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A Rate and Product Study of the Effect of Solutes upon the Solvolysis of
Benzyl Toluene-p-sulphonate in Aqueous Trifluoroethanol

H. Maskill

Chemistry Department, University of Stirling, Stirling FK9 4LA, Scotland

The effects of several electrolytes, including sodium perchlorate, thiocyanate, acetate, and halides, upon
the rate and products of solvolysis of benzyl tosylate in 1:1 (v/v) aqueous trifluoroethanol at 25 °C have
been investigated. In the absence of any electrolyte, the ratio of benzyl alcohol to benzyl trifluoroethyl
ether is only marginally greater than the molar ratio of water to trifluoroethanol in the reaction medium.
Sodium perchlorate gives rise to a kinetic salt effect but no detectable perturbation of the product ratio.
Thiocyanate, iodide, and bromide lead to second-order rate terms and the formation of substitution
products. Thiocyanate, the most effective nucleophile used, does not affect the internal ratio of the
solvent-derived products. We find no evidence of nucleophilic capture of carbonium ion intermediates
formed in prior rate-determining steps. Chloride, acetate, and hydroxide are very weak nucleophiles in
this medium and do not lead to overall rate enhancements. Replacing a small proportion of the
trifluoroethanol by ethanol leads to the formation of a low yield of benzyl ethyl ether. There is no evidence
of benzyl tosylate reacting other than by S,2 mechanisms, either uncoupled in reactions with solvent
and hard nucleophilic solutes, or coupled with soft nucleophiles such as iodide and thiocyanate.

A general technique for investigating reactions which may
involve carbonium ions is to employ alternative routes for
generating the same putative reactive intermediates, and to
attempt to intercept them by nucleophilic solutes. The range of
possibilities for generating carbonium ions under broadly com-
parable solvolytic conditions is not wide, but has been expanded
recently by our development of the solvolysis of alkylazoxy
tosylates.! In order to investigate the effect of aromatic
substituents upon this reaction, we began a study of the
solvolysis of the known benzylazoxy tosylate (1).2 However, a
detailed interpretation of the outcome of this study rests upon
a prior understanding of the solvolytic chemistry of benzyl
tosylate itself (2) under the same conditions.

A methylene group linking a nucleofuge to an aryl residue
represents the simplest system for investigating electronic effects
upon the displacement of the nucleofuge from the saturated
carbon by a nucleophile. Consequently, solvolytic and other
substitution reactions of benzyl halides and arenesulphonates
have been studied over many years.?

In an early investigation, Hammond * reported that modest
concentrations of nitrate and chloride in aqueous acetone
reduced the extent of hydrolysis of benzyl tosylate through the
formation of benzyl nitrate and chloride without, at the same
time, introducing a second-order term into the rate law. This,
and other evidence, was taken to indicate a rate-determining
unimolecular ionization followed by trapping of the inter-
mediate benzyl carbonium ion by either solvent or nucleophilic
solutes, the classical Sy1 mechanism of Ingold.® According to
this mechanism, electron-donating substituents such as p-
methoxy facilitate the initial ionization and hence the overall
rate, and electron-withdrawing ones such as p-nitro exert an
opposite influence. Since electronic effects upon the alternative
S\2 reaction mode are weaker,-¢ the direct displacement mech-
anism becomes better able to compete with the Syl process
as the overall reaction becomes slower. Strongly deactivated
benzylic arenesulphonates, or substrates with an unsubstituted
benzyl residue bonded to modest or poor leaving groups such as
chlorine or trialkylamines, therefore, allowed investigation of
the bimolecular substitution in fine detail uncomplicated by
a competing mechanism via carbonium ion intermediates.3-’
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Whilst the nature of the solvent and added nucleophiles
obviously have some effect, the parent benzyl tosylate itself
was regarded as being close to the mechanistic changeover
between Syl and Sy2 extremes in conventional solvolytic
media according to this two-mechanism model.2® Other
investigations having regard to a wider range of criteria
subsequently indicated that a solvent-induced bimolecular
mechanism is predominant for the solvolysis of even quite
strongly activated benzylic substrates.3*!'® Additionally,
however, there have been other reports which appear to
require mechanisms involving ions and ion-pairs,'! and the
current position is far from clear.!> Most recently, the
lifetime of the unsubstituted 1-phenylethyl carbocation has
been estimated to be ca. 10'' s in aqueous
trifluoroethanol,'® which is too short for extensive diffusion
through the aqueous medium. Since benzyl is a less stable
carbonium ion than 1-phenylethyl, and benzyl compounds are
sterically more susceptible to bimolecular attack than their 1-
phenylethyl analogues, carbonium ion routes in the solvolysis of
familiar benzylic substrates have become less credible.

We report here an extension of the early studies on benzyl
tosylate itself using 1:1 (v/v) water—trifluoroethanol as solvent
to facilitate comparison with other recent work. With the
knowledge of the results from the 1-phenylethyl system, we took
as a working hypothesis that benzyl tosylate reacts under our
solvolytic conditions by a solvent-induced Sy2 mechanism,
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and sought evidence that any appreciable extent of reaction in
this highly ionizing medium required a mechanism involving a
reactive electrophilic intermediate. We have compared actual
analytical results with those calculated from the rate law on the
basis of alternative reaction mechanisms and our results require
revision of earlier conclusions based upon experiments where
this was not done. Additionally, the present investigation was to
establish and validate procedures used in the more innovative
parallel study of the solvolysis of benzylazoxy tosylate with
a view to identifying the reactive benzylic intermediate(s)
implicated in that reaction.?

Method

Reaction mixtures were analysed directly by h.p.lc. using
naphthalene as an internal standard when absolute yields were
required. The relative response of the h.plc. u.v. detector
towards different reaction products was determined by analysis
of standard solutions of products using procedures and con-
ditions identical with those employed in the analysis of actual
solvolysis mixtures. Trifluoroethanol (TFE)-water 1:1 (v/v) is
conveniently prepared and corresponds to a molar ratio of
1:4.04. A medium comprising water—trifluoroethanol-ethanol
[50:47:3 (v/v); 0.80:0.185:0.015 (mol fraction)] was also used.
This corresponds to replacing a small proportion of the weakly
nucleophilic TFE by an alcohol which is of comparable nucleo-
philicity to water but not appreciably different in molecular size
and structure from TFE.

Experimental

Benzyl alcohol, ethanol, and trifluoroethanol were Aldrich
Gold Label grade or the equivalent and used without further
purification; water for solvolysis media was distilled using glass
apparatus. Upon mixing 5.00 cm? of each of TFE (d 1.376 g
cm~3) and water (or aqueous sodium acetate), 9.71 cm? of 1:1
(v/v) medium was obtained which is 28.6 and 7.09 mol dm™3 in
water and trifluoroethanol, respectively. Corresponding solvent
molar concentrations in the 50:47:3 (v/v) water—trifluoro-
ethanol-ethanol are 28.6, 6.66, and 0.531 mol dm respectively.
Upon mixing 5.00 cm? of each of acetone and aqueous sodium
acetate, 9.62 cm? of 1:1 (v/v) medium was obtained which is
28.9 mol dm™3 in water. All solvolysis media were checked by
u.v. and h.p.l.c. Authentic samples of benzyl ethyl ether and
benzyl trifluoroethyl ether (for h.p.l.c. identification and develop-
ment of the analytical method) were prepared by solvolysis of
benzyl tosylate (or bromide) in pure ethanol or trifluoroethanol.

Benzyl Toluene-p-sulphonate—This compound was prepared
by the Tipson '* procedure, m.p. 57—58 °C (from diethyl ether)
(lit.,'> 58.5—58.9 °C); 8(CDCl,) 7.72, 7.20 (4 H, ABq, J = 8
Hz), 7.20 (5 H, 5),4.99 (2 H, s), and 2.38 (3 H, s).

Determination of the H.plc. Detector’'s Molar Response
Factor (M.rf) for Benzyl Alcohol versus Naphthalene.—
Standard solutions of benzyl alcohol and naphthalene in
slightly aqueous methanol were analysed by h.p.l.c. using the
conditions employed in the analysis of solvolysis reactions.

mrf PhCH,OH integration molarity of naphthalene
rf = X
naphthalene integration =~ molarity of benzyl alcohol
= 0.0572 (£ 0.0005)

Subsequent analysis of the benzyl alcohol produced from an
accurately weighed amount of benzyl tosylate in a standard
solution of naphthalene in aqueous acetone corroborated the
above result.

J. CHEM. SOC. PERKIN TRANS. 11 1986

Indirect determination of the m.r.f. for benzyl trifluoroethyl
ether, benzyl thiocyanate, and benzyl acetate versus naphthalene.
Accurately weighed amounts of benzyl tosylate were solvolysed
in standard solutions of (i) naphthalene in aqueous trifluoro-
ethanol, (ii) naphthalene and sodium thiocyanate in aqueous
acetone, and (iii) naphthalene and sodium acetate in aqueous
acetone. The reaction mixtures were analysed by h.p.l.c., and
m.r.f values of 0.0641 (benzyl trifluoroethyl ether versus
naphthalene, 1.12 versus benzyl alcohol), 0.308 (benzyl thio-
cyanate versus naphthalene, 5.38 versus benzyl alcohol), and
0.0662 (benzyl acetate versus naphthalene, 1.16 versus benzyl
alcohol) were obtained.

Solvolysis of Benzyl Tosylate—(i) Kinetics. Rates of
solvolysis of benzyl tosylate (1—2 mg) in the appropriate
medium (ca. 2.5 cm3) were measured by monitoring the
decrease in u.v. absorbance in the thermostatted cell compart-
ment of a Gilford spectrophotometer linked to a chart recorder
in the normal way. Reactions in the presence of electrolytes were
carried out under pseudo-first-order conditions. First-order
rate constants were calculated by the Kezdy-Swinbourne
method with a Commodore VIC-20 microcomputer using 20—
50 data points covering ca. 5 half-lives.'® Early results were
rounded off to 0.1 x 1073 s~!, later ones to 0.05 x 1073s!.

(ii) Product analysis. A solution (400 cm?®) made up from
sodium perchlorate (1.00 mol dm3, 5.00 cm?) and trifluoro-
ethanol (5.00 cm3) was added to recrystallized benzyl tosylate
(5—30 mg). After the reaction mixture had been vigorously
shaken, samples were transferred to screw-capped h.p.l.c. vials
for analysis. In place of the standard sodium perchlorate,
aqueous solutions of other salts made up to a total ionic
strength of 1 mol dm~3 were also used (those containing sodium
iodide were deoxygenated by argon bubbling). If absolute
rather than relative yields of products were required, a standard
solution of naphthalene in trifluoroethanol (typically ca. 2 x
10* mol dm™3) and an accurately weighed amount of benzyl
tosylate (15—30 mg) were used. For solvolyses containing
ethanol, a solution made up from trifluoroethanol (47.0 cm?)
and absolute ethanol (3.0 cm3) was used in place of pure
trifluoroethanol. All reaction mixtures were analysed directly
using aqueous methanol gradient elution with a reverse-phase
C-18 h.p.l.c. column in a Waters system including a WISP auto-
injector and u.v. detector set at 257 nm. Integrated chromato-
grams were recorded on a Waters Data Module. Reactions were
carried out at least twice and each product mixture was
normally analysed 5—10 times. When absolute yields were
measured, the total recovery was usually in the range 95—105%,.
Mean values for one product mixture were normalized to 1007
before being averaged with results from a duplicate reaction.
Several reaction mixtures were re-analysed over several days,
which established that PhCH,OH, PhCH,OCH,CF,, and
PhCH,SCN were quite stable to the reaction conditions. There
was evidence, however, that the naphthalene concentration
decreased slowly over such a period. This phenomenon was not
investigated, but only freshly prepared standard solutions of
naphthalene were used for quantification of product yields.

Results

Rate results are given in Tables 1 and 2 and some are illustrated
in Figures 1 and 2; product ratios are shown in Tables 3 and 4.
Sodium perchlorate increases the solvolytic rate constant with-
out, at the same time, significantly affecting the product
distribution. Perchloric acid has about the same rate effect.
Sodium acetate alone causes virtually no rate effect so, when its
concentration is increased at constant ionic strength maintained
by sodium perchlorate, the observed rate constants decrease.
The same was found for sodium hydroxide. Moreover, 0.5 mol
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Figure 1. Effect of solutes upon the rate constants for solvolysis of
PhCH,OTs in 1:1 (v/v) H,O-TFE at 25°C: @, NaClO,; x, Nal;
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Figure 2. Rate constants for the solvolysis of PhACH,OTs in 1:1 (v/v)
H,0-TFE at ionic strength 0.5 mol dm™? and 25°C: @, NaOH; x,
NaCl; +, NaBr; A, NaSCN; [J, Nal

Table 1. Effect of solutes upon the rate constants for the reaction of
benzyl tosylate in 1:1 (v/v) water—trifluoroethanol at 25 °C*

Concentration
Solute (mol dm3) 103k /s

None 1.9
NaClO, 0.25 23
NaClO, 0.50 2.50%
Nal ¢ 0.05 3.65¢
Nal* 0.10 5.2
Nal“ 0.15 6.6¢
NaOAc 0.25 1.9
NaOAc 0.50 1.8

“ Results rounded off to 0.1 x 1073 s'. ®* Mean of three independent
determinations rounded off t0 0.05 x 1073s7'.“k;31 x 103 dm® mol!
s™! (r > 0.998). ¢ Mean of two independent determinations.

dm™ NaOAc led to only minimal formation of benzyl acetate
although the slight increase in the proportion of trifluoro-
ethanol-derived solvolysis product is almost certainly real. [In
contrast, an appreciable yield of PhCH,OAc was formed from
0.5 mol dm™> NaOAc in 1:1 (v/v) water-acetone, Table 3
footnote e.]

The powerfully nucleophilic sodium thiocyanate and iodide
have substantial kinetic effects and lead to the formation of high
yields of benzyl thiocyanate and iodide. The experimental yield
of PhCH,SCN from PhCH,OTs at 0.08 mol dm=3 NaSCN and
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Table 2. Rate constants for the solvolysis of benzyl tosylate in 1:1 (v/v)
water—trifluoroethanol at constant ionic strength (0.5 mol dm=3) and
25°C*

Concentration
Solute (mol dm™3) 103k, /57"
None 2.50%
NaOH 0.04 2.45
NaOH 0.08 2.25
NaOH 0.16 2.15
HCIO, 0.10 2.40
HCIO, 0.20 2.75
NaCl¢ 0.04 2.50
NaCl¢ 0.08 2.50
NadCl¢ 0.16 2.55
NaBr* 0.1 3.00
NaBr? 0.2 3.30
NaOAc 0.15 2.20
NaOAc 0.25 2.25
NaOAc 0.40 2.05
NaOAc 0.50 1.80
NaSCN* 0.04 3.55
NaSCN* 0.08 5.10
NaSCN* 0.16 7.50
Nal/ 0.08 4.80
Nal”/ 0.16 6.70

“Ionic strength made up to 0.5 mol dm= with sodium perchlorate;
results rounded off to 0.05 x 10-3 s™!, ®* Mean of three independent
determinations. ¢ PhCH,Cl detected as reaction product. ¢ kg, 4 x 1073
dm? mol? s “kgey 32 x 1073 dm® mol! s (r > 0.998).
26 x 1073 dm3 mol™! s7!; ky,, 16 x 1072 s7! at [I17] 0.5 mol dm™3 is
calculated from these results which compares well with the value of
18 x 103 dm? mol™' s! at [I7] 0.5 mol dm™? calculated from the
results in Table 1 (not obtained at constant ionic strength).

total ionic strength 0.5 mol dm™ is, if anything, lower (45%)
than the calculated value (51%;) based upon the solvolytic and
second-order rate constants given in Table 2. For iodide at 0.048
mol dm™3, the measured yield of PhCH,I (37%) is also
somewhat lower than that calculated from the rate constants
(44%,). [Sodium thiocyanate was also found to be powerfully
nucleophilic towards PhCH,OTs in aqueous acetone, Table 3
footnote e.]

Sodium bromide leads to the formation of benzyl bromide
and a modest second-order rate term at constant ionic strength;
sodium chloride also leads to substitution product, PhCH,ClI,
but causes no rate effect (as was reported earlier for reactions in
aqueous acetone ).

The ratio of benzyl alcohol to benzyl trifluoroethyl ether in
1:1 (v/v) H,O-TFE is unaffected by the presence or nature of
non-basic solutes, being constant (within experimental error) at
just over 4:1, the molar ratio of the two solvent components.
The effect of the weakly basic sodium acetate in increasing the
proportion of PhCH,OCH,CF, at the expense of Ph\CH,OH
was noted above. When a small proportion of the trifluoro-
ethanol was replaced by ethanol, a small yield of benzyl ethyl
ether was obtained (Table 4). The introduction of 0.08 mol dm3
NaSCN into this ternary solvent system was sufficient to reduce
the solvolytic reaction by about half yet, within the solvolysis
yield, the relative proportions of the three products remain
unchanged.

In Table S we have compared the nucleophilicities of SCN ™,
I7,Br, Cl7, AcO, and trifluoroethanol with water towards
PhCH,OTs in 1:1 (v/v) water—trifluoroethanol, and ethanol
with water in the 50:47:3 mixture, all expressed as ratios of
second-order rate constants (real or notional). We have used the
real second-order rate constants for SCN 7,17, and Br~ given in
footnotes to Table 2. The overall solvolytic rate constant in 1:1
H,O-TFE of 2.5 x 1073 s7! at ionic strength 0.5 mol dm™3
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Table 3. Products from reaction of benzyl tosylate in 1:1 (v/v) water-trifluoroethanol at 25 °C*

Total ionic

Concentration strength®

Solute (mol dm™3) (mol dm™3)
None 0
NaClO, 0.5 0.5
NaSCN-<-e 0.016 0.5
NaSCN 0.08 0.5
NaCl¢ 0.5 0.5
Nal* 0.012 0.012
Nal 0.048 0.048
NaOAc* 0.05 0.05
NaOAc 0.5 0.5

PhCH,OH: PhCH,OCH,CF,: PhCH,X
83 17 0
81 19 0
7 15 14 (17)
46 9 45 (51)
59 14 27
70 15 15 (16)
53 10 37 (44)
80 19 <1
76 2 <2

“ Estimated errors +2%. ® Total ionic strength = [NaClO,] + [NaX]. The yields of PhCH,X in parentheses are the values calculated from the rate
law kg /s! = 2.5 x 10°3 + k, [NaX]. ¢ The ratio PhCH,OH:PhCH,OCH,CF, = 81:19 is reliable, but the normalized yields are based upon a
molar response factor of 1.22 for PhCH,Cl: PhCH,OH at 257 nm calculated from interpolated molar absorptivities in aqueous ethanol (T. W.
Campbell, S. Linden, S. Godshalk, and W. G. Young, J. Am. Chem. Soc., 1947, 69, 880). ° In 1:1 (v/v) aqueous acetone, the following relationships
between electrolyte concentration and product analysis were obtained: 0.5 mol dm-3 NaSCN, 4%, PhCH,OH + 96% PhCH,SCN; 0.15 mol dm™3
NaSCN, 8% PhCH,0OH + 92% PhCH,SCN; 0.5 mol dm-3 NaOAc, 62%, PhCH,OH + 38% PhCH,OAc.

Table 4. Products from reaction of benzyl tosylate in 50:47:3 (v/v)
water-trifluoroethanol-ethanol. Ionic strength 0.5 mol dm™3, 25 °C*

[NaSCN}/
mol
dm™3 PhCH,OH:PhCH,0OC,H,: PhCH,OCH,CF,: PhCH,SCN
0 78 4 18 0
0.08° 40 2 8 51

® Total ionic strength = [NaSCN] + [NaClO,]. * Within the solvent-
derived product, PhCH,OH:PhCH,0C,H,:PhCH,OCH,CF; =
80:4:16.

Table 5. Second-order rate constant ratios for benzyl tosylate in 1:1
(v/v) water—trifluoroethanol at ionic strength 0.5 mol dm3 and 25 °C

kSCN/kH;O kl/kH;O knr/kH,O kCl/kIhO kOAc/klho kElOH/kHZO kTFE/kH,0
452°  367°  56° 26 1.5 (35%  2.8%4c 0957
(1 800%)

“ Calculated from rate and product analytical results and based upon a
second-order rate constant between PhCH ,OTs and waterin 1:1 H,0O-
TFE of ky,o 708 x 10° dm® mol' s™'. ® Approximate results
calculated from product analyses given in footnote e of Table 3 and
relative molarities of the nucleophile and water in 1:1 (v/v) aqueous
acetone. ¢ Approximate result calculated from the product analyses in
Table 3 and the relative molarities of nucleophile: water = 0.5:28.6 in
1:1 (v/v) H,O-TFE (0.5 mol dm~3) in NaCl or NaOAc. ¢ Calculated for
50:47:3 (v/v) H,O-TFE-EtOH from product analyses in Table 3 and
the relative solvent molarities 28.6:6.66:0.531. ¢ The ratio of these gives
kgion/ktee 2.9 in agreement with the value 2.8 calculated directly from
product analysis for PhCH,OCH,CH;:PhCH,OCH,CF; in the
50:47:3 medium. / Calculated from the product analyses in Table 3 and
relative molarities of H,O and TFE in the 1:1 medium.

(NaClO,) can be dissected into first-order components for
separate reactions with water and with trifluoroethanol from
the product analysis (Table 3). The value for water, 2.0 x 10~
s™!, can then be converted into a notional second-order rate
constant using the molar concentration of water in the 1:1 (v/v)
medium (28.6 mol dm3), 7.1 x 10> dm? mol™! s! at ionic
strength 0.5 mol dm™ (NaClO,).* This second-order rate

* The assumptions and hopes in ascribing a molar concentration to a
solvent in order, for example, to attribute a second-order rate constant to
a solvolytic process or to compare the reactivity of a solvent with that of
a solute, are identical with those implicit in allocating a conventional
pK,.y, value to an acidic compound such as water when it acts as both
proton donor and as solvent.!”

rate constant then allows reactivity ratios for SCN™, I, and
Br~ versus water to be calculated.

The ratios in Table 5 for C1~, AcO7, trifluoroethanol, and
ethanol were obtained more simply from the product ratios and
the molar concentrations of each nucleophile relative to water,
the first three in the 1:1 (v/v) medium (molar ratio, H,O-TFE
4.04:1), and the ethanol in the 50:47:3 (v/v) mixture (molar
ratio, H,O-EtOH 54:1). By this latter technique, approximate
reactivities of SCN~ and AcO~ relative to water towards
PhCH,OTs in 1:1 (v/v) water-acetone were also calculated and
are shown in parentheses in Table 5.

The former method of calculating the relative reactivities of
nucleophiles towards PhCH,OTs using second-order rate con-
stants has the merit of not relying upon a single experimental
product analysis, and the comparison is, in each case, with the
same parameter (ky,o at ionic strength 0.5 mol dm~3, NaClO,).
Consequently, comparisons between results for SCN™ and I~
or Br™ using the results of Table 5 are legitimate. However,
these reactivity ratios can never quite relate exactly to any given
set of real experimental conditions, nor can they be expected to
allow an exact calculation of product ratios because of the
different effects of sodium perchlorate and the other salts upon
the solvolytic rate alone.

The latter method is at least based upon a direct analysis from
a solvolysis of PhCH,OTs in the presence of a nucleophilic
solute or co-solvent, but, for CI~ and AcO~, the results are
derived from data from single sets of experimental conditions.
It would be imprudent to regard the results for C1~ and AcO~
as anything more than approximate, or to attach too great a
significance to comparisons of results for these two nucleophiles
with those obtained by the other method.

Discussion

(a) Effect of Solutes—The comparable increases in rates due
to sodium perchlorate and perchloric acid seem to be a medium
effect upon the solvolytic reaction. However, since sodium
acetate and, presumably, sodium hydroxide alone cause no
solvolytic rate increase, the ‘salt effects’ cannot be simply and
entirely due in all cases to the altered ionic strength and taken as
(empirical) evidence for an ionic mechanism. Whilst a detailed
molecular understanding of such specific salt effects is not yet
available, both negative and positive effects in comparable
reactions have been reported before.!®

A substantial and more easily interpreted effect is observed
for sodium thiocyanate and iodide. These soft Lewis bases lead
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to appreciable second-order rate terms and to the formation of
benzyl thiocyanate and iodide, respectively. The actual yields of
these substitution products are no higher than ones calculated
from the second-order rate constants, so there is no evidence of
a product-forming route via a reactive intermediate in addition
to the second-order reactions. The results are adequately
explained, therefore, by thiocyanate and iodide reacting directly
and exclusively with benzyl tosylate in a bimolecular sub-
stitution, the familiar S\2 reaction. As expected, sodium
bromide, a weaker nucleophile than iodide or thiocyanate, leads
to a smaller second-order rate term and the unmistakable
formation of appreciable amounts of the lachrymatory benzyl
bromide by the same mechanism. The effect of sodium chloride
is interesting. At constant ionic strength maintained by sodium
perchlorate, there is no apparent effect upon the overall rate
constant, but benzyl chloride is unambiguously formed. An
analogous result was previously taken as evidence of an Syl
mechanism in aqueous acetone * but an explanation compatible
with a wider body of evidence is now available. Following the
trend of sodium iodide and bromide, sodium chloride should
lead to the formation of some benzyl chloride through a
bimolecular substitution reaction and, consequently, a second-
order term in the solvolytic rate law. However, like acetate
and hydroxide, the hard chloride anion should have a smaller
specific salt effect than perchlorate. So, as chloride replaces
perchlorate in the medium at constant ionic strength, the small
second-order rate term due to the increasing Sy2 reaction with
solute is counterbalanced by the accompanying decreasing
composite salt effect upon the solvolytic reaction, and the
overall rate constant remains virtually unchanged.

Results in Table 5 for solutes in 1:1 (v/v) H,O-TFE and 1:1
(v/v) H,0-Me,CO also indicate that different solvation of an
anion in different solutions, both containing a high proportion
of water, affects the partitioning of the electrophile between the
anion and water. Thiocyanate is < 500 times more effective than
water in aqueous trifluoroethanol, whereas it may be up to 2 000
times more effective in aqueous acetone, a four-fold change in
selectivity. In contrast, the poor ability of acetate to compete
with water for benzyl tosylate in aqueous trifluoroethanol is
increased at least 20-fold upon transfer to aqueous acetone.
Transfer of thiocyanate from aqueous acetone to aqueous tri-
fluoroethanol clearly causes a smaller depression of its relative
nucleophilic activity by enhanced hydrogen-bonding than the
corresponding transfer of the harder and more basic acetate.

(b) The Solvent-induced Reaction—The ratio of benzyl
alcohol to benzyl trifluoroethyl ether is only marginally greater
than the molar ratio of water to trifluoroethanol (4:1)in the 1:1
(v/v) medium and, within experimental error, is independent of
the concentration and nature of any added non-basic electrolyte
(Table 3). Taking the molar proportions of the solvent com-
ponents into account, a reactivity ratio of ky o/krpg ca. 1.1 is
calculated. This is similar to the values obtained for a range of
1-arylethyl chlorides and bromides.'® Clearly, therefore, with
these compounds, water appears to be not significantly more
nucleophilic than trifluoroethanol. Indeed, in the presence of
sodium acetate, the H,O-TFE-derived solvolysis product ratio
from benzyl tosylate drops to ca. 3.5, below the molar ratio of
H,O-TFE in the medium (ky /A g ca. 0.85). This is probably
an indication that acetate acts as a general base and catalyses
the reaction of trifluoroethanol more effectively than that of
water with benzyl tosylate even though it does not itself react
directly with benzyl tosylate to any appreciable extent. But the
effect is minor and not large enough to be detected in the
kinetics of the overall reaction. It is normal for the onset of some
facilitating effect such as inter- or intra-molecular catalysis
to modify the product distribution before any overall rate
enhancement is evident.!®
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When a small proportion of trifluoroethanol is replaced by
ethanol (not so much that the bulk solvent properties of the
medium are drastically changed), benzyl ethyl ether is produced.
The relative yields of the three solvent-derived products are not
affected by competition with sodium thiocyanate and, taking
the molar proportions of the solvent components into account,
we calculate kgop/krpe ca. 2.9 and kgoulky,o ca. 2.8. The
former, particularly, is a small ratio for compounds of similar
type but of substantially different base strengths, and the same
as the smallest corresponding value of kyon/k1gg reported for a
range of 1-arylethyl chlorides and bromides.!

Conclusions.—All the present results can be accommodated
by benzyl tosylate reacting entirely via the Sy2 mechanism. We
have evidence against the involvement of reactive intermediates
and, therefore, rule out any significant extent of reaction
through the benzyl cation (ion-paired or otherwise) in Syl
reactions. It has already been emphasized, however, that an Sy2
mechanism does not imply a single or invariable transition-
state structure.2®-2! Indeed, the appreciably negative p values
reported earlier for solvolysis of substituted benzyl tosylates
indicate activated complexes with very considerable ionic
character.®2! The very small discrimination in favour of
ethanol over water and of water over trifluoroethanol when
these are components of the solvent indicate that the reaction
is at the uncoupled end of the Sy2 mechanistic range. In
accordance with this, hard nucleophilic anions such as acetate
and hydroxide introduce no detectable second-order rate term
and only as the softness increases along the series chloride,
bromide, iodide, and thiocyanate do we observe coupled Sy2
reactions characterized by increasing second-order rate con-
stants. Even so, the relative reactivity between the most and
least effective nucleophiles (SCN~ and TFE) taking molar
concentrations into account is still only a factor of ca. 450in 1:1
(v/v) trifluoroethanol-water.

Acknowledgements

I thank the University of Stirling for sabbatical leave, and Dr.
W. P. Jencks in whose laboratories at Brandeis University most
of the work was carried out supported by the National
Institutes of Health (GM 20888) and the National Science
Foundation (PCM 8117816).

References

1 H. Maskill, P. Murray-Rust, J. T. Thompson, and A. A. Wilson, J.
Chem. Soc., Chem. Commun., 1980, 788; H. Maskill, J. T. Thompson,
and A. A. Wilson, ibid., 1981, 1239; J. Chem. Soc., Perkin Trans. 2,
1984, 1693.

2 H. Maskill and W. P. Jencks, J. Chem. Soc., Chem. Commun., 1984,
344.

3 For reviews of early work see (a) A. Streitwieser, ‘Solvolytic
Displacement Reactions,” McGraw-Hill, New York, 1962; (b) V. 1.
Shiner and A. Fry, ‘Isotope Effects upon Chemical Reactions,” ACS
Monograph 167, Van Nostrand Reinhold, San Francisco 1970, chs. 2
and 6.

4 G. S. Hammond, J. Peloquin, F. T. Fang, and J. K. Kochi, J. Am.
Chem. Soc., 1960, 82, 443.

5 C. K. Ingold, ‘Structure and Mechanism in Organic Chemistry,” Bell,
London, 1963.

6 C. D. Johnson, ‘The Hammett Equation,” Cambridge University
Press, Cambridge, 1973.

7 Z. Waszczylo and K. C. Westaway, Tetrahedron Lett., 1982, 23, 143;
K. C. Westaway and Z. Waszczylo, Can. J. Chem., 1982, 60, 2500.

8 A. Streitwieser, H. A. Hammond, R. H. Jagow, R. M. Williams, R. G.
Jesaitis, C. J. Chang, and R. Wolf, J. Am. Chem. Soc., 1970, 92, 5141.

9 B. J. Gregory, G. Kohnstam, A. Queen, and D. J. Reid, Chem.
Commun., 1971, 797; A. Queen, Can. J. Chem., 1979, 57, 2646.

10 V_J. Shiner, M. W. Rapp, and H. R. Pinnick, J. 4m. Chem. Soc., 1970,



1246

92,232;J. M. Harris, S. G. Shafer, J. R. Moffat, and A. R. Becker, ibid.,
1979, 101, 3295; J. M. Harris, D. L. Mount, M. R. Smith, W. C. Neal,
M. D. Dukes, and D. J. Raber, ibid., 1978, 100, 8147.

11 R. A. Sneen and J. W. Larsen, J. Am. Chem. Soc., 1969,91,6031; R. A.
Sneen, Acc. Chem. Res., 1973, 6, 46; D. G. Graczyk, J. W. Taylor, and
C. R. Turnquist, J. Am. Chem. Soc., 1978, 100, 7333; D. A. da Roza,
L. J. Andrews, and R. M. Keefer, ibid., 1973, 95, 7003; A. Pross, H.
Aronovitch, and R. Koren, J. Chem. Soc., Perkin Trans. 2, 1978, 197,
H. Aronovitch and A. Pross, ibid., p. 540; Y. Karton and A. Pross,
ibid., 1980, 250; J. Hyomiki and J. Koskikallio, Acta Chem. Scand.,
1977, A31, 321.

12 D. N. Kevill and T. J. Rissmann, J. Chem. Soc., Perkin Trans. 2, 1984,
717.

13 J. P. Richard and W. P. Jencks, J. Am. Chem. Soc., 1982, 104, 4689,
4691.

J. CHEM. SOC. PERKIN TRANS. 11 1986

14 R. S. Tipson, J. Org. Chem., 1944, 9, 235.

15 J. K. Kochi and G. S. Hammond, J. Am. Chem. Soc., 1953, 75, 3443.

16 E. S. Swinbourne, ‘Analysis of Kinetic Data,” Nelson, London, 1971.

17. H. Maskill, ‘The Physical Basis of Organic Chemistry,” Oxford
University Press, Oxford, 1985, ch. 5.

18 J. P. Richard and W. P. Jencks, J. Am. Chem. Soc., 1984, 106, 1383.

19 J. A. Bone and M. C. Whiting, Chem. Commun., 1970, 115; H. J.
Storesund and M. C. Whiting J. Chem. Soc., Perkin Trans. 2, 1975,
1452.

20 W. P. Jencks, Chem. Soc. Rev., 1981, 10, 345; V. P. Vitullo,
J. Grabowski, and S. Sridharan, J. Am. Chem. Soc., 1980, 102, 6463.

21 P. R. Young and W. P. Jencks, J. Am. Chem. Soc., 1979, 101, 3288.

Received 24th September 198S; Paper 5/1663





