4956

In a control experiment to determine the optical stability
of the endo-ester, pyrolysis of a sample prepared with diazo-
methane from acid of [«]%D +58.9° under the usual condi-
tions (2.2 g. in 32 ml. of decalin heated at 171° for 4 hours),
followed by the customary work-up (saponification, iodo-
lactone formation, chromatography of the iodolactone, which
gave material of m.p. 756-76°, and reduction with zinc and
acetic acid) gave endo-acid, [«]%D +55.5°, m.p. 103-110°.

Thermal Isomerization of the exo-Cyclopentadiene—Methyl
Methacrylate Adduct ITA-2b in Polymethyl Methacrylate.—
A solution of 27.4 g. of (—)-I1A-2b (prepared from acid of
[@]®D —48.8°) in 420 ml. of freshly distilled methyl meti1-
acrylate was treated with 1.2 g. of benzoyl peroxide, sealed
in two glass tubes, warmed to about 50° for 15 minutes, and
allowed to stand overnight at room temperature. The tubes
were cracked away from the solid polymer by tapping with a
hammer, the polymer was crushed and finally milled to
particles about 2 mm. in diameter. This material was dis-
tributed into fourteen Carius tubes and heated at 171° for
8.25 hours. The contents, which had partially flowed to-
gether, were removed, repulverized, and extracted with 2.5 1.
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of boiling acetone in a Soxhlet extractor. About 507} of the
polyvmer dissolved. The acetone solution was filtered to re-
move insoluble polymer, the filtrate was treated with 2 1.
of anhydrous methanol and evaporated to a volume of 500
ml. under a 14-in. Vigreux column. Another 500 ml. of
methanol were added and the precipitated polymer was
filtered off. Evaporation of the filtrate to a volume of 75 ml.
produced more precipitate, which was again filtered off.
Further concentration of the filtrate and distillation gave
material which, after having been taken up in ether, washed
with bicarbonate solution and water, dried over magnesiuni
sulfate and distilled (101-102°/39 mm.), amounted to 5.3
g. {(199%) of mixed esters. By vapor chromatography, the
composition was 67.9% exo and 32.19, endo. The mixed
esters were saponified and the acids separated by the iodo-
lactone procedure as previously described. The recovered
exo-acid had {«]%p —19.4°. The iodolactone, after chro-
matography, was racemic and gave upon reduction racemic
endo-acid, m.p. 107-110°. ZEsterification witli diazo-
methane gave endo-ester which was homogeneous by vapor
chromatography.
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Kinetics of Reactions in Moderately Concentrated Aqueous Acids. 1.

Classification

of Reactions!?

By JosepH F. BUNNETT
RECEIVED FEBRUARY 3, 1961

Plots of (log ky + H;), or appropriate other function for niore basic substrates, against log amo are generally linear or

approximately so.

The slopes define a parameter, called w, which is useful for the classification of reactions.
(log By — log [HX]) versus log amo are also often linear, aud their slopes define a complementary parameter, w*,
w*-values have been reckoned from literature data for a large number of reactions.

Plots of
w- and
Most w-values fall between —2 and +7,

and they show no particular tendency to cluster about magnitudes corresponding to the ‘“ideal” Zucker—-Hammett cate-

gories.

obscures subtle and important differences which are revealed by - and w*-values.
for use in the precise classification of acid-catalyzed reactions.

The rates of acid-catalyzed reactions depend on
the acid concentration. But they do not all depend
in the same way. Some reactions accelerate more
rapidly than others as the acid concentration is
increased, some pass through a rate maximum at a
particular acid concentration and some actually
go steadily slower as the acid concentration is
increased above, say, 1 3.

Interpretation of these phenomena is of course a
challenge, and has further interest because of the
reward of insight into reaction mechanisms. To
date, the most widely used interpretation has been
the Zucker~Hammett hypothesis.®# This hypoth-
esis stems from Hammett’s important observa-
tion that, when rate coefficients for a reaction at
several mineral acid concentrations above 1 M are
available, log ky° is sometimes linearly related to
— H, and other times linearly related to log{HX].
Reuctions in the former category give curves when
log k, is plotted against logiHX ], and wice versa.

(1) Yinancial support by the Office of Ordnance Research, U. S.
Army, and by the National Science Foundation (Grant No. G-6210)
is gratefully acknowledged. Presented in part to the Eighth Confer-
ence on Reaction Mechanisms, Princeton, N. J., Sept., 1960.

(2) Described tersely in a preliminary Communication: J. I
Bunnett, J. Am. Chem. Soc., 82, 499 (1960).

(3) L. Zucker and L, P. Hammett, b7d., 61, 2791 (1939).

(4) L. P. Hammett, "’ Physical Organic Chemistry,” McGraw-Hill
Book Co., Inc., New York, N. Y., 1940, pp. 273-277.

(5) kB4 symbolizes the psendo-first-order rate coefficient. Since
the catalyzing acid is, in the systems under cousideration, always in
great excess with respect to the substrate, psendo-first-order kinetics
are tlhe rule (at any fixed acid concentration).

Classification according to the Zucker-Haimett categories requires arbitrary decisions in some cases and in general

The latter are therefore recommended

Hamimett postulated that when log %, was linear
with — H,, transformation of the protonated sub-
strate (SH*) to transition state did not involve
reaction with water, and that when log %, was
linear with log{HX] transformation of SHT to
transition state required a molecule of water.

These principles seemed to work pretty well,$
but in time several inconsistencies were noted.
Recently the Zucker-Hammett hypothesis has
been sharply criticized.”=!! Indeed, this subject
has become so troubled that R. P. Bell said in the
preface of a recent book,!?* “I. . . had originally
intended to add a chapter on reaction kinetics
in these (concentrated) solutions; however, this
was finally abandoned in view of the confused
state of the subject at present.”

One difficulty with the Zucker-Hammett ap-
proach is that few reactions fit the two categories
perfectly. A perfect fit would be a straight line

(6) F. A. Long and M. A, Paul, Chem. Revs., BT, 935 (1957). This
article, written in the heyday of the Zucker—Hammett hypothesis, is
the best available treatment of it in respect to hoth theory and applica-
tion.

(7) 13, Grunwald, A. Heller and I'. S, Klein, J. Chem. Soc., 2104
(1957).

(8) R. W. Taft, Jr.,, N. C. Deno and P. §
Chein., 9, 306 (1958).

(9) J. Koskikallio and E. Whalley, Can. J. Chem., 37, 788 (1959;.

(10) H. Kwart and A. L. Goodman, J. Am., Chem. Soc., 82, 1947
(1960).

(11) L. Melander and P. C, Myhre, drkiv. Kemi, 13, 307 (1959).

(12) R. P. Bell. *"The Proton in Chemistry,” Cornell University
Press, Tthaca, 'N. Y., 19589,
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Fig. 1.—Hydrolysis of methylal in perchloric acid solu-

tions; plot of (log by + H,) against log amo. The slope,
w, is —2.0; reaction 1c, Table I,
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Fig. 2.—Hydrolysis of v-butyrolactone (open circles) and
lactonization of ~-hydroxybutyric acid (bulls-eyes) in
hydrochloric acid solutions; plots of (log ky + H;) against
log am,o. The vertical scales are adjusted to bring the
two sets of data together in the same plot. Slopes (w) are
+2.2 for lactonization and +6.1 for hydrolysis; reactions
74a and 83a, Table I,

with slope 1.00 when log &, was plotted against
—H, or log [HX]. When plots were linear, slopes
were often greater or less than unity, say, 1.16
or 0.90. Many so-called linear plots were not
truly straight, and some reactions did not give
linear plots of log %, against either —H; or log
[HX]. In the latter cases, researchers usually
placed the reaction in whichever category it re-
sembled more closely. Placing reactions in one or
another of the two categories, and letting the matter
stand at that, had the unfortunate effect of ob-
scuring subtle differences of possibly great im-
portance. The two categories became, as it were,
two Procrustean beds.

Classification According to w-Values.—I now
wish to present a new system of classification of
acid-catalyzed reactions occurring in mineral acids
of concentration 1 M and greater. This is based
on my discovery that, for most such reactions,
plots of (log ky, 4+ H,) versus log am,o are linear or
approximately so. Examples are shown in Figs.
1-4.1%  The slope in such a plot constitutes a
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Fig. 3.—Hydrolysis of nicotinamide in hydrochloric acid

solutions; plot of (log 2y + H,) against log amo. The
slope, w, is +4.8; reaction 39, Table I.
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Fig. 4.—Enolization of acetophenone in sulfuric acid
(open circles) and perchloric acid (bulls-eyes); plots of
(log ky + Hy) against log amo. The slopes, w, are +3.6
and +6.4, respectively; reaction 77, Table 1.

parameter, called w, which describes the manner
in which the particular reaction responds to ca-
talysis by strong mineral acids. In the cases I
have examined, w-values have ranged from about
—8to 49 although most lie between —2 and +7.
Rather than being assigned to one set category
or another, reactions are classified according to
their w-values. The w-value is computed objec-
tively from the experimental data with use of H,
and log amo values from the literature. No
subjective decision is required in arriving at this
index parameter, although (as discussed below)
some care must be observed in using it in the few
cases in which the plots show noticeable curvature.
Plotting (log 2, + H,) against log am.0 amounts
to considering the extent to which a plot of log
ky versus —H, deviates from the “‘ideal” slope of
1.00, as a function of log @m,0. (The activity of
water diminishes steadily as acid concentration
increases, and log a@mo becomes steadily more
(13) In Figs. 1-4, and in all other plots of this new type whicl I
have constructed, both the ordinate and the abscissa are inverted:
more positive values are at the bottom or left, and more negative at
the top or right. This places points for the more familiar region of low

acid concentration at the left side of the plot. Apparent positive
slopes are, of course, truly positive.
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TABLE I

CORRELATION OF REACTION RATES IN MINERAL ACIDS WITH THE ACTIVITY OF WATER

Reaction,® mineral acid, temp._, °C.

Methylal, HCI, 25.0
H,S0,, 25.0
HCIO, 25.0
Lthylal, HC], 0.0
HC], 10.0
Cliloroacetal, HCI, 25.0
1ClO,, 25.0
Methoxymethyl formate, HCI, 25.0
Methoxymethyl acetate, HCI, 25.0
H,S0;, 25.0
Ethoxymethyl acetate, IICl, 25.0
Trioxane depolymerization, HCI, 25.0
HC], 30
Cl, 40
HCl, 50
HCI, 60
H,S0,, 25.0
HacClo,, 25.0
Paraldeliyde depolymerization, HCI, 25.0
H,S0,, 25.0
HCI0,, 25.0
Methyl a-D-glucopyranoside, HCIO,, 72.9
Methyl g-p-glucopyranoside, HCIO,, 72.9
Pheny! a-D-glucopyranoside, HCIO,, 57.4
Phenyl g-D-glucopyranoside, HCIOy, 72.9
t-Butyl g-p-glucopyranoside, HCIO,, 24.7

o-Hydroxymethylpheuyl g-p-glucopyranoside, HCIO,. 72.6
Methyl a-2-deoxy-D-glucopyranoside, HCIO,, 44.5
Methyl g-2-deoxy-p-glucopyranoside, HCIO,, 25.0

Methyl a-p-mannopyranoside, HCIO,, 73
Maltose, HCIO,, 72.6
Lactose, HCIO,, 72.6
Sucrose, HCI, 0.0
HCl, 10.0
HCl, 15.0
HC], 20.0
I1Cl, 25.0

Sce also reactions 55, 71 and 72
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16a
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24
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26a
26b
27
28
29
30
31

32a
32b
32¢
33a
33b
34a
34b
34c
34d
35
36
37
38
39

B-Hydroxy-B-plenylpropioplenone, reverse aldol, H.SOy,
251
4-(p-Methoxyphenyl)-4-liydroxy-2-butanone, dehiydration,
H,S0,, 25.0
4-(p-Methoxyphenyl)-4-hydroxy-3-nietliyl-2-butanone.?
reverse aldol, H;SO,, 25.0
dehydration, HySO,, 25.0
2,4-Dinitrobenzyl alcohol, sulfation, HaSO,. 0.0
H,S0,, 25.0
2-Butanol, oxygen exchange, HCIO4, 99.8
(—)-2-Butanol, racemization, HCIO,, 99.8
t-Butyl alcohol, oxygen exchange, H,50,, 25.0
f-Amyl alcohol, dehydration, 11,80, 25.0
HINO;, 30.0
Pinacol, rearrangement, I1:S0,, 72.6
H,S0,, 72.9
1,580, 100.0
2-Methyl-1,2-propanediol, rearrangement, HCIO,, 72.9
See also reactions 78-80, 83

Beuzene-d, H.50,, 25.0
Toluene-4-d, H,S0,, 25.0
4-Methylplenol-2-d, YIC], 25.0

H,S0,, 25.0
4-Chlorophenol-2-d, HySO4, 25.0
4-Nitrophenol-2-d, H,S0,, 25.0
Anisole-2-d, H,SO4, 25.0
Anisole-4-d, HzS0,, 25.0
1,3,5-Trimethoxybenzene-2-t, HCIO,, 25.0

Acetamide, HCI, 50

HCl, 61.0

HCIO,, 95
Propionamide, HC, 40.5

HCL 59.6

Benzamide, HC], 25.0

HCI, 59.6

H,S0,, 25.0

HCIO,, 95
p-Methoxybenzamide, HCIO,, 95
m-Nitrobenzamide, HCIO;, 95
p-Nitrobenzamide, H:SO,, 250
Picolinamide, HCI, 85
Nicotinamide, HCI, 76.0
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isotope exchange at aromatic carbon
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40
41
42
43

14a
44b
45
46
47a
47b

60
61
62a
62b
63
64
650
65b
66
Gca
67b
68
69

Reaction,? mincral acid, temp., °C.

Isonicotinamide, HCI, 68
Acetylglycine, HCI, 61.0
Piperazine-2,5-dione, HCI, 61.0
Acethydrazide, HCI, 61.0

2,4-Dinitrobenzyl hiydrogen sulfate, H.SO,, 0.0
H,S0,, 25.0

d-sec-Butyl hydrogen sulfate, racemization, HySO,, 25.0

Dimetliyl sulfite, HCIO,, 0.0

Diethyl sulfite, HCIO,, 0.0

HCIO,, 24.9

Ethylene sulfite, HCIO,, 44.6

(—)-2,3-Butylene sulfite, HCIO,, 35.0

meso-2,3-Butylene sulfite, HCIO,, 35.0

Tetramethylethylene sulfite, HCIOy, 35.0

Trimethylene sulfite, HCIOy, 35.0

Methyl dihydrogen phosphate, HCIO,, 100

Dimethyl hiydrogen phosphate, HC10,, 100

a-p-Glucose-1-(dihydrogen phosphate), HaSO,, 25.0
HCIO4, 25.0

Diethyl ether, HCIO,, 120.1, 50 atm. pressure
4-(p-Sulfophenylazo)-anisole, HCI, 97.0
4-(p-Sulfoplienylazo)-1-naphthyl methyl ether, HCI, 46.0

HCIO,, 46.0

1,2-Dimethoxy-2-methylpropane, rearrangement, HCIO,,
72.9

Methyl formate, HCI, 25.0
Metliyl acctate, IICl, 25
Lthyl acetate, HCI, 25.0

H,S0,, 25.0
Isopropyl acctute, HCI, 25.0
tert-Butyl acetate, HCI, 25.0
C,H;00CCH,SO:K, HCI, 25.0

H.SO0,, 25.0
Metliyl benzoate, 11CIO,, 90
Methyl mesitoate, 11,504, 90
HCIO,, 90

a-Glycery]l monobenzoate, IICIO,, 90
a-Glycery!l monoanisoate, ICIO,, 90

TaprLe 1 (continued)

Acid

concn. No. Function
range, M points plotted? » aw ¢
1.0-7.9 7 A +4.94 .08
1.0-8.2 7 Br +1.41 .06
1.0-10.2 8 A +5.12 .28
1.0-7.0 6 A +5.11 .40

E. Hydrolyses of non-carboxylic esters
11.0-17.3 8 A +0.61  0.03
10.1-14.7 7 A + .81 .04
6.2-10.3 4 A - .02 .05
21-72 6 A +2.36 .14
0.5-7.2 12 A +2.15 .16
1.0-4.1 4 A +3.58 21
1.1-55 6 A +4.21 .29
1.0- 6.0 5 A +3.47 .23
1.0- 6.0 6 A +4.19 .36
1.0-50 5 A +4.35 47
0.56-4.1 6 A +3.93 .27
1.0- 9.0 9 A +4.00° .31
1.0-50 5 A +4.647 .33
0.9-24 3 A +3.34 1.51
1.0-3.4 8 A +1.75 0.37

F. Reactions of ethers

1.1- 5.6 & Af +2.72¢7 0.18
1.0-9.3 9 B’ +2.85 .14
1.0- 8.1 9 B* +4.51 .12
1.1- 4.1 6 B? +8.24 .60
1.1- 4.3 4 A —3.58 .34

G. Reactions ol carboxylic esters

2.7-6.4 5 A +4.21 (.28
0.5-3.6 8 A +5.83 .24
0.7-10.2 14 A +4.15 .09
1.4-6.8 9 A +4.50 .21
0.6-89 6 A +4.62 .08
0.6- 6.9 6 A —1.17 .31
1.9-10.4 10 A +4.52 15
1.5~ 5.7 4 A +4.88 .65
1.0- 3.8 3 A +7.02 .70
3.1-6.1 4 A —1.10 .84
1.0-58 9 A —2.47 .33
0.5- 5.8 7T A +6.09 27
0.5- 5.7 6 A -4-5.72 .50
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995 —.06
L989

w¥ (or wa)f

ow

1

.06
.52

0.30
.10
.21
15
.28
.10
.03
.14
.05
.25

0.28
.29
.16
.46

0.06
.14
.07
.10
.13

.09

.20
11

.04

0.13 0

gy

.03

.03
12

.06
.02
.03
.07
.03
.005
.02
.04
.04

0.06 0.

.12
.05
.05

.008 0.
.01
.05
.02
.05

.05

.04
.009

.01

—

914
.465

971
.994
.997
.988
.978
.992
.999
.997
.522
.976

988

.944
911
.713

998

975
1923
975
1937

.930
981
747

Type of
deviation
from
linearity?

D-w

D-w

w w

D-w

Ref.

49
51
51
46

34
34
52
53

53
54
55
55
55
54
56
57
58
58

19
19
18

39

59

59
59
61
61
62
62
63
63
63
63
63

096%

LiaNNng * Haasof

€8 'TOA



70

71

72a
72b
73a
73b
74a
74b
75a
75b

76a
76b
77a
77b
78

79a

79b
80

8la
81b
8lc

82
83a
83b

85a
85b
86a
86b
87a
87b
87c

89a
89b
90

a-Glyceryl mono-3,4,5-trimethoxybenzoate, H,SO,, 50
Methylene diacetate, HCIl, 25.0
Ethylidene diacetate, HCI, 25.0
HCl, 25.0
B-Propiolactone, HySO;, 25.0
HCIO,, 25.0
y-Butyrolactone, HCI, 0
HCIO,, 5
p-Isovalerolactone, hydrolysis, HCIO,, 25.0
decarboxylation, HCIO,, 25.0
See also reactions 4-6

Acetone, bromination (enolization), HCI, 25.0
Acetone, iodination (enolization), HCI, 25
Acetophenone, iodination (enolization), H,SOy, 25.0
HClO,, 25.0
p-Hydroxy-g-phenylpropiophenone, dehydration (enoliza-
tion), HeSQ,, 25.1
4-Hydroxy-4-phenyl-2-butanone, dehydration (enoliza-
tion), HzSOq, 25.0
HCIO,, 25.0
4-Hydroxy-4-( p-nitrophenyl)-2-butanone, dehydration
(enolization), HySOy, 25.0
cis-Benzalacetophenone, isomerization to trans, H;SO,, 26.0
H,S0,, 38.0

HCIO,, 26.0

See also reactions 14-16

I. Reactions of acid derivatives, cxcept amides and esters

Benzoic acid, oxygen exchange, HpSOy, 73.0
v-Hydroxybutyric acid, lactonization, HCI, 0
HCIO,, 5
N,N’-Diphenylformamidine, HCI, 25.0
Thioacetamide, HCI, 35.0
HCIO,, 35.0
Methyl benzimidate, HCI, 25.0
H,S0,, 25.0

Cyanainide, HNO;, 25.0

HNO;, 30.0

HNO;, 25.0

Methy! bromide, HCIO.,” 50
Methylmercuric iodide, cleavage, H.SOy, 100
I C10y, 100
3,3-Dintethyl-5-ketohexanoic acid, cyclization to diinedone,
H.S0;, 130.7

—oLorNdoOoO=
PEPPTPTFPPT
W WWeL om0 ® XD
SOWO RO OO

0.5~ 7.7
3.0~ 9.3

1.0- 7.3
0.5- 5.3
o~ 5.3
.6- 5.4

1.1- 3.0

O =D ==
= o o 00
R A o A
WS oo ®
R S R =R R =R TR K

o]
|
oW

— ==
[S IR0 oBEe ) B R e o]

—
irgies

=

B e

+2.91
+4.17
+4.11
+3.95
+0.39
—1.18
+6.11
+8.50
+0.06
+6.53%

Reactions of ketones

< D=

V)

~ Wt

e

L -

+3.83
+6.66
+3.63
+6.35

+2.76

+3.17
+2.16

+3.36
+2.77
+3.26
+3.19

4 A +8.81
8 A +2.23
5 A +2.21
10 C +7.75
11 By +4.15
9 By +5.43
6°¢ C +6.30
5% C +6.57
8 A +1.48
7 A +1.38
10 A +0.80
Miscellaneous reactions
5 C +3.20
6 A +6.59
7 A +3.38
6 A +1.52

.22
.06

12
.71
.69
.60
17

0.09
.52
.19
.32

.24

.29
.71

.25
.20
.09
.37

1.38
.18
.60
.25
.28
.16
.27
_16
.17
|18
.13

0.27
.62
.52

.07

.22
.02
.02
.07
.10
.11
.05
.02
.02
.05

.02
.07
.03

.06

12
.50

.10
.04
.02
.08

0.07
.02
.04
.05
.06
.03
.05
.03
.01
.01
.01

0.08
13
.29

.04

(=)

0.
1983
.946

.983
.999
.999
.995
.303
.634
971
.997
.106
-981

.998
2991
.988
.995

.989

.988
949

.992
.992
.000
.969

977
.981
L9056
.996
.980
.997
.996
.999
.963
.961
.903

990

L9956

—.83*
—1.41
—1.46
—1.22

—-0.91
+0.38"

—1.17"

—1.66

—1.42
(0.00)*

—1.62

(—0.32)

(+0.45)
—1.39

(40.39)

(—0.86)

(—0.29)
—3.22

(+3.53)
—4.76
—5.91

—1.96
—1.21

(+2.89)
—1.33

0.
.08

1.
.22
.94

0

.07
.08
.07

.08
.47

.34

08

.08

1

.18
11

.13
.26
.16
17

46

.58
.26

.33

.05
.03
.03
.05

.007

.03

.04

.02
.003

.007

.03

.03
.08

.03
.05
.03

.07
.02
.06

.07
.13

.989
987
.990
.975

.976

429

.700

0.994
.996

.995

.859

.874
.997

.900
.883
877
993

0.863
1994
.964

. 749
.869

0.975
931

cou Ny

o C

63
64
64
65
66
66
67
67
68
68

69
70

31

32
32

32
31
31
31

71
67
67
72
18
18
73
73
74
74
75

76
77
77

78

1961 ‘0% 22

SANY SN0AATY QELVILNEONOD) NI SNOLLOVEY

196%



Vol. 83

JosepH F. BUNNETT

4962

R R e ) R Qo 2 ¢ g . L b ) o N N~ Vor . RO K= RS SR LT Q- R R el J =R s o B S Y +
SS9S8ETSAYT L5 eUBESGe S4E7ESSL 48R AR EEEC S YU ET REERE S, 5
Gy N K= - 0 ISl p=Rb TR Q asr\./OYE..Up"u\./[p ] STH O 9~ ¢ tr H..l o o @29 g
IR ‘T vl o th.lwtmlbrpu & Tt w oo S Hwon - go Ry m ERR: " H = O = )
3 D .a =% =, @ ja ] P i =g 123 S w7 3.5 .9 > g8 =3
@ © 2 O, 92w 9 s} 173 ® o> b ng.,e aBonm it Y = g% 5
Wi 0 AHT SR O = an%O.Ste g [ ) oo = A ne . o EPT oy ] o
O > o et S) -3 el [=} o Q' > o 2] ] ay B o0 = g 0.2 £33 ga
1 [+ Qs VU /@ Qpg o X Q = maEwm o = = — Lo 7} = |7} o [ Rt 173 ki)
rulke.ldt ° o SHgEzgge g QL - S E—Y00 o2 SEDNE =35 =N} E 8RS g3 T
= o gl aQ O =H O PN g a.0© 1%} o L +5 5 = o =] o+ vd T o EZEEST , &8 &4
B g E 90y 08— 3a Wyon BB 09Su=ERaeR 5.8 8 oo wd Y g E BT 0%
= ° DB ad, 8 [} A2 = Q o E5 DAY =24 T s 85 U son ] T osNaks
ERESr o e gL S o sL8w=28 10T O-EER B 0B w0, 288 o838 S8 g ao@yg, 5 2MAES
o B 3] Q'S IR IR S S il e B3] 2 H —.a 0 .lrm.bm 20648 g =0 ¢ S I o K= “h..axan S .o B w
wBu0 g 32 o+ 0CPd®@ VO 7 v s} KSp D E o83V IS I O, v - [e] = IR
g~ _og,Eygdsaeg 2.oF S ESa LW =Rk € HEwg aofoliETos S8wgyep, 5 _ & gFad
[=! -y .2 g a8 =3 dW ga B g 3 S w2 @ O™ o A o @ LI O o Qg SRR
2.888,258%8 88 mmH_mmmmmwam%admﬁMhm,w.mH(lt.mmmmmhpmmmwfgm Sr e ES 288y JEesgy
Baln= 0= Rroi B3 o 7R k] veoB S SOS2d80 e ERP Lol ondo .28 ¥Y T @Y Fe-8g0
0980 28,0l P UgEegEiswEP 8 HESEP3S8G e g R8onOr R But s HebEg98 L8 55588
S R et EN g E s T E RS e 8P S B ST E N AN b g0l F 50 BR e BB By Y5
(] (W] [ i) i ene/..H.\StOh -+ g S w hut el .0 0w .m.mlv Rl b3} [ o © «uhc.ado
ddu 88 L7 DY o d B=n N AR - Lo o8, B T Nt ® W & bo ° tnOna o 9 g a
~ Ba8pn ] o OwIY Y Hw e | e =o'" —38%5 SBoas>bRFEoga = 9 SBy g,
200 O v © a. R (=] Sy Lo Qo r J.ar o' LU N =) [ Lo S o B S .H&.e
boaaleytla LEQ,HSE Spo o0 88 e 2 2N T oT SR EL IR BT 905088588 Gases
PSECmgER S8 v _waFBg8o T al, [ BE =R, P L el S 5043888 ARLAY
aY e e & PRI BERS,.JAETRNB 9 s@e.om iy [Tl Yo+ g38028 " g 8wgog =_°%
27 .a o @ > © © o b = IRl oo  + o0 . B 3 - = .Q L% el 8 Q O > 0 ~c QTR
S o RS g 35 ST g Hug R0 8 S =Res B9 L.ogla %oy PO ooy B 2%°oa SRR
B SV YWE TR pus Y, 880G SELEET VAV OELNYEET 298 wom o0l 8o 2aed B oFenol
o= g £ 00T g = e < &2 =] > ] oo Pasaw = IS5 oL 0 E
S Bmlseg808y ESLTSEYBAEES MUCAELES3SICEToRREEEEAY EEE2S55888 ex %

‘papnput st *OIDH A (°Q 10§ miep
® ‘DazATEIED PO JOU S| HOIIDEAT Y1 DS {IUOIIIE JO 0,C PIULBIUOD LITHPIML Y], ¢¢ I2UIPYHOD YILM PBAI 3Q JOU PO SUOLEIIUIDUD PLow yIu 1e sanjea pue ‘A[ranjdeid pojuosaxd
219m eje(q »p 30[d 30[-S0p ImnSon] . "8G = +HEY Jwis(] 4 UCIIUGIP £q ‘UOIBZIOUD duouddoIIde I0] 000 St F x 1. 995 ¢ QT X EZ IUIIYI0D UONBIAXOCITISP , [Rnmall,,
2 JO UOIDEIGNS AQ PIIIIII0D SEM JUINDYI0D 1Bl YOV » P 0— INOGE ¢ PHomM (@ ‘Jurod Jueird A[OpIM 10 I0) g . 7 L'6-0'F ‘Siuiod ¢ o Auo paseq « 000G = +HEY
3wsn) , ‘Cc'q = +HBY 3wis() , "OF = +BEY Suis() , A[reuayeut adols ay) 39aye 03 yduoua jou "Ljuo juiod ISe[ ANY) Ul 33UeYd NI[S B Sea 21341 ‘(0961) 666+ ‘z8 o0 wy) Ty [
MM X "D PUE 132UIV A 3O anfrA +HEY 3y jo osn Supjein ‘panold sem g woOuUn} HAYM 5 - 235 5 OF X £1'F "WRRYII09 sisAjorpLy , [Rnidu,, 343 Jo uonoengus £q pajdas
~10J SEM JUIYJI0D LI YIEF ¢ PIaSueyd I 219M 233 ‘sanjeA~z Fu))NSAT 2y JUDIIYI0D a3kl [BIUdULIAAND [JOrs W01} {7998 ¢ (T X F'1 Sundengns £g oprul sBm uoi}de110d Ay
udyM {gG 'JI Jo someA (SISA[0IPAY [EIINDU 10]) PIIIILIOD B} UO PIsed » Q7L = +HEY Buis)) 4 0f = +HSYy Juisy w Qg = +M8Y Buispy ; gG = 88y 3uis) 4 (g = +HEY
fuis) ¢ "QL6'0Q St 4 PUe 00 St L2 ‘R0 S1 42 ‘G g— st @ ‘pPanwio st juod jumIeAa A[OPIM SN0 JT,  PIDUILIUIOD SUOIIOEAI IYI0 Y 310J2q [OYOI[¥ Ay} 0} pazAOIpAY ﬁ.ﬁ_ ‘padup
~OIJUL SBAM 191$3 9)BIIIE YT, ¢ "SITIOOC UOLITIAID oy} Yoty i jo1d oY) 0} $12ja1 *& 10 @ ‘@ [3duls njosqe Suisvarou APeals ‘1 9dofs anjosqe SuISEaIdNP Appeals ‘qQ -1918IS
‘S sl A)Feaulf woly uoljelaap Jo ad4) oy, o Sosoyjualed Ul 9IB SIN[BAVAL ;o JUSIOYJI0D UOLIR]IIIOD AU} SI 4 5 15 U] S2IENDS 318BI] 31} 1HOI] ‘UL [ENIIA DI LI ‘UOHELAID
pIepueEls o) S1 €9, 15°ado]S 93 Jo HONTIAAD PIEPUE}S A} 81 Mo, (%F — [XH] fo] — Ay 301) 10 Ay Bo1 ) ' {[(BSY + %)/ [XH]] 2o — 7 3oy} 1o {{(+HEY 4 oy)/%}30] — Py
3oy} ‘g !(3x9) 99s) grendoxdde se (Vy 8oy — 4y So1) 10 ([XH]B01 — #¥ Fo1) ‘(°H - Py 301) 'Y st panopd HONIMNY AL ¢ PIGHOSIP ISIMIIYI0 SSI[UN SISAOIPAT] ST HORIEA AT, »

258 a €L6° 91" 8¢ 08'3+ 166 3% €5 £8°9+ 0 g 6L-0€ ¢g *OSPH ‘uoneaympapolord 'y ANCIHD) 10T
8 4MS M- L66° §0° 90° U T+ 166" 48 LG 0L v+ 2 ¥ 68-F%V 6g "OS*H ‘woneramapapojord L AFHN'HD 001
228 2-0 966" ¥0- 90" 69 0+ 866" ol 0g° 60 ¢+ 2 g &1I169 67 "OS'H ‘uopermapepojold ‘L A*HN 66
qz8 a as8” ST’ 91" §L° 0~ G667 qr” ST” 9g° ¢+ v 0T 68-0'T 1°0CT OIDH ‘a8uryoxe usBLxo ‘pre duondsoyy 86
€8 €880 30" 61" 8¥ 0— v S 0%-0'1 g3 TOH "PuwEUAPud-N‘O L6
€38 000°T %00° %0° $3 g+ v vy Py 80 ¢ 1o Pumenuidoidos]-N 96
8 108" 31° O¥F 1€ 0+ v 8 GL-6¢ 0°63 "QStH “irear opize [Aiphzudg  G6
08 a 686" 48 03’ 8L %+ v 9 g8-80 1°¢2 "O1DH 916
08 a §66° 80" gT” 16 1+ v g 06-T'1 1°63 "OSPH O*H Y}is uoideal ‘pide Ju0I10qaudzudy  B6
6L 966" 80° 48 g3 1+ v g 03I-¢L $'98 TOSPH du0ip-G'g-uexayo[oAdjAdord-g-[AIa
«p-g‘€ 01 HONTEZIPAD ‘PRE JOUBUOUOIY-GAYRUNJ-L'S 26
6L 166" 10° S0° 8T 1+ v 9 0¥%1-8'6G 8°G8 "OSTH ‘QU0Ip-G'g-Uexao[dAdLy1a~g-[AyIaur
~Ip-~g'g 01 UONEZIILD ‘pe JlouBlIQOI-GHAYPRUNA-~E'E 36
6. £66° 80° 13" 6L T+ v g ¥6-19 8728 TOSH ‘Qu0ip-g'g-uexayop ALy
~11-0'¢'g 01 uo1IBZIALD ‘pioe oourldayolay-gqAlomng-¢'s 16
‘PA pLueauy 4 £0 “0 *M o4 pio 940 ] gparold  symod gy ‘a3ues ‘0, “dwaa} ‘prow '[BIAUNU ,'UONPEIY Y uony
woiy (%@ 30) g o uopung *ON ‘gauos 2uay
uorjeIAp PRV

Jo3dAT,
(panunuor) 1 414V ],


rtjtr.i-.cj

Dec. 20, 1961

plete.®®=%® Success has been claimed in treat-
ing the phenomenon with reference to the Zucker—
Hammett hypothesis,'”.®® and indeed for thio-
acetamide hydrolysis!® the agreement is good, but
for hydrolyses of acetamide® and benzamide!
it is quantitatively unsatisfactory. Figure 5 is an
example of a plot of the new type for a reaction
(acetamide hydrolysis) which passes through a
rate maximum, Rate maxima also appear in
hydrolyses of certain azo ethers, and good linear
plots of the new type have been obtained.!?

For strongly basic substrates, which are totally
protonated throughout the range of mineral acid
concentrations used, one simply plots log Ay
against log au,0.® Fundamentally, it is {log &, —
log{h/(he + Kgu+)]} which is plotted against log
am.o with substrates of all types. The expressions
used with weakly or strongly basic substrates are
the special cases for Ksy+ much greater or much
less than Ay, respectively.

Application to Data from the Literature.—The
new plotting and classification procedure has been
applied to several score sets of data concerning
diverse reactions in moderately concentrated
mineral acids. In general, good linear plots were
obtained and w-values could be defined with
certainty. This scrutiny of literature data is
summarized in Table I, which comprises 158 sets
of data concerning 108 reactions. The objective
principles used in selecting data for scrutiny are
stated in the Appendix. A few reactions which
did not give acceptable linear plots are noted in the
Appendix.

In Table I, the quality of fit to a straight line can be
judged with reference to the statistical parameters oy,
oy and 7.2l Unfortunately no single parameter of these
three is a completely adequate criterion of quality of fit:
r, the correlation coefficient, approaches unity when the
fit is good except that r has low values when the absolute
slope is small, even for a good approximation to a straight
line. A low value for r must therefore be discounted if the
slope, w, is small. oy, the standard deviation of individual
poiuts from the best line, is informative but must be in-
terpreted with respect to the acid concentration range under
investigation. When a relatively dilute range is covered,
say 0.5-3.0 M, changes in both the y and x variables are
small and ¢y tends to be small even for a mediocre fit.
But when high acid concentrations are involved, say 10.0-
15.0 M sulfuric acid, changes in both variables are large
and ¢y may be large even for an excellent fit. ow, the stan-
dard deviation of the slope, is helpful but tends to be large
(suggesting poor fit) if the number of points represented
is small (say, 3 or 4) or if the absolute magnitude of the
slope is large for a relatively small range of acid concentra-
tions. The latter situation prevails when w has a large
negative value, as in some acetal hydrolyses; a large ow~
value may be associated with an excellent 7 coefficient.
On the other hand, o¢w is most valuable for judging the
reliability of the w-value obtained.
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Fig. 5.—Hydrolysis of acetamide in hydrochloric acid
solutions: plot of {log ky — log{ho/(hs + Keu*)]} against
log amzo. The slope, w, is +2.3; reaction 32b, Table I.
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(68) R. P. Bell, A, L. Dowding and J. A. Noble, {bid., 3108 (1955).
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A tendency for like reactions to have like w-
values may be noted in Table I. Thus, wis typi-
cally negative for acetal hydrolyses, about +1 to
+2.5 for carboxylic amide hydrolyses, and about
+4 to +6 for carboxylic ester hydrolyses. Diver-
gences from typical values can sometimes be as-
sociated with known differences in mechanism,
as in the cases of f-butyl acetate (reaction 64)
and methyl mesitoate (reaction 67). Qne is
caused to wonder whether other divergences may
also be indicative of changes in mechanism; for
example, glucoside hydrolyses (reactions 9-12)
have w-values atypical for acetal hydrolysis,
and w for hydrolyses of several amides (reactions
38-40,43) are unusually high,

Some dependence of w on the mineral acid can
be seen. When w is positive, it is often higher
in perchloric acid than in sulfuric, and higher in
sulfuric than in hydrochloric. Most of the varia-
tion is within one or two w-units. However, acetal
hydrolyses in hydrochloric acid solutions have
w-values of much greater (negative) magnitude
thanin other acids.

No great dependence of w on temperature is
evident. All the computations underlying Table
I are based on Hy and am,o values for 259, yet
many of the reactions were performed at higher
or lower temperatures. The ideal of computing
w for each reaction from H; and an,0 data for the
same temperature is not accessible at present be-
cause the necessary data are not available. In
cases where the same reaction or closely related
reactions have been studied at more than one
temperature (e.g., reactions 2, 13, 32-34, 90-93),
variation of w with temperature is random and
generally within the standard deviation of the w-
values. One does not know to what extent this
represents fortuitous matching of changes in H,,
a0 and the reaction itself.

(60) M, Dubouxand A. de Sousa, Hely. Chim. Acta, 28, 1381 (1940),

(61) P. Salomaa, Suomen Kemi, B32, 145 (19539).

(62) R. P, Bell and D. J. Rawlinson, J. Chem. Soc., 4387 (1958).

(63) C. T. Chmiel and F. A, Long, J. Am. Chem. Soc., T8, 3326
(1956).

(64) P. Salomaa, Acta Chem. Scand., 11, 247 (1457).

(65) R. P. Bell and B. Lukianenko, J, Chem, Soc., 1686 (1957).

(66) F. A. Long and M. Purchase, J. Am. Chem. Soc., T2, 3267
(1950).

(67) F. A. Long, F. B. Dunkle and W. F. McDevit, J. Phys. Colloid
Chem., 58, 829 (1951).

(68) H. T. Liang and P. D. Bartlett, J. Am, Chem. Soc., 80, 3585
(1958).

(69) G. Archer and R. P. Bell, J. Chem. Soc., 3228 (1959).

(70) D. P. N. Satchell, zbid., 2878 (1857).

(71) C. A. Bunton, D. H. James and J. B. Senior, £44d., 3364 (1960).

(72) R, H, DeWolfe, J. Am. Chem. Soc., 82, 1585 (1960).

(73) ]J. T. Edward and 8. C. R. Meacock, J. Chem. Soc., 2009
(1957).

(74) M. J. Sullivan and M. L. Kilpatrick, J. Am. Chem. Soc., 67,
1815 (1945).

(75) G. Grube and G. Schmid, Z. physik. Chem., 119, 19 (1926).

(76} C. G. Swain and R. E. T. Spalding, J. Am. Chem. Soc., 82, 6104
(1960).

(77) M. M, Kreevoy, 7bid., 79, 5927 (1957).

(78) T. Henshall, W. E, Silbermann and J. G. Webster, ibid., 77,
6656 (1953).

(79) W. E. Silbermann and T. Henshall, ¢bid., 79, 4107 (1957).

(80) H. G. Kuivila, ibid., T7, 4014 (1955).

(81) C. H. Gudmundsen and W. E. McEwen, :bid., 79, 329 (1957).

(82) (a) P. Bruck and A. H. Lamberton, J. Chem. Soc., 4198 (1957);
(b} C. A. Bunton, D. R. Llewellyn, C. A. Vernon and V. A. Welch,
ibid., 1636 (1961); (c) M. T. Emerson, E. Grunwald, M, I.. Kaplan
and R. A. Kromhout, J. Am. Chem. Soc., 82, 6307 (1960).
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Relationship of w-Values to the Zucker-Ham-
mett Categories.—Reactions giving “linear” plots
of log ky, against —H; have w-values ranging
from about +2 to large negative values. If the
aforesaid plots have slope unity, w is zero. If
the slope exceeds unity, w is negative. If it is
less than unity, w is positive. To illustrate,
methylal hydrolyses in hydrochloric acid and in
perchloric acid have w of —5.3 and —2.0 compared
to Zucker-Hammett slopes of 1.25 and 1.08,
respectively. Lactonization of +-hydroxybutyric
acid in hydrochloric or perchloric acid®” has w of
+2.2, and a Zucker-Hammett slope of 0.90.

Reactions giving linear plots of log &, against
log{HX] with unit slope usually have w-values of
+5 or higher. To wit, for y-butyrolactone hy-
drolysis¥ in perchloric acid (74b),®® the Zucker-
Hammett slope is 1.00 and w is +8.5. Reactions
of w about +3 to +4 fall in between the Zucker—
Hammett categories. The in-between character
of hydrolyses of methyl formate (60) and ethyl
acetate® (62) and of alkyl sulfites®® (46-52) have
received specific comment.

A scan of Table I reveals that there is no particu-
lar tendency for w-values to group within the two
ranges corresponding to the Zucker-Hammett
classifications. They are fairly evenly distributed
from —2 to +8. Rather than two well defined
classes, there are many gradations. In these
circumstances it is better to eschew the Zucker—
Hammett categories for purposes of serious classi-
fication and to let the response of each reaction to
catalysis by concentrated acids be represented by
its w-values.

Deviations from Linearity.—Plots of the new
type occasionally show random scatter or persistent
curvature, The former, when notable, is desig-
nated by ““S" in the second column from the right
in Table I. Curvature, when encountered, is
nearly always in the direction of decreasing ab-
solute slope with increasing acid concentration;
such is designated by “D” in the same column.
The incidence of curvature is greatest when w has
a high positive value (> +4.5). The plots in Fig.
4 show curvature.

When there is curvature, w-values are unfortu-
nately dependent on the range of acid concentrations
employed. When the range is short and in the
dilute region, w tends to be high; when it is long
or in a more concentrated region, w tends to be low.
w-Values from such reactions must therefore be
interpreted with caution, especially if fine distinec-
tions (based on differences of perhaps one w-unit)
are taken as evidence of reaction mechanism.
It should be noted that latent curvature may not
make itself evident if the range of acid concentra-
tions represented is short.

Mixed Reactions.—The w-value reckoned from
rate coefficients which represent the sum of two
competing reactions of the same substrate is inter-
mediate between the w’s of the component re-
actions. B-Isovalerolactone (75) undergoes, in
perchloric acid, both hydrolysis to the hydroxy
acid and decarboxylation to isobutylene. Liang
and Bartlett® were able to dissect the total rate

(83) Numbers in parentheses following the name of a reaction refer
to its location in Table I.
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coefficients into components representing the con-
tributing reactions, In 0.8 M perchloric acid,
hydrolysis (w = 40.1) is about three times as
fast as decarboxylation (w = -6.5). As acid
concentration is increased, the reaction of lower
w accelerates more quickly and by 3.6 M is some
14 times faster., The w-value (+0.6) for the sum
of the two reactions is close to that of the domi-
nant reaction.

Salomaa®8* has presented evidence that the
hydrolysis of methoxymethyl formate (4) is partly
unimolecular, as in hydrolysis of acetals and
alkoxymethyl acetates, and partly “bimolecular,”
as in hydrolysis of most esters. The two mech-
anisms presumably involve scission of alkyl-
oxygen and acyl-oxygen bonds, respectively. The
w-values to be expected of the two are suggested
by w of —24 for methoxymethyl acetate hy-
drolysis (5a) and +4.2 for methyl formate hydroly-
sis (60), both in hydrochloric acid. The experi-
mental w for methoxymethyl formate hydrolysis,
+1.2, is about half way between. To the alert
eye, such a discrepancy from either of the guide-
post values would immediately suggest the inter-
vention of some new feature of mechanism. In
contrast, as Salomaa has commented, it is difficult
to detect the incursion of the competing ‘‘bimolecu-
lar”’ mechanism from inspection of the plot of log
ky versus ~—H, This example illustrates the
sensitivity of the new procedure.

Classification According to w*-Values.—Instead
of —H,, one may use log[HX] as a measure of
acidity. It is reasonable to inquire whether plots
of (log ky — log{HX]) against log am,0 might also
be linear. In fact, they sometimes are. Figure
6 is an example. The slope in such a plot is taken
to define another parameter, w®* which is an
alternative representation of the response of the
reaction to catalysis by strong acids.®

Reactions which give somewhat curved plots of
(log &k, + H,) often give straight plots of (log
ky — loglHXY])) against log amo; see Fig. 6 for
example. In such cases w* is a more precise index
of the response of the reaction to catalysis by con-
centrated acids since it is less dependent on the
range of acid concentrations used; w* is thus a
valuable complementary parameter.

With respect to reactions in sulfuric acid, a
difficulty in determination of w*-values is that the
extent of acid dissociation of bisulfate ion in the
region of perhaps 0.5~-3 M is not known. This
difficulty can be circumvented in two ways. QOne
is to base determination of w* on measurements
only at higher sulfuric acid concentrations, say
above 4 3. The other, which I have used, 1s
to use rate coefficients for some reaction with a
high w-value as a tertiary measure of acidity. I
have used Zucker and Hammett’s data on rates of
iodination (enolization) of acetophenone in sul-
furic acid® for this purpose. Plotting (log &2, —
log ka) against log am,0 often gives a straight line,
the slope of which defines a third parameter,

(84) P. Salomaa, Acta Chem. Scand., 11, 239 (1957); P. Salomaa
and R, Linnantie, $b¢d., 12, 2051 (1958).

(85) With moderately basic or strongly basic substrates, one plots,
respectively, {log ky —~ log{{HX1/(ha 4+ Keg®l} or (log M - log
{HX] — Hy) versus log aipo in order to define w*-values,
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Fig. 6.—Hydrolysis of «-glyceryl monobenzoate in per-
chloric acid solutions. Plots of log by — log [HCIO,]
(open circles) and log ky + Ho (bulls-eyes) against log am,o.
The slopes, w* and w, are —0.,1 and +46.1, respectively;
reaction 68, Table I,

w,. (Log ka is the logarithm of the rate coefficient
for acetophenone enolization at the same sulfuric
acid concentration, as interpolated from the data
of Zucker and Hammett.?) Since acetophenone
enolization in perchloric acid and acetone enoliza-
tion in hydrochloric acid have w*-values of —1.62
and -—1.66, respectively, a rough conversion of
w, to w* may be made subtracting 1.6, When this
transformation is applied to two ester hydrolyses
in sulfuric acid (reactions 62b and 65b), the result-
ing w*.values (—0.5 and —0.2, respectively) are
similar to those for hydrolysis of the same esters
in hydrochloric acid.

w*- or w.-values have been computed for all
reactions in Table I with w > +3, and are listed in
the right-hand part of the table.

A notable feature of many plots of (log k&, +
H,) against log am,o for carboxylic ester hydrolyses
is their arrow straightness over a very broad
range of acid concentrations; reactions 62a, 63,
65a, 71 and 72 merit particular attention. It
is interesting that plots of (log k, — log[HX})
against log am,0 for these same reactions all are
curved; the slope (negative) is considerable at
low acid concentrations, but the curve gradually
flattens as acid concentration increases. These
reactions, unlike most of high w-value, show
variation of w* with acid concentration. What
mechanistic significance may this have?

Relationship of w*- to w-Values.—If plots of
(log ky + Hp) and of (log &y — log [HX]) against
log amo are linear, the equations

log by + Hy = wlog amo + C
and
log ky — log[HX] = w*log a0 + €’
are implied. Subtraction of the second from the
first gives

Hy + loglHX] = (w — w*) log ¢mo + C”’
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Hy + log [HIX].

| 1 I I
—0.4 —0.6 —0.8

log am0.

Fig. 7..~The difference between — Hy and log [HX] as

a function of log amo: solid line, HCIOs; dashed line,
HgSO;; dotted line, HC].

A plot of (Hy + log[HX]) against log am,o should
then be linear. Plots of this sort for hydrochloric,
sulfuric and perchloric acids are presented in Fig.
7. They do approximate linearity, but there is a
clear tendency toward curvature over broad ranges
of acid concentration. The curves for hydrochloric
and perchloric acids are simpler to consider because
the complication of an incomplete second dissocia-
tion is absent. These two show a steep initial
portion of slope about 410, then a truly straight
middle portion and finally a tail of steadily de-
creasing slope. The straight middle portion is
longest in the case of hydrochloric acid; it extends
from 3.5 M to 7.5 M with slope 45.3. The slope
is +2.4 between 9.5 3 and 10 M. In the case of
perchloric acid, the straight middle portion covers
the range 4.5 M to 7.0 M and has slope +4.5;
the final slope (9.0 to 9.5 M) is 42.0. The sulfuric
acid curve has a straight portion covering the
range 3.5 to 7.0 M with slope +4.3; the final
slope (9.5 to 10.0 M) is +2.0.

In view of the curvature in these plots, it is not
to be expected that plots of both (log ky + Hp) and
of (log by — log/HX]) against log amo will be
truly linear over a long range of acid concentra-
tions. If one is straight, the other must be some-
what curved corresponding to the changes in slope
in Fig. 7. However, if data from the middle
range where the lines are really straight are con-
sidered, it is possible that both types of plots may
be accurately linear; if so, (w — w™*) will have the
values 5.3, 4.3 and 4.5 in hydrochloric, sulfuric
and perchloric acids, respectively.

Relations of w and w* to the H; Scale.—The
H, or ko acidity function appears in the expressions
used in computation of w-values for weakly basic
substrates, and of w* for strongly basic, and of
both parameters to varying extents for moderately
basic substrates. This stems from the assumption
made that protonation of substrates is accurately
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represented by the Hp function. Any fault in this
assumption with respect to a particular substrate,
or any deficiency in the Hp scales of Paul and
Long,® will be reflected in the relevant w- or w*-
values. w* for weakly basic and w for strongly
basic substrates are independent of the Hj scale.

Use of w* as a primary classification parameter
for the great majority of substrates which are
weakly basic might therefore seem preferable.
However, the prevalence of curvature in w* plots,
except when w* is within a couple of units of zero
(i.e., w rather high), makes the majority of w*-
values dependent on the acid concentration range
studied. It is this practical consideration which
favors w as the principal parameter.

Recommendations.—It is recommended that
reactions occurring in mineral acids more concen-
trated than 1 M be classified primarily according
to their w-values. w is defined as the slope in a
plot of (log k, + H,), {log ky — loglho/(ho +
Kgsu+) 1} or log By (as appropriate) against log amso.
When there is appreciable curvature in the afore-
said plots and/or when w exceeds +3.0, it is recom-
mended that the w*-value be cited as a comple-
mentary index parameter. w?* is defined as the
slope in a plot of (log k#, — log[HX]), {log &y —
log{ [HX/(ho + Ksu+)} or (log ky — log[HX] —
H,) against log awmo0, with the exception that these
expressions should not be used with respect to
sulfuric acid less than 3.5 M. When the plots
used to define w are appreciably curved, fine dis-
tinctions should be made between w*- rather than
w-values., For reactions occurring in sulfuric
acid below 3.5 M, the w. parameter may be de-
termined from the slope of a plot of (log £y — log
ka) versus log am,o0; wa. may be converted roughly
into w*-values by subtracting 1.6.

It is recommended that the Zucker-Hammett
categories of correlation with —H, or with log-
[HX] not be used for serious classification of re-
action because many reactions do not fit these cate-
gories and such classification obscures subtle
differences between reactions.
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Robert L. Kay and the help of Miss Susan Jordan.
1 am also grateful for the hospitality of the In-
stitut fiir Organische Chemie der Universitit
Miinchen (Professor Rolf Huisgen), where the
writing of this manuscript was completed.

Appendix

Principles Used in Selection of Data for Scrutiny.—
All reactions occurring in aqueous hydrochloric, sulfuric,
perchloric and nitric acids have been scrutinized, insofar as
they came to my attention before Oct. 1, 1960. Data in
the following categories have been excluded: (a) data at
mineral acid concentrations less than 0.5 M; (b) data for
niedia containing more than 5% of an organic solvent com-
ponent or of the substrate; (¢) data known to be faulty
or pertaining to reactions in which there is a known com-
plication involving the anion of the mineral acid (e.g.,
hydrolysis of nitriles’® or of dialkyl sulfites®? in hydro-
chloric acid); (d) data to which an unusual correction
factor must be applied (e.g., the hydration of olefins®);

(86) M. A. Paul and F. A. Long, Chem. Revs., 87, 1 (1957).

(87) M. L. Kilpatrick, J. Am. Chem, Soc,, 69, 40 (1947).

(88) R. W. Taft, Jr., E. L. Purlee, P, Riesz and C. A. DeFazio, ibid.,
T7, 1584 (1955).
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(e) sets of data conprising fewer than three rate coefficients
or lacking rate coefficients for greater than 2 Af acid con-
centration; and (f) certain early data which are superseded
by later and more comprehensive data on the same re-
action. Data for reactions in concentrated sulfuric acid
(> 10 M) have been included occasionally but not systemat-
ically.

Kgg+Values for Substrates of Intermediate Basicity.——
Kgu+ appears in the functions plotted for determination
of w or w*. In several cases (reactions 32, 57, 58 and 85)
acceptable linear plots were obtained with use of Kgu+
values reported in the literature. In two reactions (34
and 41), definitely curved plots were obtained when pub-
lished Kgn+values were used but good linear plots resulted
when other XKgg+-values were employed. Inspection of
the data (insofar as available) underlying the publislied
values suggested they might be wrong, and so the values
which gave the best straight lines were used in constructing
Table 1.8 For reactions 33, 36, 37 and 70, no determina-
tions of Kgg+ were found in the literature; values which
gave good straight lines were used.

Acetone (reaction 76) was treated as a very weak base.
Its pKge+ has recently®® been determined to be —7.2;
the pKga+ of —1.58%% used by Archer and Bell® is incorrect.

Values for H, and for the Activity of Water..—HyValues
interpolated from the tables of Paul and Long? were used
throughout; other H, values tabulated with experimental
data by some authors were disregarded. Activity of water
data from various literature sources were used. Most
am,o values are recorded in the literature as a function of
molality, and cenversion to the molarily scale required
tedious calculation taking densities into account. Plots
of log am0 against acid molarity were constructed, and
log am,0 values were read off the smoothed curves. For
the convenience of other workers, log amo values for three
common acids at 0.5 A intervals, as read off my plots, are
given in Table II.

For sulfuric acid, especially the more concentrated solu-
tions, many authors represent concentration by weight
per cent. It was therefore convenient to construct auxiliary
plots of log am,o versus percentage sulfuric acid, using the
values of Shankman and Gordon?? below 699, and of Deno
and Taft®! above 699.

Reactions Giving Irregular Plots by the New Procedure.—
Hydrolysis of acetic anhydride®: In 0.8-5.8 M HCIO,,
the plot of (log ky + H;) versus log am,o is straight with
nearly zero slope (w —0.45, ow 0.41, oy 0.02 and r 0.361)
below 2.6 M and w —0.38, ow 0.27, oy 0.06 and » 0.421
above 2.6 M), but in 4.6-9.3 M HCI and in 0.7-7.4 M
H,S0, plots of the same sort are sharply bent; initial steep
slopes (ca. +12 in 0.7-1.6 M H,SO,, +3.9 in 4.6-5.6 M
HCI) change rather sharply to near zero slopes at higher
concentrations. Hydration of acrylonitrile to acrylamide®:
In 26-85% H,S04, a plot of (log ky + H,) versus log anwo
curves sharply downward; the initial slope of +2.2 flattens
to a final slope of 40.4, The plot ¢f {log k¢ — log [ke/(hs +
Kan+)]} versus log amso, which should be used if Kgu+ of
20,000 as given by Lemaire and Lucas® for acetonitrile is
applicable, is U-shaped. HHydrolysis of phthalamic acid:*"

(89) Preliminary measunrements in this Laboratory by Miss Elisa-
beth Moraillon, who used the metbod of Lemaire and Lucas, support
thie Kgg+ values for benzamide and acetylglycine used in constructing
Table 1.

(90) H. Lemuaire and H. J. Lucas, J. Am, Chem. Soc., 73, 5198
(1951).

(61) H. J. Campbell and J. T. Edward, Ca». J. Chem., 38, 210%
(1960).

(92) S. Nagakura, A. Minegishi and K, Stanfield, J. Am. Chem. Soc.,
T9, 1033 (1957).

(93) 8. Shankman and A. R. Gordon, J. Am. Chem. Soc., 61, 2370
(1939).

(44) N. C. Deno and R. W. Taft, Jr., tbid., 76, 244 (1954),

(95) V. Gold and J. Hilton, J. Chem Soc., 838, 843 (1955).

(96) N. C. Deno, T. Edwards and C. Perizzolo, J, Am, Chem. Soc.,
79, 2108 (1957).
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TABLE 11
LOGARITHM OF THE ACTIVITY OF WATER IN CONCENTRATED
Acips As A FUNCTION OF MoLARITY®
All values at 25°, aud all are negative in sign

log aHz0-

Molarity HC1 H2S04 HCI10«
0.5 —0.008 —~0.008 —0.008
1.0 — .017 — .018 — .018
1.5 — .027 — .030 — .030
2.0 — .039 — .043 — .043
2.5 — .053 — .063 — .060
3.0 — .070 — .085 — .081
3.5 — .087 — 111 — .106
4.0 — 107 — 142 — .135
4.5 — .130 — 176 — 172
5.0 — .155 — .219 — 215
5.5 — .181 — .267 - .27
6.0 — .211 — .320 — .330
6.5 — 244 - .377 — 411
7.0 - .279 — .439 — .496
7.5 — .318 — .510 — .602
8.0 — .358 — .587 — 714
8.5 - .399 — .670 — .842
9.0 — 444 — .761 — .983
9.5 — .490 — .859 —1.150

10.0 — .539 - .968 ...,
10.5 — .591 —-1.082 ...

@ Sources of data: HCI, M. Randall and L. E. Young, J.
Am. Chem. Soc., 50, 989 (1928); G. Akerlof and J. W,
Teare, thid., 59, 1855 (1937); densities from ‘‘Handbook
of Chemistry and Physics,”” 37th ed., Chemical Rubber
Publishing Co., Cleveland, Ohio, 1955, p. 1851. H.SO,,
ref. 93; H. S. Harned and W. J. Hamer, J. Am. Chem. Soc.,
57, 27 (1935); densities from N. A. Lange, ““Handbook of
Chemistry,” Handbook Publishers, Inc., Sandusky, Ohio,
2nd ed., 1937, p. 1109. HCIOy, J. N. Pearce and A. F.
Nelson, J. Am. Chem. Soc., 55, 3075 (1933); R. A. Robinson
and O. J. Baker, Trans. Roy. Soc. New Zealand, 76, 250
(1946); densities at high molarities from *‘International
Critical Tables,’’ Vol. 111, p. 54.

In1.0-10.0 M HCI, the plot of {log &y — log [ke/(ho + Ksg*)]}
versus log amso shows pronounced downward curvature us-
ing the published Kgng+ of 316; the plot could not be made
to straighten by using other Kgg+ values. Hydrolysis of
o-nitrophenyl hydrogen oxalate®® A J-shaped plot of {log
ky — log [he/(he + Kam*)]} versus log amyo was obtained using
the published Kgsa+ of 0.35; a fair approximation to a
straight line of slope 4.7 was obtained using Kgg+ 4.5,
but this value seems incompatible with other observations of
Bender and Chow.®® Deoxymercuration of B-2-methoxy-
cyclohexylmercuric iodide®: Plots of (log ky + Ho) versus
log ans0 in 1.8-5.6 M H,SO, and 1.14.6 M HCIO, show no
semblance of linearity. Decarbonylation of 2,4,6-trimeth-
oxybenzaldehyde!®: Based on the published Kgg+ of 130,
a plot of {log ky—log [ho/(ho + Kgr*)]} versus log amo for
reaction in hydrochloric acid was approximately linear with
slope about 4-0.9. However, the corresponding plot for
perchloric acid was curved. The perchloric acid data gave a
linear plot (slope about +1.9) when a Kgg+ of 26 was used,
but the corresponding plot for hydrochloric acid was gently
U-shaped.

(97) M. L. Bender, Y.-L. Chow and F. Chloupek, sbid., 80, 5380
(1958).

(98) M. L. Bender and Y.-L. Chow, bid., 81, 3929 (1959).

(99) M. M. Kreevoy and F. R, Kowitt, J. Am. Chem. Soc., 82,
739 (1960).

(100) H. Burkett, W. M. Schubert, F. Schultz, R. B. Murphy and
R. Talbott, £bid., 81, 3923 (1959).



