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The second order rate constants k, and the activation parameters for the reaction of 2-thio-

phenesulfonyl chloride with aniline together with solution enthalpies of the reactants have been

measurced in methanol, ethanol, 2-propanol, acetonitrile and acetone. The reaction rates are

slower in dipolar aprotic solvents than in protic ones due to a remarkable activation negative

entropy. The rate constants k, are correlated with empirical solvent polarity parameters. The

data seem in accord with a SAN reaction mechanism.

The rates of bimolecular nucleophilic substitution
depend on the change from polar to dipolar aprotic
solvents, particularly when the nucleophile is an anion
(1-4).

aprotic solvents have been attributed both to increments

The remarkable rate increas

s found in dipolar

of energy for the change of reactants from the aprotic
solvent to the protic one, and to the increased solvation
of the transition state in the dipolar aprotic solvent (5,6);
in every case the energy gap between the reactants and
the transition state as well as the enthalpy of activation
diminishes with the solvent change.

Recently two different reaction mechanism for nucleo-
philic substitutions at tetracoordinate sulphur have been
proposed: SN, and SAN (7-12). Previous work on the
reactions of 2-thiophenesulfonyl halides with anilines (11,
12) let us hypothesize the SAN mechanism as the more
probable (Scheme T).
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The solvent effect on the kinetics of these reactions
wax investigated in order 1o obtain further information
about the structure and the electron distribution of the

transition state in order to discriminate between the two
mechanisms.

In order to separate solvent effects on Al into initial
state and transition state effects, the heats of solution of
the reactants were measured in various solvents. By
combining differences in enthalpy of solution with dif-
ferences in enthalpy of activation, the enthalpy of transfer
of the transition state from one solvent to another could
be calculated.

Results and Discussion.

The reaction between 2-thiophenesulfonyl chloride and
aniline takes place quantitatively in all the solvents. as
reported in previous papers (| 1,12).

The second order rate constants ky, measured at dif-
ferent temperatures, are listed in Table 1, together with

. . o
the activation parameter values at 257

three to seven
kinetic runs, at different aniline concentrations, were
carried out at the established temperature. The heats of
solution of aniline and 2-thiophenesulfonyl chloride in the
solvents examined (sce Table 2) were calculated by
Dickinson’s method (13).

Table 1 shows that the reaction rate is surprisingly
faster in the protic solvents than in dipolar aprotic
solvents.

The ratio of rate constants at 25° (Table 3) for the

methanol-acetonitrile pair is ea. 5 and ri:

s Lo ea. 22 for
the methanol-acetone pair, while for methanol-ethanol
and methanol-2-propanol it is ca. 2 and ca. 3, respectively.
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Table 1

ky*103, 1 mol™! sec! (a)

Solvents 15° 20° 25¢ 30° 35°

Methanol 2.62 5.62 11.05

Kthanol 315 6.53

2-Propanol 1.83 2.68

Acetonitrile 1.20 1.93
Acetone 0.189 0.260 0.364 0.465

(1) The estimated accuracy is ¥ 5% or better. (b) Standard deviations.

Table 2

Heats of Solution and Enthalpies of Transfer at 25°%f 2-Thiophenesulfonyl
Chloride and Aniline Relative to Methano!

Aniline
Al 8 AH,
Solvents Keal mol™! Keal mol™!
Methanol 0.60 £ 0.01 (a) 0
Eihanol 0.12 £0.01 +0.48
2-Propanol +1.25 % 0.01 +1.85
Acetone 125 2 0.01 .65

Acetonitrile +0.025 £ 0.001

(a) Standard deviations.

Table 3

Rate Constant Ratios for the Reaction of 2-Thiophenesulfonyl
Chloride with Aniline in Various Solvents

Methanol/Ethanol 2 2 Y
Methanol/2-Propanol 3 4 4
Methanol/A cetonitrile 5 6 8
Methanol/A cetone 22 24 -

Table 4

Enthalpies of Transfer of Reactants, éAIIE, and Transition States,
saN!, and Differences in Enthalpy of Activation, saH i, relative
to Methanol, for the Reaction of 2-Thiophenesulphonyl Chloride
wilth Aniline

salll saHT sall
Solvents Keal mol™! Keal mol™! Keal mol™!
Methanol 1] 0 0
Fthanol +0.09 .41 +0.28
2-Propanol 13.27 -1.98 +1.29
Acetonitrile +1.33 -5.00 -3.73
Acetone 116 -1.61 277

+0.625

AHF as#
45° 50° Keal mol™! cal mol~! K-!
20.80 11.91 £0.13 (b) 28.70 % 0.42
11.35 1150 £0.73 3138 £ 2.4
493 993 * 0.75 -38.04 £ 2.4
2.60 3.27 6.85 £ 0.86 4891 £ 1.4
10.30 £ 0.42 40.38 £ 1.4
2-Thiophenesulfonyl Chloride
AH 8 AH,
Keal mol™! Keal mol™!
4.54 F 0.13 (a) 0
475 £ 0.14 +0.21
5.96 £ 0.06 +1.42
4.03 £0.08 -0.51
5.24 £ 0.18 +).70

Besides, these ratios rise with temperature when the protic-
dipolar aprotic change is considered.

Table 4 shows that in the transfer from methanol to
acetonitrile the reactants are desolvated by 1.3 Keal mol ™!
in the dipolar aprotic solvent while the transition state
is more solvated by 3.7 Keal mol~! in the same solvent.
Thus the activalion energy is ca. 5 Keal mol=! lower in
acctonitrile with respect to methanol.

However the reaction rate is slower in acetonitrile
owing to a dominating contribution from an unfavorable
entropy (TASF = ca. 6 Keal mol™").

activation enthalpy is smaller than in methanol, due to a

In acetone the

prevailing contribution of the transition state solvation
(the reactants are less reactive owing Lo their increased
solvation).  Also in acetone the rate is slower than in
methanol because of an unfavorable change in AS*. In
2-propanol AlIF is lower than in methanol, due to a
remarkable desolvation of reactants, but AS#, more neg-
ative, determines the reaction rate, as in dipolar aprotic
solvents.  The ethanol behaviour is similar Lo that of
methanol.

The negative entropy changes accompanying the trans-
fer from methanol to the other solvents might be
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explained in terms of orientation of solvent molecules
around the incipient ions in the transition state. In a
strongly polar liquid such as methanol the molecules are
already frozen due to remarkable intermolecular forces
(hydrogen bonding, ete) (14). When these molecules hold
the transition state ions, they suffer a relatively small loss
in entropy. Nonpolar liquids, on the other hand, being
less associated, are quite free in the liquid state. When
a strongly polar transition state is formed, their molecules
suffer a remarkable reorientation accompanied by a great
loss of rotational and translational {reedom. Hence the
entropy of activation decreases. Also the highly negative
entropy values might be ascribed to a tighter transition
state in the dipolar aprotic solvent, a medium that cannot
solvate the leaving group (CI) by hydrogen bonding (5).

Table 4 shows the heats of solution of the transition
state (§AHY) obtained from the relationship (15) sAHt =
SANE + §AHF,

If we assume methanol as the reference solvent (ZSAHt

(), then for ethanol and 2-propanol the transfer
processes are endothermic while for acetone and aceto-
nitrile they are exothermic.

There is no correlation between SAHY and the dielectric
constant or empirical polarity solvent parameters. owever
a correlation between §AH' and E values was found (160)
only for protic solvents, the transition state being better
solvated in the most polar solvent in accord with the
Hughes-Ingold concept (17).

The altempts to correlate second order rate constants
with the dielectric constants for all the solvents were
successful only for the aleohol series, presumably owing
to specilic interactions between solutes and dipolar aprotic
solvents.

Good correlations were obtained with empirical solvent
polarity parameters such as 7, B¢ or log Kjon (16).
However the correlations are better by using the Kinetic
model parameters log Kion or Y (r = 0.992), rather than
the spectroscopic model parameters 7 or £y (r = 0.97).
Presumably during the electronic transition, the solvent
molecules around the solute have no time to change their
positions and orientations to adjust to the excited state
structure.  Hence such an arrangement ol solvent mole-
cules certainly is not the optimum for the new arrange-

memt of charges (18).
EXPERIMENTAL

Materials.

2-Thiophenesulfonyl chloride was obtained as described pre-
viously (12). Aniline is a Carlo Erba RPE-ACS commercial
product, purified by several distillations over potassium hydroxide.

The solvents used are all commercial products. Methanol,
hefore using, was dried by distillation from magnesium. Absolute
ethanol and 2-propanol were dried with molecular seives and frac-
tionally distilled.  Acetonitrile was purified as described (19):
acetone was left on potassium carbonate overnight, distilled and
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then refluxed on phosphorus pentoxide for half an hour and then
distilled again (20).

Rate and Calorimetric Measurements.

The reaction rates were measured by the procedure described
in previous papers (11,12).

For the heats of solution measurements, a LKB 8700-1 preci-
sion calorimeter, equipped with a “419 A.D.C. null voltmeter”
electronic galvanometer connected to a L. and N. Speedomax W
recorder, was used.

The measurements were preformed by breaking 1 mi. LKB
8727-1 glass bulbs, containing the solute at the same concentration
of kinetic runs into 100 ml. of solvent. The calorimeter was
tested by measuring the solution heat of potassium chloride in
water at 25°. The value of 4.198 = 0.005 Kcal mol-1 obtained,
is in good agreement with the literature (21,22).

Acknowledgements.

The authors are grateful to the Consiglio Nazionale delle
Ricerche (Roma) for financial support.

REFERENCES

(1) J. Miller and A. J. Parker, J. Am. Chem. Soc., 83, 117
(1961).

(2) A. J. Parker, Chem. Rev., 69. 1 (1969) and references
therein.

(3)P. Carniti, P. Beltrame and S. Cabiddu, J. Chem. Soc.,
Perkin 11, 1430 (1973).

(4) B. G. Cox and A. J. Parker, /. Am. Chem. Soc., 95, 408
(1973).

(3) P. Haberfield, A. Nudelman, A. Bloom, R. Romm and
H. Ginsberg, J. Org. Chem., 36, 1792 (1971).

(6) 0. Rogne, J. Chem. Soc., Perkin II, 823 (1973).

(7) L. Senatore, E. Ciuffarin and A. Fava, J. Am. Chem. Soc.,
92, 3035 (1970).

(8) W. A. Pryor and K. Smith, ibid., 92, 2731 (1970).

(9) E. Ciuffarin, 1. Senatore and M. Isola, J. Chem. Soc.,
Perkin 11, 468 (1972).

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

(11} A. Arcoria, E. Maccarone, G. Musumarra and G. A.
Tomaselli, J. Org. Chem., 38, 2457 (1973).

(12) E.Maccarone, G. Musumarra and G. A. Tomaselli, ibid.,
39, 3286 (1974).

(13) J. M. Sturtevant, “Physical Methods in Organic Chem-
istry”, A. Weissberger Ed., Part 1, Third Ed., Interscience, New
York, 1959.

(14) R. G. Pearson, J. Chem. Phys., 20, 1478 (1952).

(15) P. Haberfield, A. Nudelman, A. Bloom, R. Romm, 11.
Ginsberg and P. Steinhertz, Chem. Commun., 194 (1968).

(16) C. Reichardt, Angew. Chem. Intern. Edit. Engl, 4, 29
(1965).

(17) C. K. Ingold, “Structure and Mechanism in Organic
Chemistry”, Cornell University Press, Ithaca, New York, 1953,
p. 345.

(18) ]. E. Leffler and E. Grunwald, “Rates and Equilibria of
Organic Reactions”, ]J. Wiley and Sons, Inc., New York and
London, 1963.

(19) M. Walter and L.. Ramaley, Anal. Chem., 45,165 (1973).

(20) G.Ostrogovich, C. Csunderlik and R. Bacaloglu, J. Chem.
Soc. (B), 18 (1971).

(21) S. Sunner and 1. Wadso, Acta Chem. Scand., 13, 106
(1959).

(22) R. J. Irving and 1. Wadss, ibid., 18, 195 (1964); J. O.
Hill and R. J. Irving, J. Chem. Soc. (A}, 972 (1966).



