
4-Cl -2.017 -1.974 -1.888
Pyz -0.192 -0.202 -0.221
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Table 4. Reaction constants {px) and correlation interaction coef-
ficients (px;) for the rcactions of (Z)-phenylethyl (X)-ben-
zenesulfonates with pyridine in acetonitrile at 60 °C under respec-
tive pressures

zZ Px
1 bar 1000 bars 2000 bars
4-CH, 1.484 1.420 1.339
H 1.488 1.434 1.355
4-Cl 1.500 1.448 1.376
Pxz 0.041 0.06% 0.092

ation of substituent in the substrate from Z=p-CH; to Z=p-
C) cause a larger increase in |py| than in py. The value of
px s decreased with a more electron-donating substituent in
the substrate in Table 4, which means a less degree of bond
breaking. Thus a stronger nucleophile is accompamed by a
greater degree of bond formation and a better Jeaving group
is accompanied by a less degree of bond breaking, ie., a
stronger nucleophile and/or better leaving group lead to for-
mation of early TS. The sign of p; is negative in Tables 5
and 6, which indicates reaction center of subsirate has de-
veloped positive charge, and that means degree of bond-
breaking is greater than that of bond-formation on the TS
for the reaction series. The change of bond formation is
more than that of bond breaking with a more electron-with-
drawing substituent in the substrate. This is reasonable ex-
plain since bond breaking has already progressed much
further than bond formation in the TS. These results will af-
fect the correlation interaction term p; values. The p; (Pxz
or Pyz) is dependent on the change of distance between the
reaction centers of ¢ and j which can express the sensitivity
of p,g, (or p;5;). In other words, px; and Py indicate the de-
gree of C-L bond fission and Nu-C bend formation, respec-

Table 5. Reaction constants (p,)} and correlation interaction coef-
ficients (pzy) for the reactions of (Z)-phenylethyl brosylates with
(Y)-pytidines in acetonitrile at 60 °C under respective pressures

Y P
1 bar 1000 bars 2000 bars
3,4-(CH,), -0.113 -0.083 —-0.054
3-CH, - (1140 0.114 -0.078
H -0.154 -0.132 -0.102
3.1 -0.230 - 0.208 —0.188
Pay -0.191 -0.202 -0.222

Table 6. Reaction constants (p,) and correlation interaction coef-
ficients (pzy) for the reactions of (Z)-phenylethyl (X)-ben-
zenesulfonates with pyridine in acetonitrile at 60 °C under respec-
hive pressures

X Pz
1 bar 1000 bars 2000 bars
H -0.172 -0.159 -0.138
4-Br -0.154 -0.132 -0.102
3-NO, -0.140 - 0.108 -0.070
Pax 0.042 0.069 0.091
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tively. The p; derived from Taylor series expa’nsion is log

(kyfkoo)=p.O:+p;0;+p;0:0; and therefore pyz (Pzx) and pPyz (Pzv)
are represented by the equations (3) and (4)

logtkxz/koo)=pxOx+Pz02+PxzCx0z (3)
log(kyz/ky)=pyOy+Pz0z+Pvz0v0z )

, where X, Y and Z are the substituents of the leaving
group, nucleophile and substrate, respectively. The mag-
nitude of |py,| obtained by the plot of py with o, is larger
than that of pyz. The length of the C-L bond in the TS
stays the same or become slightly longer than that of the
Nu-C bond when the substituent of substrate is p-CH;. As
the substituent of substrate is changed from Z=p-CH, to Z=
p-Cl, the formation of the Nu-C bond increase largely, but
the breaking of the C-L bond increase slightly in the TS.
That the magnitude of px; is smaller than that of [py,| on
the change of substituent of substrate indicates that leaving
moiety already is away from the reaction center of substrate,
so the variation degree of distance from the reaction center
is small in the case of pyz, but is large in the case of [pys]-
Thus, from the sign of p, and the comparison of p,; ({pvz]>
Pxz), this reaction is led to a dissociative Sy2 mechanism.®

Effect of Pressure. [n Table 3, the magnitudes of the
lpy| and py values are decreased when the pressure is in-
creased, which suggests that degree of bond formation and
breaking are decreased. The change of the pressure from 1
to 2,000 bars seems to cause less decrease in |py| compared
with that in py because the magnitudes of the [p,| values de-
crease with increasing pressure, which indicates degree of
bond breaking is less than bond formation on the TS for
this reaction series. Therefore, effect of pressure for this
reaction leads to the formation of an early TS and more sim-
ilar to concerted Sy2-type reaction pathway.

These results accord with the comparison of py; the mag-
nitude of |py;| is larger than that of px, at low pressure,
since the degree of the C-L bond cleavage is enhanced and
the Nu-C bond formation has poor develops in the TS.
When the pressure is increased, the formation of the Nu-C
bond decreases less than the breaking of the C-L bond in
the TS, because the varation degree of px; is larger than
that of |pyz] with increasing the pressure. It indicates that
the leaving moiety is less away from the reaction center of
the substrate, so the variation degree of the distance from
the reaction center becomes large but bond formation of nu-
cleophile decreases slightly, hence the TS moves from dis-
sociative Sy2 to more concerted S,2 type with increasing
pressure. This result accords with the sign and variation of
|pz| values, in which |p,]| values decrease with increasing
pressure. In the cases of Menschutkin type reaction, con-
certed S,2 reaction has smaller negative p, value than that
of dissociative S,2. The sign of the product pxz-pyz can
predict the movement of TS.* In other words, if the sign of
the product py;-pyz is positive, the TS movement accords
with the Thornton effect, but if it is negative, the TS move-
ment obeys the Hammond effect. In the case of these reac-
tion series, a negative sign of pyz' Pyz would permit the TS
to move according to the Hammond effect.

In conclusion, the Hammett p values of the nucleophile,
leaving group and substrate can estimate the structure of the
TS. The magnitude of p; can be useful tool to determine
the structure of TS. In particular, the comparison of pxz
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with |py| and the sign of p, can indicate the type of Sy reac-
tion. The |p;| value at low pressure, is slightly larger than
that of high pressure. That at tow pressure, |py,| value is
greater than py; indicate that this reaction series proceeds
via dissociative Sy2 process. But at high pressure, |py|
value is slightly larger than px,, which indicates that this
reaction series move from dissociative Sy2 process to early-
type concerted Sy2 process with increasing pressure, and a
negative sign of pxz-pyz permits the TS to move according
to the Hammond effect.

Experimental

Instruments. The conductivity meter is TOA 60-V
equipped with FISHER 9010 circulator. The conductivity
cell is composed of two parts, a glass cylinder of 5 cm® in
which two Pt circular plate electrodes are sealed, and one-
branched teflon tube of 8 cm long and 1 em in diameter.
The former acts as a conducting cell and the latter acts as a
pressure conductor by pressing. The cell is set in the pres-
sure vessel.

Materials. All matetials were purchased from Wako
(Japan) or Merck (Germany). Acetonitrile was purified by
distillation after putting anhydrous potassium carbonate in it
for three days at room temperature, Pyridine was comm-
ercial and was purified by several distillations through po-
tassium hydroxide. Other liquid pyridines were used with-
out further purification, but solids were recrystallized before
use. All purified pyridines were stored in brown ampules
under nitrogen atmosphere.

The preparation of the substrate and the product analysis
were as described previously.!" phenylethyl brosylate was
prepared by Tipsen's procedure as follows. phenylethyl al-
cohol (2.73 g, 0.022 mol) was dissclved in pure pyridine
{(ca. 40 mL) and subsequently p-bromobenzenesuifonyl chlo-
ride (5.71 g, 0,022 mol) was gradually added with stirring
at 0 “C. After 3 h at 0 °C, the mixture was poured into ice-
water and crystals were collected, vield 63%, mp 57 °C
(recrystallized from n-hexane) (lit., 58-59 °C).

N-Phenylethylpyridinium p-bromobenzenesulfonate; Pyri-
dine (0.554 g, 0.007 mol) was added to a solution of
phenylethyl p-bromobenzenesulfonate (2.387 g, 0.007 mol)
in anhydrous acetonitrile (80 mL). The mixture was heated
under reflux for 4 h and then left overnight at room tem-
perature. The product was scparated from the solvent and
washed with anhydrous ether, crystalline (45%}), mp 156-157
°C (recrystallized from propan-2-0l) {(Found: C, 54.3; H,
4.80; N, 3.45. Calc. for C,¢H,BrNO;y: C, 54.3; H, 4.30; N,
3.30%), 6 (DMSO) 3.2 (2H, 1, B-H), 4.7 (2H, 1, o-H), 8.7
(2H, d, a-H of pyridine), 8.2 (2H, ¢, B-H of pyridine), and
7.5 (SH, m, phenyl).
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Kinetics. The reaction of phenylethyl brosylate with
pyridine at respective pressures was followed by a conduct.
ometric method. As the reaction proceeds, the electrical con-
ductances increased because of formation of the salt. The
conductivity cell was suspended in a high-pressure vessel
with an electrode lead and the vessel was set in a thermo-
stat (£0.01 °C). Solvolyses related to nucleophilic addition
were always negligible.

The reproducibility of the data (A., and Ag) was difficult
to confirm, so all kinetic data were carried out under pseu-
do-first-order conditions, with a molar concentration of py-
ridine over 100 times that of phenylethyl brosylate. Gug-
genheim plots were used for determining the pseudo-first-
order rate constant, from which the second-order rate con-
stants were calculated. Rate constants were accurate to 5%
at 1-2000 bars. The rate constants, &, are linearly correlat-
ed with the nucleophile concentration, which indicates that
the reaction is second order. The pseudo-first-order with
respect to each reagent is the following rate law

=k - [Nu]
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