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Elimination Reactions on the Borderline between Concerted and Step-

wise Processes.

Base-promoted Dehydrohalogenation of 2-Phenylsul-

phonylethyl Bromide, Chloride, and Fluoride

By Vito Fiandanese, Giuseppe Marchese, and Francesco Naso," Istituto di Chimica Organica, Facolta’ di
Scienze, Universita’ di Bari, via Amendola 173, 70126 Bari, Italy

The reactions of 2-phenylsulphonylethyl bromide, chloride, and fluoride with methoxide ion in methanol and with
triethylamine in acetonitrile and in benzene, have been followed kinetically. The reactivity order Br > Cl > F has
been observed. The kinetic isotope effects were determined for the nine substrate—base—solvent combinations.
The measured ky/kp values range from a maximum of 5-0 in the case of the bromo-derivative in alcohol to a
minimum of 1:0 in the case of the fluoro-derivative in benzene. On the basis of isotope effects, leaving group
effects, and related observations the position of the elimination mechanism in the £2—-£1c¢B spectrum is tentatively

located.

CURRENT views of base-induced E2 reactions hold that
there exists a spectrum of transition states ranging from
the El-like to ElcB-like extremes.l'? 1In the central part

1 C. X. Ingold, Proc. Chem. Soc., 1962, 265; D. V. Banthorpe,
in ‘ Studies on Chemical Structure and Reactivity,” ed. J. H.
Ridd, Methuen, London, 1966, ch. 3; J. F. Bunnett, in ‘ Survey
of Progress in Chemistry,” ed. A. F. Scott, Academic Press, New
York, vol. 5, 1969; G. Modena, Accounts Chem. Res., 1971, 4, 73;
R. W. Alder, R. Baker, and J. M. Brown, ‘ Mechanism in Organic
Chemistry,” Wiley-Interscience, London, 1971, ch. 3. See also
A F. Cockerill, J. Chem. Soc. (B), 1967, 964; G. M. Fraser and
H. M. R. Hoffmann, ibid., p. 265; A. F. Cockerill and W. H.
Saunders, jun., J. Amer. Chem. Soc., 1967, 89, 4985; L. J. Stefta
and E. R. Thornton, ibid., p. 6149; G. Biale, A. J. Parker, I. D. R.
Stevens, J. Takahashi, and S. Winstein, ¢bid., 1972, 94, 2235 and
references therein.

of the spectrum there are transition states where both
C-H and C-X breakage are well balanced. Ifurther-

H
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—C—C— +B =% —C—C— +BH —== C=C +BH+X (1)
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X

more, in the last few years a considerable amount of work
has been performed aiming at an elucidation of the

2 G. Marchese, G. Modena, and F. Naso, J. Chem. Soc. (B),
1968, 958; D. Landini, F. Montanari, G. Modena, and F. Naso,
ibid., 1969, 243: G. Marchese, G. Modena, F. Naso, and N.
Tangari, ibid., 1970, 1196; G. Marchese, F. Naso, and V. Sgherza,
Gazzetta, 1971, 101, 251.
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E1cB mechanism.313 The original multi-step process
has been carefully scrutinized and dissected into several
variants. Both the irreversible case (ky > %_;) and the
pre-equilibrium case, where the carbanion is formed in a
steady state concentration, were recognized.3% -Special
substrates with highly acidic hydrogen atoms and slug-
gish leaving groups can lead to appreciable concentra-
tions of the anion and the E1cB mechanism of the second
type is attained.®”8 Finally, the importance of internal
return ? has led to the formulation of the (E1cB); and to
similar schemes according to which the carbanion re-
sulting from the proton abstraction is part of an ion
pair »1%11 or is specifically hydrogen-bonded to the con-
jugated acid of the molecule which performed the nucleo-
philic attack.!?

Eliminations from sulphonyl-activated substrates
where the leaving group is a sulphonate or a halide ion
have been widely investigated in the last 15 years 1415
However, general agreement on the intervention of
carbanions in these reactions has failed to emerge.
Therefore, in connection with stereochemical studies on
elimination from halogeno-sulphones,!!-1¢ we were promp-
ted to undertake a detailed kinetic investigation. In-
deed, in reactions leading to acetylenes * we have shown
that by focusing attention on the effect of structural and
environmental variations, eventually a clear mechanistic
picture could be obtained. 2-Phenylsulphonylethyl bro-
mides, chlorides, and fluorides (I)--{VI) were chosen
as substrates and their reactions withi methoxide ion in
methanol and with triethvlamine in acetonitrile and

PhS0,CH,CH,X (I) X=Br () X=Cl (II) X=F
PhS02CD2CH2X (V) X=Br (¥) X=Cl
PhS02CD2CD2X (V) X=F

in benzene were investigated. A few data for the
undeuteriated compounds (I) and (II) in acetonitrile
were available from the work of Yano and Oae.15

RESULTS
The undeuteriated substrates (I)—(III) reacted with the
bases yielding quantitatively the expected phenyl vinyl
sulphone (VII), m.p. 68—69° (from ethanol).’® Second-
order rate coefficients, activation parameters, and deuter-
ium isotope effects are reported in Tables 1—3.
Furthermore, H-D exchange experiments were per-

3 D. J. McLennan, Quart. Rev., 1967, 21, 490; J. Crosby and
C. J. M. Stirling, J. Chem. Soc. (B), 1970, 671, 679; L. R. Fedor
and R. C. Cavestry, J. Amer. Chem. Soc., 1970, 92, 4610; T. L.
Crowell, R. T. Kemp, R. E. Lutz, and A. A. Wall, ¢bid., 1968,
90, 4638.

4 R. A. More O’Ferrall and S. Slae, J. Chem. Soc. (B), 1970,
260; R. A. More O’Ferrall, ibid., pp. 268, 274.

5 F. G. Bordwell, M. M. Vestling, and K. C. Yee, J. Amer.
Chem. Soc., 1970, 92, 5950.

¢ D. J. McLennan and R. J. Wong, Tetrahedron Letters, 1972,
2887, 2891.

7 M. Albeck, S. Hoz, and Z. Rappoport, J.C.S. Perkin 11,
1972, 1248.

8 S. Hoz, M. Albeck, and Z. Rappoport, Tetrakedron Lelters,
1972, 3511 and previous papers of the series; A. Berndt, Angew.
Chem. Internat. Edn., 1969, 8, 613; R. F. Pratt and T. C. Bruice,
J. Amer. Chem. Soc., 1970, 92, 5956; L. R. Fedor and W. R.
Glave, 1bid., 1971, 93, 285.

? D. J. Cram, D. A. Scott, and W. D. Nielsen, J. Amer. Chem.
Soc., 1961, 83, 3696.
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formed for the elimination from the fluoro-compounds (III)
and (VI) in methanol and in acetonitrile. The reactions of
the tetradeuterio-derivative and of the undeuteriated
counterpart were allowed to reach half-completion in
MeOH and in MeOD respectively. The recovered un-
changed materials showed n.m.r. and i.r. spectra identical
with those of the starting materials indicating that no H-D
exchange with the solvent had occurred. It seemed reason-
able to extend this result to the faster bromo- and chloro-
derivatives. The regular kinetics observed when the di-
deuterio-counterparts of these compounds were used are in
agreement with this conclusion. Indeed, if loss of isotopic
label were to occur during the reactions, an increase of the
rate coefficients with time would have been observed.*

Similar results were obtained in acetonitrile, since no loss
of isotopic label was observed when the tetradeuterio-
compound (VI) was allowed to react with triethylamine in
the presence of externally added triethylamine hydro-
chloride.

DISCUSSION

The data in Tables 1-—3 reveal that the magnitude of
the deuterium isotope effects or the ‘element effects’
(e.g. kpefkq or kufky ratios) depends upon the system
investigated. Clearly, this simple consideration sug-
gests that there is no single mechanism which is preferred
by the sulphonyl-activated halogenoethanes. The re-
sults can be best explained in terms of a variety of pro-
cesses which differ considerably on the timing of the
C-H and C-X bond breakage.

For the reactions of the bromo- and chloro-derivatives
in methanol the pre-equilibrium ElcB mechanism seems
to be ruled out by the H-D exchange experiments.
Furthermore, it would be difficult to reconcile with such
a process the magnitude of the isotope effect (see Table 1)
which also seems sufficiently high to make the possi-
bility of internal return unlikely. Indeed, when this
does occur, much lower or even inverse isotope effects are
observed.6:9-11.17

10 E. Lord, M. P. Naan, and C. D. Hall, J. Chem. Soc. (B),
1971, 220; C. W. Rigby, E. Lord, M. P. Naan, and C. D. Hall,
ibid., p. 1192; W. K. Kwok, W. G. Lec, and S. L. Miller, [. Amer.
Chem. Soc., 1969, 91, 468.

11 V. Fiandanese, G. Marchese, and F. Naso, [.C.S. Chem.
Comm., 1972, 250.

12 M. Schlosser and V. Ladenberger, Chem. Ber., 1971, 104,
2873.

13 . G. Bordwell, Accounts Chem. Res., 1970, 3, 281; F. G.
Bordwell, D. A. R. Happer, and G. D. Cooper, Tetrahedion
Letters, 1972, 2759.

14 F. G. Bordwell, J. Weinstock, and T. F. Sullivan, J. Auer.
Chem. Soc., 1971, 93, 4728; J. Weinstock, R. G. Pecarson, and
F. G. Bordwell, ¢bid., 1956, 78, 3473; H. L. Goering, D. I. Relyea,
and K. L. Howe, tbid., 1957, 79, 2502; J. Weinstock, L. J. Ber-
nardi, and R. G. Pearson, ibid., 1958, 80, 4961; J. Hine and O. B.
Ramsay, ibid., 1962, 84, 973; W. M. Jones, T. G. Squires, and
M. Lynn, ibid., 1967, 89, 318; P. S. Skell and J. H. McNamara,
ibid., 1957, 79, 85; F. G. Bordwell and P. S. Landis, ibid., p.
1593; S. J. Cristol and P. Pappas, J. Org. Chem., 1963, 28, 2066.

15 Y, Yano and S. Oae, Tetrahedron, 1970, 28, 27.

16 V. Fiandanese, G. Marchese, F. Naso, and O. Sciacovelli,
J.C.S. Perkin 11,1973, 1336.

17 D. J. Cram, ‘Fundamentals of Carbanion Chemistry,’
Academic Press, New York, 1965; D. J. Cram, C. A, Kingsbury,
and B. Rickborn, J. Amer. Chem. Soc., 1961, 83, 3688; D. ]
Cram and A. S. Wingrove, ibid., 1964, 86, 5490; H. M. Walborsky
and J. M. Motes, ibid., 1970, 92, 2445; J. A. Zoltewicz and L. S.
Helmick, ibid., p. 7547; J. E. Hoffmann, A. Schriesheim, and
R. E. Nickols, Tetrahedron Letters, 1965, 1745.
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On the other hand the results are consistent with an
E2 process in which the C-H bond breakage is in the lead
during the transition state whereas the carbon-halogen
bond is broken only to a small extent. In fact, the
deuterium isotope effect is lower than the maximum

J.C.S. Perkin II

to be accumulated on the B-carbon atom and conse-
quently less C-H breakage, as evidenced by the higher
isotope effect.

The hypothesis of a low degree of breakage of the
carbon-halogen bond finds experimental support in the

expected for a process where the hydrogen atom is close low kp/kq ratio measured 2 (ca. 4). However, it could

TaBLE 1

Rate coefficients, activation parameters, and kinetic isotope effects ¢ for the reactions of 2-phenylsulphonylethyl halides
(PhSO,CH,CH,X) with sodium methoxide in methanol

k/1 molt s-1
~ L/ AH? ./ AStf

Substrate Method ? "o 15° 25° 35° kcal mol-? kcal mol! cal mol?1 K-t kulkp ©
(I) X =Br S.f.é 25-6¢ 97-5 217-0 471 13-9 13-4 —3-1 501
V.o 26-4
(I) X =Cl S.f.d 586 ¢ 25-7 58-8 144 15-2 147 —1-2 367
V.o 5-82
(I X="r S.f.a 917 20-6 51-2 17-0 16-5 —-2-7 2-04

* Probable crrors are 2—39; for %, 4-0-5 kcal mol? for £, and AH?, £1'5 cal mol! K for AS* and 59, for kg/kp. ®S.f. =
stopped-flow technique, V = Volhard method. ¢ At 25°. ¢ The concentrations werc 6 x 10 for the substrate and 0-07—
1 X 10!y for the basc. ¢ Extrapolated from the data at highcr teinperatures. / Ratio between the rate cocfficients for the
undeuteriated and the 2,2-dideuteriated compounds. - ¢ The concentrations were 3-5—4-5 » 10°3M for the substrate and 6—8 X
10-3m for the base. * The concentrations were 5—8 x 1075M for the substratc and 1—4 X 10-2m for the base. ¢ At 17°. 7 Ratio
between the rate coefficients for the undeuteriated and 1,1,2,2-tetradeuteriated compounds.

TaBLy 2
Rate coefficients, activation parameters, and kinetic isotope effects ® for the reactions between 2-phenylsulphonylethyl
halides (PhSO,CH,CH,X) and triethylamine in acctonitrile
10%%/1 mol-1 71

P — Ea/ AH"‘SU“/ ASI.&U’/
Substrate DMethod # 23° 35° 50° 60° kcal mol? kcal mol-1 cal mol-! K- kulkp
(I) X =Bre U.v. 631 1060 1830 76 7-0 —36-1 364
Ab. 1820
(IT) X =Cl¢ U.v. 71-2 110 837 7719 —38-24 1-9¢
A.b. 70-8
(I X = F+# U.v. 0-80 1-86 3-35 11-6 11-0 —371 1-04
Ab. 1-76
U.v?® 1-95

¢ Probable errors are 2%, for £, 4-0-5 kcal mol-! for I, and AH?¥, -£1-5 cal mol™! K- for AS* and 5%, for ky/kp values. ? U.v.
and a.b. refer to reactions followed with a spectrophotometer and with acid-base titrations respectively. ¢ The concentrations
were in the range 0-25—3-5 X 1073y for the substrate and 4—6 > 10 3m for the base. 4 Ratio betwcen the rate coefficients of
the undeuteriated and the 2,2-dideuteriated compounds at 25°. ¢ The concentration range was 0:025—1:3 x 10°2M for the sub-
strate and 0-6—2-3 X 102y for the base. f Data at 5 and 10° taken from ref. 15 have been also used to calculate this value.
7 A value of 9-4 has becn reported (sce ref. 15). * Yano and Oae !5 have reported a valuc of —22 cal mol? K1, but using their
data onc obtains a value of —33-8 cal mol* K-1. ¢ The concentration range was 0-25—1:6 x 10-2m for the substratc and 2—
6 > 1072M for the base. J The valne refers to the ratio between the rate cocfficients of the undeuteriated and of the 1,1,2,2-
tetradeuteriated compounds at 50°.  * Tricthylammonium chioride (2-5 < 1072M) was present in this run.

TABLE 3

Rate coefficients, activation parameters, and kinetic isotope effects ¢ for the reactions of 2-phenylsulphonylethyl halides
(PhSO,CH,CH,X) with triethylamine in benzene

103%/1 mol-1 51

- \ E,/ AHgge/ AS o]
Substrate Method ? 25° 35° 50° 65° 80° kcal mol-? kcal mol? cal mol™® X1 kulkp
(I) X =Bre¢ V. 337 51-1 95-3 8-0 7-4 —40-7 2:14d
A.b. 101
(II) X = Cl* V. 0-89 1-62 3-86 11-2 10-6 —37-0 1.34
A, 3-90
(III) X = I/ A.b. 0-17 0-40 0-86 12-2 11:6 —40-0 1-0¢

> V. and a.b. have the same meaning as in Tables 1 and 2. ¢ The concentration range was 0-8—1-5 X 1072m

4 As in Table 2.

4 As in Table 2.

for the substrate and 0-3—2 X 10-'M for the base.
substrate and 0-3—2 X 107im for the base.
base.

to the ‘mid-way’ point in the transition state.l8
Furthermore, within the framework of the E2 variable
transition state theory 2 the different values observed
for the bromo- and chloro-compounds can be easily
explained if one assumes that the expulsion of the better
leaving group requires a lower extent of negative charge

¢ The concentration range was 0-9—1-5 x 1072m for the

f The concentrations were 1-5 X 10-2M for the substrate and 2—3 x 10-2m for the
¢ Ratio between the rate coefficients of the undeuteriated and of the 1,1,2,2-tetradeuteriated compounds at 50°.

be argued that the difference in the reactivity is ambigu-
ously small and still consistent with an E1cB mechanism
of the irreversible type. This kind of multi-step process
would be also sensitive to isotopic substitution, as is

18 H, Simon and D. Palm, Angew. Chem. Internat. Edn., 1966,
5, 920; F. H. Westheimer, Chem. Rev., 1961, 61, 265.
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actually observed. Nevertheless, assuming ionization as
the rate-determining step it would be difficult to find a
reasonable explanation for the different values of iso-
tope effect measured for the bromo- and chloro-com-
pounds. Although it is well known that reactivity
influences the structure of transition states,’® and con-
sequently the magnitude of isotope effects in hydrogen
abstraction reactions, in the present case the difference
in reactivity between chloro- and bromo-derivatives
would be small and, therefore, one would expect similar
isotope effects.

The problem of assigning the mechanism to the fluoro-
analogue is more complex. By analogy we would be
led to the E2 type and the isotope effect would be still
consistent with the one-step process. However, it must
be recognized that in this case its magnitude, taking into
account « and B secondary isotope effects, cannot be used
as a strong argument against the intervention of internal
return, particularly if one invokes coincidence and as-
sumes k_; ~ k, in the ElcB scheme.

Perhaps a reasonable hypothesis is that in the case of
the fluoro-compound we are close to the E2-ElcB
border although we are not in a position to define whether
the border has been crossed.

When the triethvlamine-acetonitrile base~solvent pair
was used the results obtained for the reactions of bromo-
and chloro-compounds were qualitatively similar to those
obtained with the methoxide ion in methanol (see Table
2). In fact, the leaving group effect and the isotope
effect values which again depend on the nature of the
halogen suggest that the most likely candidate for these
processes is an E2 mechanism with a highly carbanionic
transition state. I[Furthermore, the isotope effects are
even lower than those measured in methanol and the
decrease could be interpreted assuming that more nega-
tive charge has to be accumulated on the #-carbon atom
in order to promote halide ejection in the aprotic solvent.

When the fluoride ion is the leaving group a much
slower system is obtained and the isotope effect drops to
1. This result is consistent with a pre-equilibrium
E1¢B mechanism according to the Scheme.

PhSO2CHCH,F + EtaNT== PhSO,CHCH,F —=

(m
HNEt,

PhSO,CH=CHy + Et;NHF
(v

SCHEME

Furthermore, ion pairs rather than free ions appear to
be involved as suggested by the regular second-order
kinetics observed, the lack of a retarding common ion
eflect upon adding triethylammonium chloride (see Table
2) and, finally, the lack of any H-D exchange when the

1 G. S. Hammond, J. Amer. Chem. Soc., 1955, 17, 334;
C. G. Swain and E. R. Thornton, ibid., 1962, 84, 817; J. E.
Leffler, Science, 1953, 117, 340.

20 R. P. Bell and D. M. Goodall, Proc. Roy. Soc., 1966, 4, 294,
273; sce also F. G. Bordwell and W. J. Boyle, jun., J. Amer.
Chem. Soc., 1971, 98, 512.
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deuteriated compound was allowed toreact in the presence
of this salt.10,11

The collapse of the carbanion to olefin could involve
some assistance by the counter-ion as depicted in struc-
tures (VIITa and b). Structure (VIIIa) was advocated

| 1|
_g —C— - g._c__
W 7
N :
ZIN NGk
0N
(ilTe) (YImb)

for explaining the syn-stereospecific course observed in
the dehydrofluorination of the related system 1-deuterio-
2-fluoro-2-phenylthioethyl phenyl sulphone for which
an (E1cB);, mechanism was also postulated.!

Slower rates were found in benzene as solvent (see
Table 3). The isotope effect for the bromide is 2-1 at
25° and the ky, : ki ratio at the same temperature is 35.
These results are consistent with a mechanism of the E2
type. The transition state should be similar to the one
involved in the dehydrohalogenation of the same com-
pound in acetonitrile but with a degree of C-H breakage
still more advanced as required both by the decrease in
reactivity 1% and by the higher sluggishness of the bromide
ion to leave in the apolar medium. The lack of kinetic
isotope effect in the case of the fluoro-derivative suggests
that also in the new solvent we are dealing with an
(E1cB);, mechanism.

The problem of assigning the mechanism to the chloro-
analogue presents considerable difficulty. In the case of
the reaction of the same substrate in acetonitrile an E2
mechanism was considered operating on the basis of a
modest but still significant isotope effect and also on the
basis of analogy with the bromo-derivative. Indeed,
the chloro-compound in acetonitrile appeared to be much
closer in reactivity to the bromo- rather than to the
fluoro-derivative. In benzene the isotope effect is too
small and it would be consistent both with a highly carb-
anionic E2 transition state® or with an (ElcB);,
mechanism. Also, as far as reactivity is concerned the
comparison with the bromo- and fluoro-compounds does
not help in making a distinction since the reactivity of
the chloro-analogue falls in the middle. Therefore,
both the above possibilities must be left open.

EXPERIMENTAL

Maiterials.—2-Phenylsulphonylethyl bromide (1), m.p.
81—82° [from light petroleum (b.p. 80—120°)], and 2-
phenylsulphonylethyl chloride (II), m.p. 55—56° (from
ethanol), were prepared according to known procedures.!®
Two different m.p.s. have been reported for the first com-
pound %22 (8990 and 75-5—77°). In the present investi-
gation the purity of the material used was examined by
tl.c., nm.r.,, and elemental analysis. 2-Phenylsulphonyl-
ethyl fluoride (I1I), b.p. 110° at 7-10 mmHg, was obtained

2t T, Melander, Acta Chem. Scand., 1971, 25, 3821; N. Berg-
m%r(x), W. H. Saunders, jun., and L. Melander, bid., 1972, 26,
1130.

22 Jushih Tsung and Ju-yiin Chi, Hua Hsiieh Hstieh Pao, 1960,
28, 31 (Chem. Abs., 1961, 55, 17,635).
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by hydrogen peroxide oxidation of 2-phenylthioethyl fluor-
ide * (Found C, 50-8; H, 4:6; I, 10-0; S, 17-0. CH,FO,S
requires C, 51-0; H, 4-8; T, 10-1; S, 17-09%,), *H <[(CD,),CO;
100 MHz] 5-23 (Jg-u 5. Ju-» 47 Hz, CH,CH,F) and 6-37
(Ju-u 5, Ju-r 25 Hz CH,CH,F). For the deuterio-deriva-
tives (IV)—(VI) original procedures were devised and
details will be given elsewhere. Triethylamine was
distilled over potassium hydroxide and sodium.?* Triethyl-
amine hydrochloride 2> and deuteriomethanol 2 were prepared
according to known procedures. Methanol was purified
by fractional distillation from magnesium followed by de-
oxygenation by pure nitrogen.?” Acetonitrile was dried over
phosphorous pentoxide and then distilled over molecular
sieves (4 Linde A). Benzene wasdistilled twice from sodium.

Kinetic Experiments.—Spectrophotometric methods in-
volved the use of a Durrum-Gibson stopped-flow instru-
ment for the reactions in methanol. The absorbance of the
vinyl sulphone produced was followed at a wavelength of

23 G, Marchese and F. Naso, Chimica ¢ Industria, 1971, 5§38,
744.

2 J. F. Coetzee and G. R. Padmanabhan, J. Amer. Chem. Soc.,
1965, 87, 5005.

28 P. D. Bartlett and R. W. Ncbel, J. Amer. Chem. Soc., 1940,
62, 1345.
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230 nm. Slower reactions were followed similarly by using
a Zeiss P.M.Q. instrument. The Volhard and the acid-base
method have been previously described for other reactions.?
The indicators used in the latter procedure were mixtures of
Bromocresol Green—-Methyl Red (1:1 in methanol) for the
bromo- and chloro-compounds and mixtures of Neutral
Red-Methylene Blue (1:1 in methanol) for the fluoro-
derivatives.

H-D Exchange Experiments.—The experiments were
performed under conditions similar to those used for the
kinetic measurements. The solvent was evaporated from
prematurely quenched reactions. The unchanged fluoro-
sulphone was recovered by means of t.l.c. [preparative scale,
silica gel PF,;, in ether-light petroleum (b.p. 40—70°)
(7 : 3)] and purified by distillation.
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