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solvent nucleophilicity and the solvent ionizing power. The 
equation was developed as an extension of the more familiar 
one-term (two-parameter) Grunwald-Winstein equation9 (eq 
2) from S N I to S N 2 solvolyses. 

log (k/k0) = m'Y (2) 

Peterson and Waller5 attempted to overcome the problem 
of variable influence upon the leaving group by studying 
nucleophilicities toward cyclic halonium ions in a large excess 
of liquid sulfur dioxide. Because the carboxylic acids studied 
have similar dimer — monomer equilibrium constants10 (fa­
voring the dimer), the observed three-halves-order kinetics 
could be approximately related to the relative nucleophilicities 
of individual solute molecules. For alcohols, which show 
complex aggregation behavior in relatively low polarity sol­
vents," the more complex kinetic patterns could not readily 
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be interpreted.12 Further, it has been shown that the nucleo-
philicities of acetic and formic acids relative to water8 and the 
relative nucleophilicities of the components of ethanol-water 
mixtures'3 are solvent dependent and relative nucleophilicities 
measured at low concentration in a constant solvent are 
probably not a reliable measure of true solvent nucleophilici­
ties. 

Schadt, Bentley, and Schleyer3 have calculated solvent 
nucleophilicities from measurements of, or literature data for, 
methyl p-toluenesulfonate specific solvolysis rates. Adjust­
ments for the differing solvent influences upon the leaving 
group were made using eq 1. Scales of solvent ionizing power 
(Y) based on solvolysis of either tert-buly] chloride9'14 or 2-
adamantyl p-toluenesulfonate3,15,16 were available but it was 
also necessary to estimate the sensitivity (m) of the standard 
substrate to this factor. The m value chosen (0.3) was based 
upon the rather dubious assumption that the equal nucleo­
philicities for acetic and formic acids in liquid sulfur dioxide5 

can be carried over to the pure solvents.'7 Since any uncertainty 
in the m Y term is reflected as a corresponding uncertainty in 
the scale of solvent nucleophilicities, we have minimized the 
electrophilicity term, and associated errors, by choice of an 
initially positively charged substrate which will show charge 
dispersal (rather than charge development) on going to the 
transition state. For example, on transfer of the solvolysis from 
ethanol to water, terr-butyl bromide shows a 1450-fold rate 
variation (increase) and ferr-butyldimethylsulfonium ion only 
a threefold variation (decrease).18 The solvolysis of the tert-
butyldimethylsulfonium ion has previously been studied in 
several pure and mixed solvents at 50.4 0C and log (k/ko) 
values have been reported.19 We use these as Y+ values and 
obtain further values by interpolation. Values for other solvents 
can be roughly estimated, using fert-butyl chloride lvalues,14 

from the equation 

Y+ = -0.09Y (3) 

Other factors being equal, the contributions from the mY 
term and the errors associated with choice of an appropriate 
value for m will, for an initially positively charged substrate, 
be less than 10% of those for an initially neutral substrate. 

Since methyl /?-toluenesulfonate has been chosen previously 
as a standard substrate (/ = 1), a methyl derivative would be 
the obvious choice for an initially positively charged substrate. 
Dimethyl sulfide and trimethylamine are much poorer leaving 
groups than p-toluenesulfonate ion20 and trimethylsulfonium 
and tetramethylammonium ions would solvolyze too slowly 
even at elevated temperatures. On the other hand, the tri-
methyloxonium ion solvolyzes in hydroxylic solvents too rapidly 
for measurement by conventional sampling techniques at 0 0C; 
rates have been measured21 at lower temperatures (<—20 °C) 
but such low temperatures would severely limit the range of 
solvents which could be studied. We have chosen, instead, to 
study the slower reacting22 triethyloxonium ion, supplied as 
the hexafluorophosphate. When a good leaving group is con­
sidered, the methyl and ethyl derivatives usually solvolyze at 
very similar rates23 and the appreciable rate difference between 
the two oxonium ions is almost certainly a consequence of the 
differing ether molecule leaving groups. 

A SN2 mechanism for triethyloxonium ion solvolyses is in­
dicated by the previously drawn conclusions that ethyl per-
chlorate23 and ethyl trifluoromethanesulfonate,24 containing 
groups with leaving ability comparable to a dialkyl ether,21 

solvolyze by a SN2 mechanism, even in solvents of relatively 
high ionizing power. 

Results and Discussion 

In Table I are reported kinetic measurements, in terms of 
acid production, which have been carried out using an ap-

Table I. Solvolysis Data for Triethyloxonium 
Hexafluorophosphate, Y+, /VKL, and 0.83iVm=o.5 Values 

log 
solvent, (k/k0),

b 

vol%" 0.00C Y+ c NKi
d 0.83A'„,=o^ 

EtOH-H2O 
100 
80 
60 
40 
20 

H2O 
MeOH-H 2 O 

100 
80 
60 
40 
20 

Me 2CO-H 2O 
95 
90 
80 
70 
60 
40 
20 

CH 3COOH 
Dioxane-H20 

80 
70 
60 
40 
20 

C F 3 C H 2 O H - H 2 O ' 
97 
90 
70 
50 

HCOOH 

+0.55 
0.00 

-0 .35 
-0 .64 
-0 .95 
-1.01 

+0.64 
+0.19 
-0 .25 
-0 .49 
-0.88 

-0 .23 
-0 .12 
-0 .22 
-0 .36 
-0 .46 
-0.71 
-0 .86 
-1 .42* 

-0 .10 
-0 .24 
-0 .34 
-0 .60 
-0 .80 

-2.28 
-1 .73 
-1 .28 
-1 .05 
- 1 . 7 1 * 

+0.16 
0.00 

-0 .10 
-0 .22 
-0 .24 
-0 .25 

+0.11 
-0 .04 
-0 .13 
-0 .19 
-0 .23 

+0.36 
+0.26 
+0.13 
+0.04 
-0 .03 
-0 .12 
-0 .19 
-0 .14 

+0.07 
0.00 

-0 .06 
-0 .18 
-0 .26 

-0 .10 
-0.11 
-0 .15 
-0 .20 
-0 .18 

+0.46 
0.00 

-0 .29 
-0 .52 
-0 .82 
-0.87 

+0.58 
+0.21 
-0 .18 
-0 .39 
-0 .75 

-0 .43 
-0 .26 
-0 .29 
-0.38 
-0 .44 
-0 .64 
-0 .76 
-1 .34 

-0.14 
-0 .24 
-0.31 
-0 .50 
-0 .66 

-2 .22 
-1 .67 
-1 .20 
-0 .94 
-1.61 

+0,41 
0.00 

-0.31 
- 0 . 5 6 / 
- 0 . 7 7 / 
-0 .79 

+0.18 
-0.08 
-0 .35 
- 0 . 5 3 / 
- 0 . 7 0 / 

-0 .04s 
-0.31 
-0 .42 
-0.51 
- 0 . 7 0 / 
- 0 . 8 3 / 
-1 .44 

-0.22 
-0.35 
-0 .46 
- 0 . 6 6 / 
- 0 . 8 0 / 

-2 .33 
- 1 . 9 8 / 
-1 .19 
-1.17 
-2 .03 

" Volume % (at 25.0 0C) of component other than water, except 
where otherwise stated; solvent is 98% (by volume) that indicated and 
2% CH3CN. h Decimal logarithm of the first-order rate coefficient 
for Et3O+ solvolysis at 0.0 0C relative to first-order solvolysis rate 
coefficient (0.74 X 1O-3 s_1) in 80% ethanol. ' Decimal logarithm 
of first-order solvolysis rate coefficient for Me3CS+Me2 in indicated 
solvent at 50.4 0C relative to that in 80% ethanol. For entries up to 
and including acetic acid, value is obtained directly or by interpolation 
(extrapolation for 95% acetone) from ref 19. Other entries are roughly 
estimated as -0.09K. d NKL = log(A:/V) ~ 0.55K+. e Values from 
data for MeOTs contained within Table 1 of ref 3b; N recalculated, 
using the rev/-butyl chloride Y scale, with m - 0.5 rather than m = 
0.3. /The required value for log (&/V)CH3OTS obtained by interpo­
lation |of|aj plot 1Vs.' percent solvent composition, s Value suspect since 
it is based on a log {k/ko) value which does not correlate with corre­
sponding data in dioxane-water mixtures. The correlation requires 
a value of -1.25 for log (V ô)MeOTs which leads to a 0.83/V„,=o.5 value 
of —0.27. * Obtained from Arrhenius plot of rate coefficients at higher 
temperatures; acetic acid, 0.347 X 10~3 s_1 at 25.1 0C and 1.93 X 
10~3 S"1 at 45.1 0C; formic acid, 0.190 X 10~3 s"1 at 25.0 0C and 1.13 
X IQ-3S-' at 45.1 0C. ' Weight % of CF3CH7OH. 

proximately 0.01 M solution of triethyloxonium hexafluoro­
phosphate. 

Et3O+PF6- + SOH — EtOS + Et2O + HPF6 

The log (k/k0) value at 0 0C for acetonitrile is a very low -2.70 
(the imidoyl cation, CH3CNC2H5

+, titrates as acid21) and 
reactant solutions were prepared by addition of a concentrated 
acetonitrile solution. 

One possible complication would be if the specific solvolysis 
rates were concentration dependent. Trimethyloxonium flu-
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Table II. Parameters for Alkyl /7-Toluenesulfonate Solvolyses for 
Use with A'KL and Ordinary Y Values" 

substrate / m 
(OT — 
0.24/) expl 

MeOTsrf 

EtOTs'' 
C6H5CH2OTs)? 
/-PrOTs' 
c-C5H9OTs> 
C-C6HnOTs' 
2-AdOTs* 

1.20 
1.00/ 
0.90 
0.50 
0.25 
0.18 
0.00 

0.50 
0.55 
0.67 
0.55 
0.56 
0.60 
0.81 

0.984 
0.987 
0.999 
0.990 
0.999 
0.997 
0.999 

0.21 
0.31 
0.45 
0.43 
0.50 
0.56 
0.81 

0.22 
0.26 
0.49* 
0.43 
0.49 
0.61 
0.78 

"The eight "standard" solvents are 50, 80, and 100% EtOH, 
MeOH, 70 and 97% CF3CH2OH, CH3COOH, and HCOOH (rate 
coefficients from ref 3 and 16). b Correlation coefficient. c For 
aqueous ethanol, from ref 16. d In the standard solvents. '' In the 
standard solvents but excluding the two trifluoroethanol solvents 
(experimental data not available), f By definition, i In 50, 60, 70, 80, 
and 100% EtOH and in CH3COOH; HCOOH data available but 
excluded. * From J. Delhoste, Bull. Soc. Chim. Fr.. 133 (1974). ' In 
the standard solvents but excluding HCOOH. J Based only on 80% 
EtOH, EtOH, and CH3COOH (HCOOH data available but ex­
cluded). * Based on data for 50, 60, 80, and 100% EtOH, MeOH. and 
60% acetone. 

oroborate has been shown25 to solvolyze in trifluoroacetic acid 
at 29.9 0 C with a specific rate which fell in value by about 
600-fold as the substrate concentration was increased from 
0.01 to 1.39 M. Complications due to aggregation would be 
most marked, within our study, for solvolyses in acetic acid26 

and, at 25.1 0 C, the first-order rate coefficients for 0.0050, 
0.0100, and 0.0200 M triethyloxonium hexafluorophosphate 
were respectively 0.338 (±0.026) X IO"3, 0.347 (±0.014) X 
10~3, and 0.310 (±0.018) X 1O-3 s_ 1 . These values are es­
sentially constant and, for our region of <0.01 M substrate, 
the concentration dependence is within experimental error. 

Initially, the substrate sensitivity (m) to changes in Y+ 

values was taken as 0.4 (the value reported3 for ethyl /j-tol-
uenesulfonate sensitivity to Y values) and this was refined to 
0.55 by reapplying the generated preliminary solvent nucleo-
philicities to the ethyl p-toluenesulfonate data. The solvent 
nucleophilicity values (A'KL) reported in Table I were then 
calculated by the use of the equation 

WKL = log(*/*o)Et3o+-0.55K+ 
(4) 

These values differ appreciably from 0.83A>,=o.3 values based 
on reported3 A>,=o.3 values and the reported313 / value for ethyl 
p-toluenesulfonate, but the agreement becomes extremely good 
if the N values are recalculated using a m value of 0.5 (Table 
I). 

For extensive ranges of solvent composition of several of the 
commonly studied aqueous-organic mixtures, the logarithms 
of the solvolysis rate coefficients for the triethyloxonium ion 
are linearly related to the Y values,14 with slopes (m' values 
of eq 2) of -0.343 ± 0.007 for 100-40% aqueous methanol, 
-0.283 ± 0.005 for 100-40% aqueous ethanol, —0.191 ± 0.006 
for 80-20% aqueous dioxane, and -0.163 ± 0.009 for 90-20% 

aqueous acetone. The larger (two-parameter) m' value for 
solvolysis of ethyl benzenesulfonate in aqueous dioxane27 or 
aqueous acetone28 (0.41) relative to that in aqueous alcohols4 

(0.28) can now be seen to arise from larger variations within 
the nucleophilic contribution for the aqueous alcohol mix­
tures. 

The agreement between A K L and 0.83A„,=n.5 values sup­
ports the view8 that a common scale of nucleophilicities can 
be applied to solvolyses of both RX- and RX+-type substrates. 
However, a more rigid test of this hypothesis is the ability of 
the scale based upon triethyloxonium ion solvolysis to correlate 
solvolysis rates for neutral substrates. 

The AKL and "traditional" Y values14 have been used to 
correlate solvolysis rates, available from compilations within 
the literature for alkyl /?-toluenesulfonates3-16 and alkyl ha-
lides,4'9 by use of eq 1. The appropriate / and m values and the 
correlation coefficients are listed in Tables II and III. Also, in 
several of the commonly studied aqueous-organic mixtures 
(for example, in aqueous ethanol), the A' and Y values are 
linearly related,7'29'30 resulting in a linear plot for the two-
parameter Grunwald-Winstein equation (eq 2). Combining 
eq 2 and eq 1: 

m'Y= mY+ IN 

and for aqueous ethanol 

A'KL = - 0 . 2 4 T 

such that 
m'Y= (m - 0.24I)Y 

In both Tables II and III, (m — 0.24/) values can be seen to be 
in excellent agreement with previously reported4,16 experi­
mental m' values for aqueous ethanol mixtures. 

The general trends of the / and m values are the same as 
previously obtained3 but from methyl to cyclohexyl the range 
of / values has widened (over and above that due to choice of 
ethyl rather than methyl as standard substrate) and the range 
of m values has considerably compressed; indeed, for methyl, 
ethyl, and secondary substrates, the m values vary only by 0.1 
units. It is gratifying to find that the same / values can be used 
for both p-toluenesulfonates and halides, consistent with this 
parameter governing the sensitivity to SN2-type attack at the 
a carbon of the alkyl group. As Streitwieser pointed out several 
years ago,31 whether the series of / > 0 values is considered to 
reflect a single mechanism or a range of mechanisms is a 
question of definition, not of meaning. Esters of/j-toluene-
sulfonic acid are usually less sensitive than alkyl halides to 
solvent changes when leaving-group effects are considered 
because the p-toluenesulfonate can disperse developing neg­
ative charge internally while the halide can only disperse it 
through solvation.32'33 The generally higher m values for the 
halides relative to the corresponding /?-toluenesulfonate can 
be considered to reflect this situation. 

For the reported solvents, the correlations are very good to 
excellent (Tables II and III). For the secondary and benzyl 
p-toluenesulfonates, the available data in formic acid were 
excluded from the correlations; for formic acid the log (k/ko) 
values calculated by eq 1 are 0.6-1.0 units lower than the ex-

Table III. Parameters for Alkyl Halide Solvolyses for Use with A'KL and Ordinary Y Values" 

substrate 

MeBr 
EtBr 
C 6H 5CH 2Cl^ 
i-PrBr 
;-BuBrp 

(temp, 0C) 

(50) 
(55) 
(50) 
(50) 
(25) 

/ 

1.20 
1.00 
0.90 
0.50 
0.00 

OT 

0.55 
0.60 
0.65 
0.65 
0.91 

rb 

0.972 
0.998 
0.996 
0.998 
0.999 

(OT - 0.24/) 

0.26 
0.36 
0.43 
0.53 
0.91 

W e xpt 

0.26 
0.34 
0.43 
0.54 
0.92^ 

0 In EtOH, 80% EtOH, 50% EtOH, and H2O (rate coefficients from ref 4). * Correlation coefficient. c For aqueous ethanol, from ref 4. 
d Data in MeOH replacing data in H2O. e From ref 9, using the data in 60, 80, 90, and 100% EtOH. / Data for aqueous-acetone mixtures 
included in the calculation. 
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perimental values. Schadt, Bentley, and Schleyer3b have pre­
viously found that trifluoroacetolyses of secondary substrates 
correlate rather poorly with other solvolyses and significant 
changes in their / and m values occurred when trifluoroace-
tolysis was included; again, the calculations underestimated 
the experimentally observed value. We believe that these de­
viations for formic and trifluoroacetic acid solvolyses are due 
to the superimposition of a dominant SNI mechanism.34 In­
deed, convincing evidence has been presented showing that the 
solvolyses of secondary/j-toluenesulfonates in trifluoroacetic 
acid are SNI processes.3'35 By definition, a SNI process has a 
/ value of zero and the previous inclusion35 of data obtained 
in trifluoroacetic acid on plots for secondary p-toluenesulfonate 
solvolyses governed by / values of 0.4 (isopropyl) and 0.23 
(cyclohexyl) is in direct conflict with the evidence for limiting 
SNI character discussed elsewhere in the same paper. 

For the SN 1 solvolyses'5 of 2-adamantyl /j-toluenesulfonate 
(/ = 0), in addition to data in formic acid, it was necessary to 
omit the data in acetic acid and the two aqueous-trifluo-
roethanol solvents; however, data in these three solvents cor­
relates well in the other (/ > 0) solvolyses. One possible ex­
planation for this dichotomy is that the specific electrophilic 
assistance at the /?-toluenesulfonate, believed to operate in 
these acidic solvents,36 occurs to a large extent at the intimate 
ion-pair stage of the SNI reaction, so as to prevent internal 
return.3738 An assistance of this type could not operate for the 
synchronous (/ > 0) SN2 reactions. 

Experimental Section 
Materials. Triethyloxonium hexafluorophosphate (Cationics) was 

found to be suitable for use as received. The purifications of acetoni­
trile,39 acetic acid,19 acetone,40 dioxane,36 ethanol,41 formic acid,42 

methanol,41 and 2,2,2-trifluoroethanol43 were carried out using pre­
viously reported procedures. 

Kinetic Procedures. To 49 mL of the solvent under investigation, 
maintained at the appropriate temperature, was added 1 mL of a stock 
solution of Et30+PF6~ in acetonitrile, also maintained at the appro­
priate temperature. After a brief vigorous shaking and temperature 
reequilibration, 5-mL portions were removed at suitable time inter­
vals. 

Runs in water, alcohols, and aqueous-organic mixtures were carried 
out at 0 0C and portions were quenched by pipetting into 20 mL of 
a saturated solution of lithium chloride in acetone. Unreacted 
triethyloxonium ion was converted to ethyl chloride and diethyl ether 
and the previously produced acid could then be titrated against a 
standardized solution of sodium methoxide in methanol, using res-
orcinol blue (Lacmoid) as indicator. 

For acetic and formic acids (solids at 0 °C), rate coefficients ob­
tained at 25 and 45 0C were extrapolated to 0 0C by use of the 
Arrhenius equation. For runs in acetic acid, portions were pipetted 
into 10 mL of acetic acid and immediately titrated against a standard 
solution of sodium acetate in acetic acid, using bromophenol blue as 
indicator.44 For runs in formic acid, portions were pipetted into 20 mL 
of purified dioxane36 and immediately titrated against a standard 
solution of sodium acetate in acetic acid, using bromocresol green as 
indicator.45 

First-order solvolysis rate coefficients (k) were calculated from the 
equation 

In eq 5, V0 is the titer at time zero (when first portion is removed), V, 
is the titer at time (t) of removal of a subsequent portion, and V„ is 
the titer for a portion removed after at least 10 half-lives. For very slow 
runs, Va, can also be obtained by addition of a portion to 10 mL of 
methanol and, after at least 30 min, titration in the usual way. The 
standard deviation of the mean value for each run was typically 2-4% 
but it ranged up to 8% for some of the faster runs and for runs in acetic 
and formic acids. All runs were performed, at least, in duplicate. 
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