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The rates of the bimolecular nucleophilic substitution (SN2 reactions) of phenacyl bromide 
with sodium para-substituted phenoxides, sodium para-substituted benzoates, and sodium aliphatic
carboxylates have been measured in 50%aqueous acetoneat 10-70℃. Linear free-energy rela-

tionships between the nucleophilic reactivities and basicites(expressed in terms of the pKα's of the

conjugate acids) have been observed in the reactions of para-substituted aromatic nucleophiles, 
whereas no linear relationships have been seen in thereactions of aliphatic carboxylates except 
in the cases of sodium acetate, sodium formate, and sodium monochloracetate. An equation,
log k2=αpKα+const., has been applied to these reaction series and to the 30 literally-known

series of SN2 reactions. The correlation coefficientshave then been calculated as a measure of 

the precision of these linear relationships. Hammett's p values for the reactions of para-sub-

stituted aromatic nucleophiles have also been calculated, and the several factors which affect 

the linear relationships have been discussed.

Although bimolecular nucleophilic substitution, 
or SN2 reactions, have received intensive attention 
for more than three-quarters of a century, relatively
few datal-13,20) are available for any systematic in-
vestigation of the correlation between the SN2 
nucleophilic reactivity and base dissociation 
constants; observation of substituted dialkyl-
aniline,1-4,11) substituted pyridines,7,13) phos-
phines,5) phenoxides,10,12,21) thiophenoxides,8) and 
carboxylates5) has shown that the basicity of the 
nucleophiles paralleled the SN2 reactivity only in 
the narrow range of structural variation. 

We have measured the rates of the SN2 reaction 
of phenacyl bromide with various carboxylates 
and phenoxides in order to provide additional ex-
amples of linear relationships between the nucleo-
philicity and the basicity. The title bromide was 
chosen as a substrate because of its ease of bimo-

lecular nucleopheilic substitutions due to the car-
bonyl group adjacent to the reaction center, al-
though the reaction of the phenacyl system might 
not be typical of one-step SN2 reactions but might, 
rather, be considered somewhat close to a carbonyl-
carbon attack by a nucleophile.14) As nucleo-

philes with known pKα values of the conjugate

acids, various sodium para-substituted benzoates 

and sodium para-substituted phenoxides and sev-

eral aliphatic carboxylates were used.

Results and Discussion

The SN2 reactions were conducted on phenacyl 
bromide in 50 vol% aqueous acetone over the
temperature range of 50-80℃ fbr various sodium

carboxylates and over that of 0-50℃ for sodium

phenoxides. A clear-cut second-order behavior 
was observed in each reaction. The rate constants 
and the activation parameters are shown in Tables 
1, 2, and 3. 

The correlation between the basicity and the 
nucleophilicity for these nucleophiles is represented
graphically in Figs. 1 and 2 by plotting the loga-
rithms ofthe rate constant at 30℃ for the phenox-

ides, or at 70℃ for the carboxylates, against the

pKavalues15)ofthc corresponding conjugate acids in-
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TABLE 1. RATE CONSTANTSb) and ACTIVATION PARAMETERS FOR THE SN2 REACTIONS OF PHENACYL 
BROMIDE WITH SODIUM p-SUBSTITUTED PHENOXIDES IN 50% AQUEOUS ACETONEa)

a) Initial concentrations of phenacyl bromide and nucleopiles were respectively 0.023-0.0514m and 

0.0602-0.114 N. 
b) sec-1M-1 

c) Extrapolated from data at other temperatures.

TABLE 2. RATE CONSTANTSb) AND ACTIVATION PARAMETERS FOR THE SN2 REACTIONS OF PHENACYL 
BROMIDE WITH SODIUM p-SUBSTITUTED BENZOATES IN 50% AQUEOUS ACETONEa)

a) Initial concentrations of phenacyl bromide and thenucleophiles were respectively 0.100-0.110M 
and 0.125-0.130 N. 

b) sec-1M-1 
c) Extrapolated from data at other temperatures.

TABLE 3. RATE CONSTANTSb) AND ACTIVATION PARAMETERS FOR THE SN2 REACTIONS OF PHENACYL 
BROMIDE WITH SODIUM SALTS OF VARIOUS ALIPHATIC CARBOXYLIC ACIDS IN 50% AQUEOUS ACETONE)

a) Initial concentraions of phenacyl bromide and the nucleophiles were respectively 0.100M and 
0.130-0.135 N. 

b) see-1 m-1 
c) Extrapolated from data at other temperatures.
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(Phenacyl Br+PhONa 30℃,50%aq. acetone)

Fig. 1. Correlation between nucleophilicity and 

basicity for sodium phenoxides in the SN2 
reaction of phenacyl bromide.

(Phenacyl Br+RCOONa 70℃,50%aq. acetone)

Fig. 2. Correlation between basicity and nucleo-

phility for sodium carboxylates in the SN2 reac-
tion of phenacyl bromide.

water. Linear correlations were observed between

the rate constants and the pKα values for para-

substituted phenoxides and for para-substituted 

benzoates, whereas a refracted linear relation was 

exhibited by a series of aliphatic carboxylates, as is 

shown in Fig. 2. In order to compare the nucleo-

philic reactivity of these nucleophiles at the same
temperature, the correlation at 50℃ is presented in

Fig. 3 by using extrapolated rate constants.

The equation(an extended16)Brφnsted equation):

(1)
where a is a substrate constant, has been applied 

to these reaction series, and also to the literally-

(Phenacyl Br+Base 50℃,50%aq. acetone)

Fig. 3. Correlation between nucleophilicity and 

basicity for various ionic nucleophiles in the 

SN2 reaction phenacyl bromide.

known SN2 reactions. Table 4 gives the a values, 
along with their correlation coefficients.18) Among 
the 33 reaction series, three series, i. e., SN2 reac-
tions with tertiary and secondary aliphatic phos-
phines and the aliphatic carboxylates, have a values 
greater than 1. It has been stated by several in-
vestigators16) that a higher a value implies a greater 
degree of bond formation in the SN2 transition 
state containing those nucleophiles. However, the 
abnormally high values of a for these three reac-
tion series with aliphatic nucleophiles present a 
problem which must be explained by another fac-
tor apart from the above-mentioned bond-forma-
tion. 

The correlation coefficient, r,18) has been used as 
a measure of the precision for these linear cor-
relations (Table 4). The is for the SN2 reactions 
of phenacyl bromide with para-substituted phen-
oxides and with para-substituted benzoates are 

greater than 0.95, indicating a satisfactory linear 
correlation, whereas the lower value (0.605) for 
the aliphatic carboxylates indicates that the cor-
relation for these nucleophiles is not adequately pre-
sented by Eq. (1). Among the 23 examples listed 
in Table 4, 9 reaction series, including the two for 
phenacyl bromide, are found to have correlation 
coefficients greater than 0.95; the correlation co-
efficients for the 7 reaction series with phenoxides,
benzoates, dimethylanilines and substituted pyri-
dines have values between 0.90-0.95. These data 
reconfirm the well-known generalization that a 
more quantitative linear free-energy relationship 
may be expected within a narrower structural

16) See J. F. Bunnett, "Nucleophilicity," in Annual 
Reviews of Physical Chemistry, Annual Reviews Inc., 
Palo Alto, California, Vol. 14 (1963), pp. 271-290. 

17) a) W. C. Davies and H. W. Addis, J. Chem. 
Soc., 1937, 1622; b) N. F. Hall and M. R. Sprinkle, 
J. Am. Chem. Soc., 54, 3469 (1932). 18) H. H. Jaffe, Chem. Revs., 53, 234, 253 (1953).
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TABLE 4. VALuEs oF THE BRφNsTED COEFFICIENTαANDHAMMETT'SρVALUES FOR SN2

REACTIONS OF SOME NUCLEOPHILES

a) γ=the correlation coefficient.18)

b)Brown's σ values were used(D. H. McDaniel and H. C. Brown, J. Org. Chem.,23,420(1958)).

For the σ values which are not cited in the Brown's table, Jaffe's σ values18)were used.
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change in the reaction components. 

The Hammett equation is also applied to the 

reaction series with meta- and para-substituted 

aromatic nucleophiles. The correlation coeffici-

ents, γ, of this linear relationship, listed in Table 4

along with theρvalucs,19)generally have greater

values than those for the extended Brφnsted equa-

tion, Eq. (1), of the various nucleophiles, indicating 
the better fit of the Hammett equation. This may 
also be anticipated on the basis the generalization 
mentioned above. 

Most of the reaction series listed in Table 4 have 
been measured at an arbitray temperature in a
selected organic solvent, whereas the pKα values

have been measured in most cases in an aqueous 
solution at room temperature; this is a widely-
used way of presenting the correlations between 
the nucleophilicity and the basicity. However, for 
the purpose of a strict comparison of the nucleo-
phlicity and the basicity, the following factors, 
which also affect the linear relationships, remained 
to be reexamined in the future: (a) the dilution 
effect for ionic nucleophilies; (b) the solvent effect
on the SN2 rates and the pKα values, and (c)the

temperature dependence of the SN2 reaction rates

and the pKα values.

A reexamination of (a) may disclose a linear 
relationship which is theoretically sounder, since 
the rate for an ionic nucleophile would be enhanced 
at the higher dilution and, under such conditions, 
the ionic nucleophile may show a more intrinsic 
SN2 reactivity.21) As for (b), it is considered that

a more or less different correlation might be ex-

pected if the measurements for both the SN2 rate
constant and the pKα values are carried out in

the same solvent. The method of making a rea-
sonable choice of a standard solvent, hydroxylic or 
non-hydroxylic,22) for the nucleophilicity scale is 
allso open to reinvestigation. Obviously, (c) pre-
sents the question of a standard temperature for 
the examination of these correlations. In this con-
nection, the so-called isokinetic relationship23) for
these SN2 reaction rates should be examined.

Experimental

Materials. Phenacyl bromide(mp 50.5-52.0℃)

was prepared in the usual manner.24) The sodium 
phenoxides and sodium carboxylates were prepared 
from sodium ethoxide and the respective conjugate 
acids. The ethanolic solution of the slight excess of
the acid (or the phenol) was mixed with the ethanolic
sodium ethoxide. The sodium salt was filtered, washed
with ethanol, and then dried in vacuo to a constant weight
in a tarred flask at 100-110℃. The reagent-grade

acids(or phenols)were used as received.
Kinetic Measurements. The SN2 reactions at
30℃were followed by pipetting 1.000-cc aliquots into

5.00 cc of 5% aqueous nitric acid and by then titrating 
the bromide ion by the Volhard method. For the re-
actions at 40-80℃, the sealed ampoule technique was

used. Each ampoule contained 1.000 cc of an aliquot 

of the reaction mixture. Infinity titers were determined 
for at least ninety half-lives and gave reproducible 
results. All the rate data were treated graphically by
aplot of log b(α-x)/α(6-x)against the time;the re-

suits are shown in Tables 1, 2, and 3. In each case 
the retion was followed to at least 80% completion, 
and a smooth linear relationship was obtained.

19) Two reaction series for the nucleophiles with 
unknown pKa values are included (J. Okamiya, Nippon 
Kagaku Zasshi (J. Chem. Soc. Japan, Pure Chem. Sect.), 86, 
315 (1965)). 
20) G. H. Green and J. Kenyon, J. Chem. Soc., 1950, 

1589. 
21) For the dilution effect, see E. A. Moelwyn-

Hughes, "The Kinetics of Reactions in Solution," 
The Oxford Univ. Press, 2nd Ed. (1947), p. 128.

22) For the nucleophilicity in the aprotic solvents, 
see A. J. Parker, Quat. Revs., 16, 163 (1962). 
23) J. E. Leffler, J. Org. Chem., 20, 1202 (1950). 
24) R. M. Cowper and L. H. Davidson in "Organic 

Syntheses," Coll. Vol. II, p. 480 (1943).


