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Abstract
An equation has been proposed to correlate the rates
of solvolysis of twenty organic compounds in eighteen solvents.
log (k/ko) = sSn ¥ sle (8)
In this equation, k and ko are the flrst-order rate constants
for solvolysis in any solvent and in the standard solvent,
respectively; n and e represent the nucleophilic and electro-
philic character of the solvent, respectively; and s and s!
measure the susceptibllity of the compound to nucleophilice
and electrophilic attack, respectively. The compounds range
from methyl bromide to triphenylmethyl fluoride and the
solvents include ethanol - water, methanol - water, acetone -
water, acetic anhydride - acetic acid, and formic acid - acétone
mixtures.

The mean probable error for the 1lp6 rates calculated
from equation 6 is a factor of 1.28 and the mean variation in
rates for the twenty éompounds is a factor of hﬁiuﬁ .

No support has been found for the hypothesls that two
essentlally different types of transition states are involved
in solvolyses of organic compounds. Neither 1s any support
apparent in this work for the hypothesis that all compounds
which have at least ags great a tendency as t-butyl chloride
to ionize into a carbonium ion react by way of 1denfical
transition states.

The date are more consistent with the hypothesis that



all solvolyses occuf by way of one type of transition state

in which both a nucleophi}ic and an electrophilic solvent
molecule are involved. Only quantitative variations in this
transi tion stgte are necessary to account for the experimental

facts.



INTRODUCTION

Classification of Reaction Mechanisms.- Many reactions

in organic chemistry are classified as polar displacement
reactions. They can be expressed stoichiometricélly by
equation 1.

Y: 4+ RX—» RY + :X (1)
Y: and :X may be neutral or negatively charged. Two general
mechanisms have been written for such processes; one has
been called Syl (Substitution, Nucleophilic, of the 1EE order),
unimolecular,l solvolytic, or polymolecular.z In this
mechanism a preliminary, rate-determining ionization is
thought to be

rx 229, gFa-x-

R 4-v: £288ty gy
followed by a fast, product-controlling step. It has been
recognized2’5 that solvent molecules or added electrophilic

reagents solvate the leaving group, and it has been thought

that much of the driving force4 for the reaction comes from

(1) E. D. Hughes, C. K. Ingold, and C. S. Patel, J. Chem. Soc.,
526 (1933); E. D. Hughes, and C. K. Ingold, ibid., 244
(1935); Nature, 132, 933 (1933); E. D. Hughes, Tpans.
Faraday Soc., 37 611 (1941); I. Dostrovsky, E. D. Fughes,
and C. K. Ingold, J. Chem. Soc., 173 (19463.

(2) J. Steigman and L. P. Hammett, J. Am. Chem. Soc., 59,
2536 (1937); N. T. Farinacci and L. P. Hammett, J. Am.
Chem. Soc., 59, 2542 (1937); 60, 3097 (1938).

(3) L. Bateman, E. D, Hughes, and C. K. Ingold, J. Am. Chem.
Soc., 60, 3080 (1938).

(4). M. G. Evans and M. Polanyi, Trans. Faraday Soc., 34,
11 (1938).



this solvation.2 This type of mechanism is thought to ocecur
with tertiary (and some secondary) aliphatic halides, e.g.,
t=-butyl chloride, or especially with halides which on ion-
ization leave a carbonium ion which can be greatly stabilized
by resonance. Examples of these are allyl, benzhydryl, and
trityl carbonium ions. The evidence for such a mechanism
includes the absence of increase in rate of hydrolysis upen
addition of bases or other highly nucleophilic épecies,s’6
the "mass-law" effect® and the high degree of racemization
associated with the hydrolyses of optically actlve 1rx.a1.’Ldes.2"7
The second mechanism has been called §N2 (§pb§titution
Mucleophilic of the ggg order).8 It is usually applied to
primary (and sometimes secondary) halides and is characterized
by second-order kinetics with highly mucleophilic species,8
and by absence of racemization in the hydrolysis of optically
active halides.9 The Sy2 mechanism is thought to involve =
direct, synchronous displacement of the leaving group by

the entering group, and a transition state in which five atoms

(5) &, M. Ward, J. Chem. Soc., 445 (1927).

(6) L. Bateman, M. Clmrch, E, D. Hughes, C. K. Ingold, and
N. Taher, J. Chem. Soc., 979 (1940).

(7) E. D. Bughes, C. X. Ingold, and A. D. Scott, J. Chem. Soc.,
1201 (1937); W. von E. Doering, and H. Zeiss, Abstracts of
Paper, 1ll7th Meeting American Chemical Spclety, April, 1950,
p.7L, W. von E. Doering and A. Streitweilser,Jr., Abstractsof
Paperg, 119 Meeting American Chemical Society, April,1951 p.45M.

(8) W. Hanhart and C. K. Ingold, J. Chem. Sgoc., 997 (1927);
J. Gleave, E. D, Hughes, and C. K. Ingold, ibid., 236 (1935).

(9) E. D. Hughes and U. G. Shapiro, J. Chem. Soc., 1192 (1937);

?. D.)Hughes, Ce. K. Ingold, and S. Masterman, ibid, 1196
1937) .



have at least partial covalent bonds to the central carbon
atome.

On the other hand, there is some evidence that all
these polar displacements may proceed via one type of trans-
ition state with only quantitative differences between different
compounds. In benzene solution where the solvent is inert,
both trityl chloride and methyl bromide give third-order
kinetics.lo Furthermore,/p, the reaction constant in the
Hammett equationll for correlating the effects of m-and p-
substituents on rates and equilibria shows no evidence of
grouping into two classes, as might be expected if the reactions
involved two distinct types of rate-determining steps. Also,
there 1s evidence that many, if not all, acid - base catalyzed
reactions involve both an electrophilic and a nucleophilic

12 Lastly, i1t has recently been proposed13 that the

reagent.
rates of solvolysis of secondary halides may be discussed more
profitably in terms of one intermediate mechanism than of the

simultaneous operation of both S.1 and 5,2 mechanisms,

(10) C. G. Swain, J. Am. Chem. Soc., 70, 1119 (1948); C. G.
Swain and R. Eddy, ibid, 70, 2987 (1948).

(11) L. P. Hammett, "Physical Organic Chemistry" McGraw-Hill
Book Co., Inc., New York, N. Y., 1940, Chapter VII.

(12) C. G. swain, J. Am. Chem. Soc., 72, 4578 (1950).

(13) S. Winstein, E. Grunwald, and H. W. Jones, J. Am. Chem.
Soc., 73, 2700 (1951).
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Previous Correlations of Solvolysis Rates.- Solvolyses,

or reactions with the (generally hydroxylic) solvent are fairly
typical displacement reactions. In equation 2, R! may be
RX + R'OH —> ROR' + HX (2)

alkyl, acyl, or hydrogen. By using widely different solvents,
major changes in the reactants may be made. In'general, the

rates of these reactions are convenient for measurement. The

rates of reactions are closely related to the driving forces,

and therefore to the mechanisms. For these reasons, and

also since m&wy date are already available in the literature,

the correlation of rates of solvolysis 1s an attractive and

important problem.

A correlation has been proposed14 for hydrolyses in water -
dioxane, water - tetrahydrofuran, water - ethylene glycol
dimethyl ether, or water - diethylene glycol dimethyl ether
mixtures. Over limited ranges of water concentration the
data were correlated by equation 3, where k is the first

log k = log 2 + m loge (3)
order rate constant, ¢ 1s the dielectric constant, and a
and m are constants. This relation fails both in highly
aqueous mixtures and in highly non-agqueous mixtures. Further-

more, it 1is clear that it is not applicable to other solvents.

(12) H. Bolme and W. Schurhoff, Chem. Ber., 84, 28 (1951).



For example, solvolysis of many compounds 1s more rapid in
acetic acid than in ethanol, yet the dielectric constants
are 9.7 and 25.8, respectively.

Other proposals that should be mentloned are those
concerned with correlating the rates of solvolysis of t-butyl
chloride in ethanol - water and methanol - water mixtures in

terms of sirultaneous bimoleculart®si® 17

or termolecular
reactions with water or alcohol. The bimolecular equations
could not correctly predict the ratio of alcohol to ether

in the product,l8

and the termolecular equatlon had so many

disposable parameters that its predictions were not significant.
An equation similar to the bimolecular equations just

mentioned has been proposed19 for the solvolyses of n-butyl

bromide in ethanol - water and methanol - water mixtures

which predicts both the rates and product ratios if molarities

are used to obtain Henry's Law constants for n-butyl bromide.

If mole fractions are used, the equation will fit the rates,

20
but not the products.

(15) A. R. Olson and R. S. Halford, J. Am. Chem. Soc., 59,
2644 (1937). -

(16) P. D. Bartlett, J. Am. Chem. Soc., 81, 1630 (1939).
(17) S. Winstein, J. Am. Chem. Soc., 51, 1635 (1939).

(18) L. C. Bateman, E. D. Hughes, and C. K. Ingold, J. Chem.
Soc. 881 (1938).

(19) M. L. Bird, E. D. Hughes, and C. K. Ingold, J. Chem.
Soc., 255 (1943).

(20) %. Grunwald and S. Winstein, J. Am. Chem. Soc., 70, 846
1948). ""



By far the most extensive and successful correlation
in the lliterature 1s that of Grunwald and Winstein.ls’go
These 1nvestigators were able to correlate the rates of sol-
volysis of t-butyl chloride, t-butyl bromide, &K -methylallyl
chloride, pinscolyl p-bromobenzenesulfonate, neopentyl bromide,
trans-2-bromocyclohexyl p-bromobenzenesulfonate, and trans-
2-methoxycyclohexyl p-bromobenzenesulfonate in ethanol - water,
methanol - water, acetone - water, dnd acetic acid - acetic
anhydride mixtures, as well as in pure formic acid by means
of equation 4. In this equation, k is the flrst-order rafe

log k/k = mY \ (4)

constant for solvolysis of any compound in any solvent, ko
is the first-order rate constant for solvolysis of that com=-
pound in a standard solvent (80% ethanol - 20% water), m
i1s a parameter characteristic of the compound, and Y is a
parameter characteristic of the solvent. By defining m as
unity for a standard compound (t-butyl chloride), Y was
determined for all solvents, and thus m could be calculated
for all other compounds.

Since the free energy of activation is proportional to
the logarithm of the rate constant, equatlon 4 implies a
linear relation between free energies of activation, where

F* - 7} = oY (5)

F* and Fz are the free energies of activation in any solvent

and in the standard solvent, respectively, and ¢ is a



proportionallity factor.

Classifications of Reactlion Mechanisms in Borderline Cases.-

In addition to the §Nl - §N2 classification mentioned above,

a second classification has recently been rna.de.l3 The
compounds whose rates were well correlated by equation 4

had been considered to solvolyze by the §Nl mechanism.
Compounds whose solvolyses had been considered borderline
under the §Nl - §N2 classification correlatéd less well.
Compounds usually considered to solvolyzé by the §N2 mechanism
correlated poorly with eguation 4. It was therefore proposed
that this equation be used as a criterion for determining

the sort of mechanism which was followed in the solvolysis of
a compound, and that those compounds whose rates were well
correlated be termed Limiting (in mechanism), signifying that
no covalent interaction of solvent with carbon existed in tie
transition state. Those compounds whose rates were not well
correlated were termed Nucleophilic (in mechanism), signifying
that to a greater or lesser extent some covalent interaction
between carbon and a nmucleophilic solvent molecule exists in

the transitlion state.



P

RESULTS AND DISCUSSION

The Present Approach.- As noted above, equation 4 falls

badly when applied to compounds having less tendency to ionize
and more tendency to undergo attack by nucleophilic reagents

than t-butyl chloride (those compounds considered to solvolyze
by the §N2 mechanism or considered borderline under the S,1 -

N
S 2 classification). These compounds included methyl , ethyl,

i-propyl, and benzyl halides and sulfonate esters. It had

also been foundzo to fall when applied to compounds having a

greater tendency to ionize. Beénzhydryl chloride and o -phenyl-

ethyl chloride were observed to react in acetone - water

mixtures at a rate about one tenth of that predicted by equation 4.
It has now been found (Table I and Figs. 1 - 2) that

equation 4 does not describe adequately the behavior of

triphenylmethyl (trityl) acetate, trityl fluoride, trityl

p=-nitrophenyl ether, or benzhydryl fluoride. It has also

been found that the failure of equation 4 for benzhydryl

chloride is not limited to acetone - water mixtures (Fig 1).
The deviations between calculated and observed rates

for these trityl and benzhydryl compounds are large, factors

of ten to one hundred in several cases., Moreover, the

deviations are quite regular. Observed rates in formic acid,

acetic acid, methanol - water mixtures, and highly aqueous

ethanol - water mixtures are greater than those calculated

from equation 4 and m-values ohtained from the least-squares



11

lines through plots of the data. Observed rates in acetone -
water mixtures are smaller than those calculated, and those
in highly non-aqueous acetone - water mixtures deviate the most.

It will be noted that those solvents which would be
expected to favor ionization most, give consistently faster
rates than predicted . Since these benzhydryl and trityl
compounds, on 1§nization, all form carbonium ions with
greater resonance stabilization than the t-utyl ion, it
appears that the failure of equation 4 for this type of
compound may be quite general. This suggests that in mechanism
as well as structure, the compounds which were correlated by
equatlion 4 may be intermediate,

If both a mucleophilic and electrophilic reagent are
necessary for polar displacements, then any correlation of
rates of solvdlysis which 1s designed to work over large
changes 1n the structure of both solvent and compound must
take these changing nucleophilicities and electrophilicities
into account. Different solvents will be able to perform
these two tasks with varying efficiencies. For example,
acetic acid is more electrophilic than nmucleophilic; on the
other hand, ethanol is more nucleophilic than electrophilic.

Furthermore, different compounds will be affected in
different manhers by a change in nucleophilic or electro-
philic power of the solvent. For example, it may be expected

that triphenylmethyl halides willl be strongly dependent on
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Compound

Benzhydryl
chloride

Triphenylmethyl

fluoride

Triphenylmethyl

acetate

TABLE I

Solventa

CH_COOH
3

83.3% HCOOH -
COCHS

16.7% CH3

96.7% CHBOH

02H50H

80% 02H5OH

- 409% CoHOH

5
96.7% CHz0H

69.5% CH50H

70% CHECOCHs

Cc/ S
50% CHSCOCBé

CHSCOOH

80% 02H50H

60% 02H50H

96.7% CH_OH

3
69.5% CH5OH

80% CHSCOCHS

SOLVOLYSIS RATES AT 25.0°

k.,
sec%"l

7.45 x 10~

0.693

1.47 x 10~°
4.88 x 10”5

2.61 x 10~%

2.74 x 1072

3.39 x 10™4%

8.28 x 1079

1.60 x 10~°

9.83 x 10~4

1.51 x 1077
5.27 x 10-4

1.9 x 1073

5.6 x 10”4

-

4,2 x 10°°

1.45 x 10~9

log k
-5015

-0'16

"2 085

-5.31
-3.58
-1.56
-3.47
-2.08
-4.80
-3.01
-1.82

=3 .28
-2.72
=3.25
-2 .38
-4.84

12



TABLE I (cont.)

Compound Solventa
Triphenylme thyl 40% C,H OH
thiocyanate

96.7% CH,OH
69.5% CH,OH
80% CH,COCH,
70% CH COCH

3 3

Benzhydryl 80% C,H;0H
fluoride

50% C,HSOH

CH_COOH

83.3% HCOOH -
16.7% CHSCOCH'

3
Triphenylmethyl 80% 02H5OH
p-nitrophenyl
ether 40% C,H_OH
5
69.5% CHOH
50% CHscocHS
CH _COOH
3

t-Butyl chloride 83.3% HCOOH -

16.7% CHSGOCH3

ky
sec.,‘l

3.8 x 10~

5.2 x 1074

2.6 x 10™°

5.5 x 10~%

9.3 x 107

2,78 x 10~

1.12 x 10™°

3.58 x 1070

0.222

4.49 x 10”4

7.89 x 1070

3.04 x 10™°

1.06 x 10™°

4.17 x 10™°

2.92 x 10™%

log k
&%

-2 .42
-3.28
-2.58
-3.26
-3.03

-6056
-4.95
"4:.4.'5

-0065

-535
-2.10
-2 .52
-2.97
-2.38

-3 053

a
Where only part of the solvent is specified,

the rest is water.
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electrophilicity, but only weakly dependent on mucleophilicity.
This is primarily because of their great ability to distribute
a positive charge on the central carbon by resonance. On
the other hand, methyl halides will be expected to show
relatively little dependence on electrophilicity and much
greater dependence on nucleophilicity. This is shown by the
relatively slow rate exhibited in their reactions with silver
_’Lon,2l and the relatively fast rate with phenoxide ion.22

We have then, at least four factors which seem likely
to affect the relative rates of solvolysis, and these are
expressed In equation 6. In this equation, k and ko have

log (k/ko) = sn + sle (6)

the same significance as in equation 4; n and e are constants
representing the nucleophilicity and electrophilicity of
thé solvent, respectively; and s and s' are constants repre-
senting the susceptibility of the compound to changes in
micleophlilicity and electrophilicity, respectively. Since
the ratio k/ko is unity in the standard solvent (80% ethanol -
20% water), n and e are defined as unity for this solvent.

Equation 6 is equivalent to equation 7, where F* and
z = an+4 a'e (7)
Fz have the same significance as in equation 5; n and e

F+ F

have the same significance as in equation 6; and a and a!

(21) K. Burke and F. Donnan, J. Chem. Soc., 85, 555 (1904).

(22) D. Segaller, J. Chem. Soc., 103, 1154, 1421 (1913);
105, 106, 113 (1914). -

16



are proportional to s and s' in equation 6. Equation 7
agsigns all changes in free encergies of activation with
solvent to the four factors mentioned above: rmcleophilicity
of the solvent and susceptibility of the compound to nucleo-
philic attack, and electrophilicity of the solvent and suscept-
ibility to electrophilic attack. The degree of success of
equation 6 in correlating rates is a measure of the validity
of equation 7.

Data available from the iiterature are collected in
Table 1I. Data are included for all compounds for which
rates in four or more solvents have been measured at a
single temperature. Data are included for all solvents
in which rates for three or more compounds have been reported.
In one solvent, 90% acetone - 10% water, only two compounds
have been reported.

In Tables III and IV  the number of solvents in which
data are avallable, s, s', s/s', r (the mean deviation
of the logarithm of the calculated rates), and the temper-
ature at which the date were obtained, are listed for

P4V compounds. In Tables V and VI wvalues of n and e
are tabulated for 18 solvents., In PFigs.3-186 the
logarithm of the relative rates calculated from equation
is plotted against the logarithm of the experimental
relative rates for the 20 compounds. The deviations of
calculated log (k/ko) from observed log (k/ko) are listed

in Tghles VII and VII A.



TABLE II

SOLVOLYSIS RATES FROM THE LITERATURE

Compound

A _Phenylethyl
chloride

t-Butyl bromide

Benzyl
p-toluene-
sulfonate

Solventa

H
02H5O

%
80% C,H_OH

CH30H

of g
80% CHSLOCH5

CH_COOH
9

C_H OH
2°5
90% COH50H
80% CoH50H
7 H
60% CoHgO

74
90% CH,COCH,

80% CH,COCH,

70% 03500035

CZHSOH

of
80% C_H_OH

CHBOH

CH_,COOH
3

ky,
sect’-1

5.87x10"7

1.64x10"7

7.06x10"°

1.44%10°

3.9x10~°6

5.69x10™°

7.14x10"°

3.63x10™%

3.76x10"°

1.27x10™°

1.10x10"%

5.15x10"%

5.35x10 >

3.24x10'4

1.6'7x10'4

2,61x10™°

4,

log k7 Ref.

"6 .23

-"3 .79
-5.15

"'5 084

-5.41

"5.24

-4.15
-3.44
-2 .42
-4.90

"5 096

~3.29

"'4: 02‘7
-3 '49
-'3 078

"'5 058

20,
7

5
20,
7
17

2

20,
29

30
30
30

6

30

6

13
13
13

13

Temp.(°C.)
50.0

50.0
50.0

50.0

50.0

25.0

25.0
25.0
25.0
25.0
25.0

25.0

25.0
25.0
25.0

25.0
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Compound

Isopropyl
bromide

Ethyl
p-toluene-
sulfonate

Ethyl bromide

Triphenylmethyl 50% C

thiocyanate

TABLE II (cont.)

Solventa

02H5OH

380% CoHgOH

50% C_H OH
? Ya's
H20
HCOOH

H _OH
Cz 5
80% 02H50H

5 C_H OH
50% 02 5o

CH_OH
3

H_COOH
C 5CO

CzHapH

4 C_H OH
80% oHe

g H OH
50% 02 5
H.O

2 b
HCOOH

H_COCH
50 S

k
sec%,-l

1.12x10~7

1.18x10°°

8.45x10%

1.16x10"%

ss.esxlo"7

2.46x10"°

9.23x10"°

2.18x10""

4.83%x10~°

5.85x10'8

2.37x10""

1.39x10~°

5.25x10"°

1.85x10"°

9.8X10-8

Z

1.92x10 =

log kl Ref.
-5.95 13
-5.93 13
"'5 007 13
=3.94 13
-6.07 13
-5.61 13
~5.,03 13
-4 .66 13
=5.32 13
-7 .42 13
-5.63 35
-5.86 30
-5.28 13
-4.74 13
"‘7 .Ol 31
-2.72 38

Temp. (°C.)

50.0
50.0
50.0
50.0

50.0

50.0
50.0
50.0
50.0
50.0

55.0
535.0
55.0
53.0
55.0

25.0



Compound

Benzyl

chloride

t-Butyl

chloride

80%
50%

90%
80%
60%
50%
40%

TABLE II (cont.)

Solvent?

C_H OH
25
C _H OH
2 5
C.,H_OH

25
CH_OH
3

C H OH
2 5

02H5OH

02H5OH

H OH
CZ 5]

02H5OH

C_H OH
25

CH OH
3

96.7% CH_OH

3

69.5% CH_,OH

80% C
50% C

C

3

H_COCH
3 3

H COoCH
5) 3

HQO

H_COOH
e

HCOOH

97 .5%(C
2.5% C

H,CO0),0-

3
HSCOOH

3.14x10
2 .22x10
1.22x10

1.23x10

9.70x10
1.73x10
9.24x10
1.27x10
3.67x10

ry-

-5
-5
-G

-8
-5
-6

-4

-

1.29x10 =

8.20x10

1.75x10
9.75x10
1.94x10
1.82x10

3.3%10

2.13x10

1.1x10"

4.77x10

-7

-6
-5
-6
-4
2

-7

3

-9

log kl

-6450
“5065
-4,91

-5091

-7.01
-5.76

-5003

‘5.44
“2.89

-6.09

~5.76
-4.01
-S.71
=3.74
-1.48

-6.67

=2.96

"8 .32

Ref.

13

13
13

20
26
26
26
26
26

20,
15

15
15
26
39

20,
28

20

20,
2Y

20

20

Temp.( C)

50.0
50.0
50.0
50.0

25.0
25.0
25.0
25.0
25.0
25.0

25.0

25.0
25.0
25.0
25.0

25.0

25.0

25.0

25.0
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TABLE II (cont.)

Compound Solvent? kq 1 log ky Ref. Temp.(°C)
sec.,
| =7
Methyl C_H OH 3.93x10 -6.41 13 50.0
bromide 25 -6
80% 02H50H 2.,19x10 -5.66 13 50.0
50% CoH OH 5.66x10"°  -5.25 13  50.0
-5
Hy0 1.05x10 -4.98 13 50.0
HCOOH® 3.65x10"° -7.44 31 50.0
50% CHBCOCHs 3.65x107 ° .5.44 38 50.0
trans-2-Bromo- CBH5OH 2.67x10-7 -6.87 13 50.0
cyclohexyl p-bromo-
benzenesulfonate -6
80% cgﬂsoﬂ 7.02x10 -5.15 13 50.0
50% C H,OH 9.12x10"° -4.,04 13 50.0
CH,OH 1.28x10"° -5.89 13  50.0
CH_COOH 5.28x10"¢  -6.28 13, 50.0
S : 34
trans-2-Methoxy- CgpHgOH 5.11x1077  -6.51 13  50.0
cyclohexyl p-bromo-
benzenesulfonate -5
80% CoHg0H 3.25x10 -5.49 13 50.0
. -5
50% 02H5OH 1.61x10 -4,79 13 50.0
CH,OF 1.12x10"° -5.95 13 50.0
CH,COOH 3.46x107  =6.46 13, 50.0
34
Triphenylmethyl 50% CH COCH 7.2x10"% -3.14 38 25.0
acetate S S
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TABLE II (cont.)

Compound Solventa
Benzhydryl C2H50H
"chloride

7 H

90% 02 5OH

80% C_H_OH
25

90% CH_COCH

¥y

80% CH_COCH

(9N
(92 I 0N

70% CH_COCH

(W)
(WY

50% CH_COCH

(9]
(9N

Isopropyl p-bromo- C_H _ OH
benzenesulfonate 25
80% CZHSOH

CHSOH

CHSCOOH

97.5%(CH500) 0-

2.5% CH;CO0

Pinacolyl p-bromo- Czﬂsoﬂ
benzenesulfonate

80% C_H_OH
7 2 5

H
C 3OH

CH_COOH
3

97 .5%(CH_,C0),0-
2.5% CH3CO0%

CH3

HCOOH

COOH

k
seo%’”l

5.30x10™°
-4
4.,90x10
-B
1.72x10 “
4.60x10~°
7 .24%x10°
3.20x10™%

1.65%x10™°

2.64x10™%

1.70x10™°
-4
7 .31x10

6.94x10~°

1.42x10™°

-5
7 L04x10
1.38%x10~°

-0
3.21%10°

2,74x10™%

-:
1.16x10"°
6.95x10™7

8.58x10"%

log k

-4.,28
-3 .31
-2.76
-5.34
-4.14
-3 .49
-1.78

-5..58
=277
~3.14
-4.16

-5 085

-4.15
-2 .86
-3.49
-3.56

-4 .94
"6 016

~3.07

Ref.

32
35
33

38

20
20
20

20

20

20
20
20
20

20
36
36

e
-

Temp . ( °C.)

25.0
25.0
25.0
25.0
25.0
25.0

25.0

70.0
70.0
70.0

70.0
70.0

70.0
70.0
70.0

70.0

70.0
25.0

25.0
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TABLE II (Cont.)

Compound Solvent? kq, log k, Ref. Temp.(°C.
P secl -1 1
-7
n-Butyl Oy HOH 7 .8x10 -6.11 19  75.1
bromide -6
90% 02}1505e 2.51x10 -5.60 19 75.1
80% C,H_OH 3.80x10"°%  -5.41 19 75.1
60% ¢ H_0H° 7.24x10"° 5,14 19 7s5.1
ot o 1.70x10"°% 5077 19 75.1
96.7% CHSOHd’e 2.42x10°%  -5.62 19 75.1
d,e -3
69.5% CH,OH 1.13x10 -4.95 19 75.1
HCooHY 2.82x10""7 -6.55 37  75.1

a
Where only part of the solvent is specified, the rest is water
b

Extrapolated from a higher temperature using

19.8 kcal.®

cExtrapolated from a‘higher temperature using

= 20.2 kcal.15

dExtrapoléted from higher or lower temperatures using
= 22.0 keal.

e
Interpolated from a plot of log k vs. mole fraction water

(26) E. D. Hughes, J. Chem. Soc., 255 (1935).
(27) L. Bateman and E. D. Hughes, J. Chem. Soc., 935 (1940).
(28) C. G. Swain and S. Ross, J. &m. Chem. Soc., 59, 2644 (1937).

(29) E. D. Bughes, C. K. Ingold, S. Masterman, and B. J.
McNulty, J. Chem. Soc., 889 (1940).



(30)
(31)
(32)

(33)
(34)

(35)
(36)

(37)
(38)
(39)

L. Bateman, K. Cooper, E. D. Hughes, and C. K. Ingold,
J. Chem. Soc., 925 (1940).

I. Dostrovsky, and E. D. Hughes, J. Chem. Soc., 166,
171 (1946). .

E. D. Hughes, C. K. Ingold, and N. Taher, J. Chem. Soc,,
949 (1940).

A. M. Ward, J. Chem. Soc., 2285 (1927).

S. Winstein, E. Grunwald, and L. Ingraham, J. Am. Chem.
Soc., 70, 821 (1948).

E. Grunwald and S. Winstein, J. Am. Chem. Soc., 69,
2051 (1947).

S. Winstein and H. Marshall, J. Am. Chem. Soc., 74,
1120 (1952).

L. Bateman and E. D. Hughes, J. Chem. Soc., 940 (1940).
C. B. Scott, Ph.D. Thesis, M.I.T., Jamary, 1952.
M. 8. Swain, Ph.D. Thesis, Radcliffe College, 1948.
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Fig. 3 .- n+Log k/ky(obsd.) vs. log k/ky (calcd)
from Whirlwind I Constants. For identification of
solvents and compounds see pP. 37.
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from Whirlwind I Constants. For ldentification of
solvents and compounds see p. 37.
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Fig. 5 .- n+Log k/ky (obsd.) vs. log k/k, (calcd.)
from Whirlwind I Constants. For identification of
solvents and compounds see p. 37.
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Fig. 7 .- n+4Log k/k_ (obsd.) vs. log k/k o{calcd.)
from Whirlwind I Constants. For identification of
solvents and compounds see p. 37.
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Fig. 8 .- n+Log k/k, (obsd.) vs. log k/k, (calcd.)

from Whirlwind I Constants.

For identification of

solvents and compounds see p. 37.
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Fig. 9 .- n+ Log k/ko (obsd.) vs. log k/ko (caled.)
from Whirlwind I Constants. For identification of
solvents and compounds see p., 37. '
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Fig. 10 .- Log. k/k_ (obsd.H®n vs. log k/ko (caled.)
from Prial and ErBor Constants. Add 2 t9 abscissa
of Compound B. Fpor identification of solvents and
compounds see p. 37,
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from Trial and Error Constants. TFor identification
of solvents and compounds see p. 37.
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Pig. 13 .- n+4 Log k/k_ (obsd.) vs. log k/k_ (calcd.)
from Trial and Brrof Constants. For ideBtification
of solvents and compounds see p. 37.
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Fig. 14 .- n + Log. k/k_ (obsd.) vs, log k/%_ (caled.)
from Trial and Grror Constants. For idenPification
of solvents and compounds see p. 37,
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Fig. 15 .= n + Log k/k_ (obsd.) ve. log k/k, (calcd.)
from Trial and Errof Constants. For identification
of solvents and compounds see p. 37.
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TABLE (il

CONSTANTS FOR VARIOUS COLPOUNDS

OBTAINER BY TRIAL AND ERROR

Compound no. s
Benzhydryl chloride 9 1.000
Benzhydryl fluoride 4 0.328
Benzyl chloride 4 .421

Benzyl p-toluenesulfonate4 .623

trans-2-Bromocyclohexyl 5 .691
p-bromobenzenesulfonate

n-Butyl bromide 8 695
t-Butyl bromide 7 1.373
t-Butyl chloride 16 (1.000)
Ethyl bromide 5 0.968

Ethyl p-toluenesulfonate 5 .667
Isopropyl bromide 5 1.023

Isopropyl p-bromobenzene-
sulfonate 5 0.547

trans-2-iethoxycyclohexyl
p-hromobenzenesulfonate5 .505

Methyl bromide 6 .943
-Phenylethyl chloride S5 .996

Pinacolyl p-bromobenzene-

sulfonate 6 .6583
Trityl acetate 6 .305
Trityl fluoride 8 .286

Trityl psnitrophenylether 5 .,244

Trityl thiocyanate 6 .558

263
.965
(1.000)
0.395
202

.614

433

s/s'
0.97
25
.91
l1.64

0.89

2.63
1.35
(1.00)
2 .45
2.28

1.66
1.27

0.93
3.59
0.81

.09

.01
.13

14

.18
.10
.10
.05

<05

50.0
25.0

50.0

50.0
50.0

50.0

70.0
25.0
25.0
25.0

25.0



COMSTAITS FOR VARIOUS COMPOUNDS OBTAINED BY WHIRLWIID I

Moo o H @ @ o e3
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TABLE 1v

Compound no.
Benzhydryl chloride 9
Benzhydryl fluoride 4
Benzyl chloride 4

Benzyl p-toluene-
sulfonate 4

trans-2-Bromocyclohexyl

p-bromobenzene-~
sulfonate 5
n-Butyl bromide 8
t-Butyl bromide 7
t-Butyl chloride 16
Ethyl bromide 5}
Ethyl p-tcluenesulfonateb
Isopropyl bromide 5
Isopropyl p-bromobenzene-

sulfonate 5

trans-2-Methoxycyclohexyl

S
1.241

0.330

.421% 0.526%

727

. 788
+928

1.656

s‘
1.273
1.319

«429

880
381

1.099

s/s!
0.97
1)

a
.80

1.69

0.89
243

1.51

(1.000)(1,000) (1.00)

0.957
706
1.014

0.651

p-bromobenzenesulfonate 5 .574

N Methyl bromide 6
0 -Phenylethyl chloride 5
P Pinacolyl p-bromobenzene-
sulfonate 6
@ Trityl acetate S)
R Trityl fluoride 8
S Trityl p-nitrophenyl
ether 5
T Trityl thiocyanate 6

« 946

1.352

0.741

.211°

274

178

542

0.394
.285
.610

.588
.279

1.636

0 .880

7312

1.097

« 548

.293

2.43

.84

29

25

.27

1.16

b

r
0.22

.05

a
A2

06

.04
.08

05

.03
.04
.02

.09

.06
.11

.08

03

.06

gemp.,
25.0
25.0

50.0

25.0

50 40
75.1
25.0
25.0
55.0
50.0
50.0

70.0

50.0
50.0

50 .0

70.0
£5.0

25.0

25.0

25,0

32
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TABLE IV (Cont.)

®Tne value of s obtailned by Whirlwind I was -10.5. S¢nce

a negative s has no physical significance the s and s!' listed
were obtained by trial and error. Trey are thought to be
reasonable but should be considered only provisional. Tye

mesn deviation using the Whirlwind I values(s =-10.48; s' = 1.84)
is 0.04.

bThe value of s obtained by Whirlwind I was -0.4. The values
listed should be considered only provisionala. The mean 7
deviation using the Whirlwind I values (s = -0.402; s' = 0,544)

is 0.la.
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TABLE V
CONSTANTS FOR VARIOQOUS SQLVENT
OBTAINED BY TRIAL AND ERROR
Solvent

Bthanol

90% Ethanol - 10% water
80% Ethanol - 20% water

60% Ethanol - 40% water

50% Ethanol - 50% water

40% Ethanol - 60% water

lethanol

96.7% Methanol - 3.3% water
69.5% Methanol - 30.5% water
90% Acetone - 10% water

80% Acetone - 20% water

70% Acetone - 30% water

50% Acetone - 50% water
Water

Acetic acid

97 .5% Acetic anhydride - 2.5% acetic a

Formic acid

83.3% Formic acid - 16.7% acetone

S

.00
.00
.00
.00
-.48
-.71
-.48
2.14
1.42
1l.42
0.43
-.10
~5.22

cid

-10.78

-3.42
-3.32

-1.92
-0.68
.00
.96
1.33
1.88
-0.34

54

7.08
.47
S5.34

i
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10
11

12

14
18
16

17

18

CONSTANTS FOR VARIOUS SOLVEINTS

Solvent
Ethanol
90% Ethanol
80% £Ethanol
60% ethanol
50% BEthanol
409 Bthanol

Me thanol

TABLE vi

OBTAINED BY WHIRLWIND I

10%
20%
40%
50%

60%

water

water

water

water

water

96.7% Methanol - 3.3% water

69.5% liethanol - 30.5% water

909 Acetone
80% Acetone
70% acetone
50% Acetone

Water

Acetic acid

, water

, water

water

water

97 .5% Acetic anhydride - 2.5% Acetic

Formic acild

acid

83.3% Formic acid - 16,7% acetone

n
-0.166
-.075
(.000)
-.094
.141

1.171
0.968
528
-.471
-4.485

"8 0009
-3.526

-34.5956

e
-1.383
-0.479

(.000)

1.096

1,193

1.770
-0.735

.053

1.373
-3.268
-2.136
-1.383
1 0.541

3.973

2.694

4.478
5.563
5.299

5Fs]
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The mean deviation25 in log k/ko for the 106 reactions
available is 0..08 corresponding to a factor of 1.28 , for
compounds ranging from methyl bromide to trityl fluoride
in ethanol - water, methanol - water, acetone - water,
acetic acid - acetic anhydride, and formic acid - acetone
mixtures. No deviation is as large as a factor of three.

It is felt that this fit is qulite satisfactory, considering

the wide range.of solvents, of compounds and of rates

covered. The rates for some compounds vary by five or

six powers of ten over the range of solvents investigated,

the mean variation being three powers of ten. The largest

mean deviation for any compound is a factor ofvl.66 for benz-
hydryl. chloride, for which the total variation in rates is more
than' five:: powers‘of.ten.

for comparison, the mean deviation for the same reactions
using equation 4 1s a factor of 2.54 and the largest mean
deviation is a factor of 76 for benzhydryl fluoride. Further,
14 of the 20 compounds have mean deviations in excess of a
factor of two, and 8 have mean deviations in excess of a
factor of three. The largest error for any reaction

is a factor of 575 for benzhydryl fluoride in 83.3% formic
acid - 16.7% acetone.

(23) R. Livingston, "Physico Chemical Experiments", MacMillan
Co., NQW York, N. Y-, 1948, p. 29.
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The n, e, s, and s' values listed in Tables III and V
were obtained in the following manner. The reasonable
(ef. Appendix B) approximation was made that water - sthanol
mixtures are all of similar nucleophilicity and differ
mainly in electrophilic character. (A similar assumption
has been made by Winsteinlé) If this is true, then eaquation

6 degenerates to
log (k/ko) - s'e

tn ethanol - water mixtures, since n = O for 80% ethanol -
20% water and hence for all ethanol - water mixtures. By
assigning s!' = 1.00 for ethyl p-toluenesulfonatc the e
values for ethanol - water mixtures listed in Table IX
were calculated.

TABLE IX

PROVISIONAL VALUES OF e FOR ETHANOL - WATER MIXTURES

Solvent e

Ethanol . -0.58
80% Ethanol - 20% water 0.00
50% Ethanol - 50% water , 0.37

From n = 0.0 and these e values, s' values for most
of the other compounds could be calculated from the data for:
.ethanol - water solutions (Table X ). Values of e for
other ethanol - water mixtures could be calculated from the
s! value of 3.86 for t-butyl chloride (Table XI ). From

these values, s!' could be calculated (Table XII ) for



trityl acetate and trityl p-nitrophenyl ether (for which
rate constants are not available in the solvents listed in
Table IX ).
TABLE X
PROVISIONAL VALUES OF s' FOR SEVERAL COMPOUNDS

Compound st
Benzhydryl chloride 2.42
Benzhydryl fluoride 4,38
Benzyl chloride 1.73
Benzyl p-toluenesulfonate 1.34
trans-2-Bromocyclohexyl

p-bromobenzenesulfonate 2.72
n-Butyl bromide 1.21
t-Butyl bromide 3.10
t=Butyl chloride | 3.86
Ethyl bromide 1.45
Ethyl p-toluenesulfonate 1.00
Isopropyl bromide 2.04

Isopropyl p-bromobenzenesulfonate 1.40

trans-2=-Methoxycyclohexyl

p-bromobenzenesulfonate | 1.82\
Methyl bromide 1.15
o -Phenylethyl chloride ‘ 4.21

Pinacolyl p-bromobenzenesulfonate 2.22

Trityl fluoride 2.98



TABLE XI
PROVISIONAL VALUES OF e FOR ETHANOL - WATER MIXTURES

Solvent e
90% Ethanol - 10% water -0.19
60% Ethanol - 40% water .29
40% Ethenol - 60% water .55
TABLE XII

PROVISIONAL VALUES OF s!

Compound s!
Trityl p~-nitrophenyl ether 2.7
Trityl acetate 1.93

By assigning n = 1.00 and e = 1.00 to acetic acid,

values of s listed in Table were obtained.

TABLE XIII
SOME PROVISIONAL VALUES OF s

Compound s
Benzhydryl chloride 4.79
Benzhydryl fluoride _ , 2.24
Benzyl p-toluenesulfonate S5.43

trens-Z-Bromocyclohexyl p-bromobenzenesulfonate 3.85
t-Butyl chloride 5.50
Ethyl p~toluenesulfonate 5.39

Isopropyl p-bromobenzenesulfonate 2.79
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TABLE XIII(Cont.)
Compound B s

trans-2-Methoxycyclohexyl p-bromobenzenesulfonate 2.79

& -Phenylethyl chloride ' 5.83
Pinacolyl p-bromobenzenesulfonate 2.92
Trityl fluoride - 1.24
Trityl p-nibrophenylether 1.30

By use of the s and s' values provisionally assigned
to t-butyl chloride and pinacolyl p-bromobenzenesulfonate,
n and e for methanol could bé calculated provisionally to
be 0.05 and -0.35, respectively. By use of these n and e

values and the s' values listed in Table X , s could be

. calculated for the compounds in Table XIII . These

provisional s and s' values are not all reasonable ones,

For example, s/s' for benzyl chloride is larger than s/s!
for n-butyl bromide, indicating that mucleophilic driving
forces are more important for benzyl chloride,cf. P. 56.
This 1is not in accord with the expectation that nucleo-
philie attack should be less important for compounds which
can form more stable carbonium ions.

In 2 similar fashion, values of s for all the other
compounds may be calculated. From these s values and the
s! &alues in Table X , n and e values could be obtained

for all other solvents. These s, 8', n, and e values were



then adjusted to give the best fit of the data. The final
values are collected in Tgbles LIII and V . 1t is seen
that these values are, on the whole, more reasonable than
the provisional values. For example, s/s' 1s now smaller
for benzyl chloride than for n-butyl bromide.
The constants listed in Tables IV and VI  were

obtained by a method of least squares. If
p3 (Zij - 8;n4 - s{ej)z, where i1 refers to the compound
;%d j to the solvent, and Zij is log kij/k;’ is minimized
with respect to s; we obtain a set of equations

3? Zijnj = 84 J?njzdv si jznjej
Similarly if the expressionis minimized with respect to
s{ we obtain a set of equations

?-Zijej =8 ? nye; + s/ ? ej2
If a set of n and e values are asgsumed then these two sets

of equations may be solved to give a set of S and s values

which minimize the expression for the set of n and e values

assunmed.

Now if the expression is minimized with respect to nj

and then ej, we obtain a set of equations

2
S72,.8, =n, = . 2 g.s!
= 2435 n,]j_siﬂ-e.]»j_slsi
2
r7 | R 1
Ei “ijsi - nj % Sisi+ ej % 3

With the use of the s and s' values just obtained, these

equations may be solved for a set of n and e values which
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minimize the expression E% (zij - 830y - Siej)z for the
set of s and s' values used.

The digital computer, Whirlwind I, was utilized to
perform the calculations just outlined. A detalled description
of the program used, and a brief discussion of the computer
and programming for it,are given in Appendix C.

After 19 of the iterations descrlibed above, the set of
n, e, s, and s' values listed in Tables IV and VI were
obtained. Cgrrying this procedure out 1800 more iterations
gave a somewhat better fit of the data (a mean deviation in-

k of a factor of 1.22 vs. a factor of 1.28), but a few of the
values had become much less reasonable. Since the procedure
had not converged after 1800 iterations (as judged from plots
of the n and e against number of iterations), the more
reasonable set of values has been used. it was not possible
to carry the method out past 1800 iterations because a
prohibitively large amount of computer time was being used.
There was no definite indication that even another 1800
iterations would lead to convergence. Furthermore, no
reliable criterion for convergence, except lack of change
after a very large number of further iterations, was available.

The set of n and e values used to start the procedure

is in Tables III and IV,
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Comparison of the two sets of constants. Tables 111 and

IV, VII and VII A show that the constants derived by
Whirlwind I give a better fit of the data for several

compounds. The fit is significantly better for n-butyl

- bromide X -phenylethyl chloride, and pinacolyl p-bromobenzene-

sulfonate; and signiflcantly poorer for benzyl chloride and
trityl acetate (the compounds for which s and s' were assigned

by trial and error, cf. footnotes to Table IV .

The mean deviation for all the reactions is also lower (a fac tor

of 1.28 vs a factor of 1.35) using the constants obtained by
Whirlwind I. In view of the better fit and the greater
objectivity of the method, the constants obtained by Whirlwind
I are to be preferred over those obtalned by trial and error
and have been used throughout this thesis.,

Comparison of the s/s' values in Tables IIT and V
shows a remarkable similarity in the two sets of ratios, the
average difference being less than 6%. Comparison of the
individual s and s' values shows less similarity, but even
here only a small proportion of the mumbers have been changed
significantly. Bpth s and s' for n-butyl bromide were in-
creased by Whirlwind I and these values are to be preferred,
since they are nearer to the values for ethyl bromide and also

give a significantly better fit of the data. Both s and s!



for & -phenylethyl chloride were also increased by Whirlwind I
and these values give a better fit of the data as noted above,
The s va;ue for trityl p-nitrophenyl ether was decreased by
Whirlwind I and the already good fit was improved somewhat.
The value of s for trityl acetate in Table III is larger
than the value in Table IV.

Comparison of the trial-and-error set of n and e
(Table V ) and the Whirlwind I set (Table VI ) shows sewral
major changes. Some of these, such as the constants for
90% acetone - 10% water and for 97.5% acetic anhydride -
2.5% acetic acid, may be ascribed to the small amount of
data avallable for fixing the paramaters. In some cases,
i.e., 96.7% methanol - 3.3% water, 70% acetone - 30% water,
and pure water, the Whirlwind I values give better agreement
with the data. In other cases, l.e., ethanol, methanol,
arnd acetic acid, the agreement 1s not significantly different.

It will be noted that in both TableIII and Table IV ,
s and s' for t-butyl chloride are set atl.000 , This was
done after all the constants had been assigned, and no
greater weight was given to t-butyl chloride than to any
other compound.
| Inspection of Tables III and IV shows that.aata
at temperatures between 25°% and 75° has been correlated.

Since log k/ko mist be inversely proportional to the absolute
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temperature, then either s and s' or n and e must also be
inversely proportional to the absolute temperature. It is
convenient to define n and e as temperature independent.

This means that the s and s' values listed are valid only
at the temperature listed. If it is desired to calculate

relative rates at a differént temperature the relation

8! = s!' = 22
8o sp Ty

.may be used to calculate the new s and s!,

Although the major variations in rate appear to be well
correlated by equation 6 , some of the deviations of calculated
from observed rates are definitely outside experimental error.
Pyrther refinementé In the theory might account for these
variations, but it 1is not'felt that sufficient data is avail-
able to warrant such a treatment. WNevertheless, some specu-
lation may be made concerning the nature of these effects.

It has been assumed that s and s' are entirely independent

of n and e. This may not be quite true., For example, in
the presence of a strongly electrophilic reagent some com-
pounds may show less dependence on the nucleophilicity of the
solﬁent. Furthermore, all compounds need not exhibit this
property to the same degree.

It should be pointed out that the n values listed in
Tables ITTI and IV are not strictly comparable with those

38 ,
obtained by Scott for the correlation of rates in one
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solvent with added nucleophilic reagents. Changing the
solvent not only changes the nucleophilic and electrophilic
species, it also makes massive changes in such factors as
dielectric constant and activity coefficients of both
reactants and transitlon-states. An'example of the effect
of changing actlvity coefficlents may be seen in the sol-
volysis of t-butyl chloride. It has been showngo that the
rate constants for solvolysis of t-butyl chloride in
acetone - water, methanol - water, and ethanol - water
mixtures (but not in pure ethanol) are well correlated
by the equation,

log'k = 1.232 log H -~ 9.811 _
where H is the Henry's Law constant for t-butyl chloride, and
is proportional to the activity coefficient. This equation
fails for pure ethanol as well as for acetic acid - acetic

anhydride mixtures. Furthermore, the Bronsted Rate Law
£y
i

Ix

shows immediately that unless changes in activity coefficlents

velocity = kTTCi

of reactants are balanced by similar‘changes in activity
coefficients of the transition-state, the velocity of the
reaction will be affected by medium changes.

Since equation © does not contain these factqrs
explicitly, they must be implicit in n and e, Now Scott was
not concerned with changes in sclvent, so the n values he

obtained do not contain this implicit dependence on dielectric

3]



constant, activity coefficients, etc. It must be emphasized,
therefore, that no meaningful comparison of the two sets of
n values can be made.

This implicit dépendence of n and e on factors other
than nucleophilicity and electrophilicity of individual
molecules is gqulte likely respdnsible for some of the devia-
tions of calculated from observed rates. Ag mentioned above,
further refinement of the treatment might eliminate these

errors, but sufficlient data to warrant this are not available.



Further Significance of Equation 6 . It may be

shown®0 that the Bronsted Catalysis Lawt® may be derived from

equation 6 If the catalysis of a reaction by various bases
is being studied, then s, s' and e are constant and only n
is belng varied.
log k/ko = sSn 4 constant (8)
log k = sn++ C
This is the same form as the Bronsted Catalysis Law for
bases, equation s , 1f n is proportional to log Kb.
Similarly, if the nucleophilic agent remains the same,
log k, = x log K, T ¢C ey
and various acids are used as electrophilic agents, the
Bronsted Catalysis Law for acids, equation 10 , results,
if e is proportional to log K, .
log k/kO = s'e 4 constant
log k¥ = s'e 4+ C

logk = x logKa+ ¢ (1)
1f the electrophilic agent is kept the same and various
nucleophilic reagents are added, equation g is obtained.
Now if rates with two different nucleophilic reagents are

comparsd we obtain
log (k]_/kg) = s(nl - ng)

log (kl/kg) an!t

iiogg?in and C. B. Scott, J. Am. Chenm. Soc., 74, 0000

(W]

1S
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(where n' = nq = n,). This is the same form of esquation

[

used by Scott®® to correlate rates of reaction of a series of

nucleophilic reagents with a series of compounds.

~

i

(3]
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Significance of s and s'.- The quantity s/s' seems to

be a measure of the relative importance of nucleophilic and
electrophilic attack in influencing the relative rates of
a compound, but 1t must be emphasized that these ratios have

significance only relative to other s/s' values. Methyl

bromide has s/s!' = 3.39, indicating that the first term in
equation & contributes relatively greatly to the right hand
side of the equation. This 18 consistent with the evidence
mentioned above that nucleophilic attack exerts a greater
influence than‘electrophilic attack on the rates of reaction
of methyl helides. A steady decrease in the quantity s/s!
is observed over the serles methyl bromide, ethyl bromide,
isopropyl bromide, t-butyl bromide. This is in agreement
with much evidence®? that a decreasing susceptibility to mucieo-
philic attack exists over this series. For trityl derivatives,
s/s' is quite low, averaging 0.49. This agréeS'with the qual-
itative prediction made above that trityl derivatives should
be more susceptible to electrophilic than nucleophilic attack.
In general, it is seen that those compounds which are expected
to show the greater dependence on nucleophilicity have the
higher s/s" but a few inconsistencies are apparent.

It will be noted from Table .IV thaut there ls no evidence
for grouping the compounds into two discrete classes according

to values of s, s', or s/s', Such a grouping might be expected

(24). Ref. 11, p. 152,
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if two separate transition-states, e.g., of the 1 and

Sy
§N28 types existed for solvolyses. Furthermore, no evidence
is seen for a Limiting mechanisml5, with a transition-state
which is identical for t-butyl halides and all other compounds
which have greater tendencies to ionize. Rgther, a smooth
gradation from methyl bromide to trityl derivatives more
closely approximates the data of Table IV.

Significance of n and e.~ The large positive e values

and large negative n values for carboxylic aclids are in
agreement with the generally acceptedzo observation that such
solvents are very favorable to processes requiring electro-
philic attack, and very unfavorable to processes requiring
nucleophilic attack. As mentioned above, the approximation
that e 1is constant in ethanol - water mixtures seems a good
one. Methanol - water mixtures are seen to be more electro-
philic than nucleophilic; while the reverse is true for
relatlively non-aqueous acdtone - water mixtures.

The one value in Tgable VI that at first glance does not
appear reasonable is the e=-value for 97.5% acetic anhydride =
2.5% acetic acid. The problem is not simple, because acetic
acid is highly dimerized and polymerizedzs, but one would not
expect that addition of acetic anhydride to dry acetic acid

would make the solvent more electrophilic.

(25) M. I, Batuer, Compt, rend. acad. s S
- * L) 010 UoHoS.D. 2
401 (1946); 53, 317, 507 (1946. > 2
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Consideration of Other Possible Equations.- The question

arises whether or not it is possible to correlate the rates
of all these compounds by assuming that some or all of them
react simultaneously by two different mechanisms. Part of
the t-butyl chlofide molecules, for example,might follow one
path and the rest another. If this is true it might be
possible to sort out the fractlions reacting by each path.
These fractions should conform to conclusions previously

reachedl

on the hypothesls of a duality of mechanism,e.g.,
that solvolysis of t-butyl chloride is chiefly §Nl, at least
in acetic acid and the more highly aqueous of the water -
alcohol and water - acetone mixtures.

If trityl fluoride reacts entirely by the §Nl mechanism
and n-butyl bromide entirely by the §N2 mechanism then it
might be possible to set up a quantitative scale for solvents
based on these compounds, which would measure the tendency
for S 1 and §N2 reactions to occur. Such a set is recorded

N

in Table XIV. The Yi values are based on trityl fluoride. They

are defined by equation 1ll. The Yé values are based on
Iy = o8 k = 108 ¥g4g othanol

Y, = log k - log k (12)
2 8 80% ethanol

(11)

n-butyl bromide and are defined by equation 12. The new
equations for the rate of solvolysis in any medium are then
o
log (kl/kl ) = my Yy

log (ky/%5°%) = m Y

272



where ‘the two equations represent, respectively, the §Nl
and §N2 contributions to the total rate. For purposes of
evaluating m for t-butyl chloride, k, the observed flrst-
order rate constant, was set equal to kl for both acetic acid
and 40% ethanol - 60% water; k, could then be calculated for

all other solvents. To evaluate m k. was set equal to

27 72

the observed first-order rate constant minus the calculated
k, for ethanol and for 80% ethanol - 20% water, and k, was
calculated for the other solvents.

It is clear from Table XIVthat useful predictions are not
made under the assumption that trityl fluoride reacts entirely
by the §Nl mechanism, n-butyl bromide entirely by the §N2
mechanism, and compounds intermediate in structure by both
mechanisms, Although the agreement of calculated and observed
fates is fair, it is necessary to assume that in all solvents
other than 40% ethanol - 60% water and acetic acid, less than
.00004% of the observed rate is due to an §Nl reaction.
Furthermore, Tgble XV shows that a similar calculation
indicates nearly one~fourth of the rate of isopropyl bromide
in 50% ethanol - 50% water to be due to an Syt reaction,
whereas less than 0.000001% of the reaction of t-butyl chloride
in this medium 1s calculated to occur by the S 1 mechanism.

N
Thus a secondary halide shows more tendency to undergo an

§Nl reaction than a tertiary halide, in contradiction to
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TABLE XIV
SOLVOLYSIS OF t~BUTYL CHLORIDE AT 25.0°

a
Solvent Yi Yé kobsd., klcalo., ko calc., kl/k
-1 -1 -1
sec. sec. sec.
-8 -58 -8
80% C,HZOH 0.00 0.00 9.24x107° 6.3x107°° (9.24x10"%) 0.000

b o1

96.7% CH,0H 0.11 -0.21 1.75x107°  2.14x10™°" 2.40x10"% 0.000

=4

-4 -16 .5
60% G B OH  1.18° 0.27° 1.27x107° 7.10x10 " 5.38x10™° 0.000

50% C,H_OH 1.45° 0.51° 3.67x10"% 3.47x107%F 2.57x10"% 0.000
69.5% CH,OH 1.50 0.46° 9.75x20™% 3.55x10"+1 1.86x10F 0.000
CE,COOH 1.76 - 2.15x1077 (2.13x107") - 1.000
40% C HOH 2.02 - :L._29:~:_w"3 (1.20x107°) - 1.000

Where a portion of the solvent 1is not specified,
it is water.

PInterpolated
TABLE XV
SOLVOLYSIS OF ISOPROPYL BROWIDE AT 75.1°
a ' b
Solvent e Kopsd., %1 - k5 care., /K
sec. L sec. ™+ sec.”t
-7 -7 |
02H50H -0.70  1.12x10 - (1.12x10 ') (0.000)
80% C,EOH  0.00 1.18x107° - (1.18x10"°)  (0.000)
50% C,H_OH  0.51° 8.45x10"° 1.99x10"° 6.46x107° 0.237
&That part of the solvent not specifled 1s water
b
K = Kopsd. = ¥ calc.

CInterpolated



mumerous investigations by other WOrkers.21’27

One other hypothesis might suffice to correlate the
rates of these compounds. It i1s at least conceivable that
all the compounds solvolyze with a significant fraction of
the reaction proceeding by each mechanism in some sodvents.
If this is true, then it should be possible to set up sets of
Yl and Y, values based on two hypothetical compounds reacting
by pure §N1 and §N2 mechanism. With the help of some very
reasonable assumptions such a hypothesls may also be shown
to lead to quite unreasonable conclusions.

If 1t is assumed that the reactions of both t-butyl
chloride and trityl fluoride in acetic acid and in 40%
ethanol - 60% water and of trityl fluoride in 69.5% methanol -
30,5% water occur by the §Nl mechanism to the extent of at
least 99% then it may be calculated that less than 0.000002%
of the reaction of t-butyl chloride in 50% ethanol - 50%
water 6ccurs by the §N1 mechanism. Even if 1t 1s assumed
that only 1% of the reaction of t-butyl chloride in 40%
ethanol - 60% water is by the §Nl mechanism, less than 0.0004%
of the reaction of t-butyl chloride in 50% ethanol - 50%
water 1s calculated to occur by §Nl. The assumption that
smaller proportions of the reaction of trityl fluoride occur

by S..1 in the partly aqueous media leads to even more incon-

N
grous results. Then if n-butyi bromide is assumed to react

entirely by the §N2 mechanism in ethanol - water mixtures
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containing 50% ethanol or more, and if isopropyl bromide
reacts entirely by the §N2 mechanism in 80% ethanol - 20%
water and in pure ethanol, 1t is once more found that nearly
one-fourth of the reaction of isopropyl bromide in 50%
ethanol - 50% water is by the §Nl route. The anomaly of
isopropyl bromide showing a greater tendency than t-butyl
chloride to undergo §Nl reactions is thus calculated once
again. It 1is concluded that the assumption that all these
compounds react simultaneously by both mechanisms does not
lead to useful or reasonable conclusions.,

Another possible method for correlatlion of these rates
1s the use of an equation involving only three parameters.

Three such simple equations are shown. Such eguations may

also be shown to be inadequate by use of the fact that in

log (k/ko) =a+ b+ ¢ (13)
log (k/ko) = 8 + be (14)
log (k/ko) = abe (15)

the standard solvent, log (k/ko) = 0. Equation 13 is
inadequate because all three parameters must either be
functions of the solvent alone or of both the solvent and
the compound. If the former is the case then equation 13 is
only equation 4 with m equal to unity for all compounds. If
the latter is true then it is really a four (or more)

parameter equation.



The first term of equation 14 must likewise be a function
either of just the solvent or of both the solvent and the
compound. If the former 1is true, then equation 14 is merely
equation 6, with either s or s! equal to unity for all com-
pounds. No evidence is to be found in Téble IIT that such a
condition satisfies the experimental facts. Quite the con-
trary,.both s and s! vary widely as the structure of the com-
pound is changed. If the first term In equation 14 is a '
functlon of both solvent and compound, then this 1is really a
four-parameter equation.

If any of the parametérs of equation 15 are functions
. of both solvent and compound then it is a four or more
parameter equation. If eéch is a function only of solvent
or-of compound, then equation 15 reduces to equation 4.

Thus it appears that'at least four parameters are needed

40 correlate the existing data.
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Experimental

1. Solvents

Ethanol.- U. S. I. absolute ethanol was used. For runs
in absolute ethanol, it was driedt by addition of excess
sodium metal followed by refluxing for at least foﬁr hours
with an amount of ethyl formate (Eastman Pure) more than
equivalent to the water present and less than equivalent to
the sodium added. Distillation ylelded ethanol containing
less than 0.01% water by Robertson's paraffin oil test.4l

Acetone.- Mallinkrodt reagent grade acetone was dried
over Drierite and dlstilled before use,

Methanol .~ Mallinkrodt reagent grade methanol was used
without further purification.

Acetlc acid.~- Dry acetic acid was prepared from

Mallinkrodt reagent (dichromate test) glacial acetic acid.

by refluxing for at least two hrs with an amount of Baker's
reagent acetic anhydride equivalent to three or four times
the amount of water present, and then distilling. The
concentration of acetlc anhydride in the acetic acid prepared
in this fasnion was determined.42 by addition of a known

excess of anthranilic acid and was always about 0.1%.

(41) G. R. Robertson, "Laboratory Practice of Organic Chemistry",
MacMillan Co., New York, N. Y., 1943, pp. 178, 296.

(42) s. Kilpi, Chem. Abstracts, 35, 2445 (1945).
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After allowing the reaction between anthranilic acid and
acetic anhydride to be completed, the excess was back -
titrated with standard perchloric acid in acetic acid, using
brom phenol blue as indicator.

Formic acid.- Baker and Adamson 98 - 100% reagent

formic acld was used without further purification.

All solvent compositions are % by volume before mixing.

2. Other Materials

Sodium Acetate.- Anhydrous sodium acetate was prepared

by fusing Mallinkrodt reagent grade sodlum acetate trihydrate
and drying for three hours at 140°.

Potassium Acid Phthalate.- Mallinkrodt reagent grade

potassium acid phthalate was used without further purification.

Sodium Formate.- Merck reagent grade sodlum formate was

used without further purification.

Sodium Hydroxide.- Carbonate~free sodium hydroxide

solutions were prepared by filtration of 50% aqueous sodium
hydroxide (to remove sodium carbonate) followed by dilution
to the proper volume with boilled distilled water.

Sodium Ethoxide.~ Sodium ethoxide in absolute ethanol

was prepared by dissolving the required amount of shiny

godium in absolute ethanol.

Sodium Methoxide .- "Sodium methoxide"™ in 97% methanol -

3% water for use in runs 192 and 193 was prepared by addition
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of the required amounts of methanol and water to a carbonate-
free aqueous solution of sodium hydroxide.

Trityl fluorlde was prepared according to a method

devised by Dr. Robert Ehrenfeld. Trityl chloride (37g.,
0.132 mole) was placed in a nickel crucible and gaseous
hydrogen fluoride was led 1n by a copper tube through a hole
in the cover. The solid quickly turned to a yellow-brown
solution. After 20 min., the excess hydrogen fluoride was
evaporated, 20 ml. of benzene was added, the solution
re-gvaporated and allowed to cool, and the resulting solid
recrystallized from anhydrous ether at -70°, yielding 23g.
(62%) trityl fluoride, m.p. 101.3-102.0. The purity, as
judged from acid liberated on quantitative hydrolysis, varied
from 85% - 95% in different preparations. Repeated crystall-
izations did not give higher purities. Kinetic analysis
showed that less than 0.5% of trityl chloride was present, and
it was assumed that the impurity was triphenylcarbinol. The
m.p. did not depend stronglj on the amount of triphenylecarbinol
present (cf. Table XVI ),

Benzhydryl fluoride was prepared from diphenyldlazo-

meth.ane43 and hydrogen fluoride. Benzophenone hydrazone
(39.22., 0.200 moles), 44.0g (0.203 mole) yellow mercuric

oxide, and 200 ml. petroleum ether were shaken mechanically

(43)L. I. Smith and K. L. Howard, Org. Syntheses, 24, 53 (1944).



TABLE XVI

MELTING PCINTS OF MIXTURES OF TRITYL FLUORIDE AND

TRIPHENYLCARBINOL

CoHg) ,COR Mepes ©

1L.0 105.2 - 106.3
1¢.0 106.0 - 111.1
27.8 107.0 - 112.0
36.2 . 111.h - 132.9
II5.0 116 - 133.L4
53.5 125 - 1k2.9
62.1 113 - 136.8
70.8 116 - 19.8
79.! 1h7.6 - 156.0
100.0 163.L - 16l.2



68

until only a small amount of so0lid remained. The red solution
was flltered and dried over anhydrous sodium sulfate. An
anhydrous solution of hydrogen fluoride in ethyl ether was
added 1n small portions until bubbling ceased and the solution
had turned pale yellow. The cloudy liquid was evaporated

at room temperature and 300 ml. benzene added. The benzene
solution was extracted rapidly with water, 5% sodium carbonate
solution, water, 10% nitric acid, and water. After drying
over sodlum sulfate, the benzene was removed at room temp-
erature and the remaining straw-colored liquid distilled,

b.p. 88 - 100 (0.3 mm.); yield 20.6 g. (54.8%). After two
more distillations 1t had b.p. 86 - 90° (0.29 mm.). Anal.
Calcd. for ClsHllF: c,85.8; H,5.9. Found: C,84.1; H,6.18.
Equiv. wt. from quantitative solvolysis, 181; calcd. for
ClEHilF’ 186, 1t was stored in a polyethylene bottle in a
desiccator, but the faintly yellow liquid had turned red

after standing for two days. The apparatus used in distilling
this compound should be scrupulously dry, and. the material
should be re-extracted as above immediately before distillation

to avold extensive decomposition.

Trityl p-nitrophenyl ether was prepared from 21.3 g

(0.0764 mole) trityl chloride and 18.8 g. (0.0764 mole)
silver p-nitrophenolate in 80 ml. dry dioxane. The.red silver
salt was added 1in portions to the dioxane solution of trityl

chloride which was stirred with a magnetic stirrer without



cooling. Conslderable heat was evolved and the reaction
appeared to be complete in a few minutes. After stirring

for 30 min., 15 ml. dry benzene was added and the solution
was flltered to remove silver salts. The filtrate was
concentratgd to 40 ml. and dilutedwith 70 ml. dry hexane.
Cooling and shaking induced crystallization. Yield after one
more recrystallization from benzene- hexane was 26 g.

(89.3%). Two more recrystallizations from benzene gave
material with m.p. 156.5 - 157.5. Anel. Caled. for CggH, 00.N:
C,78.74; 4.99. Found: C,78.42; H,5.17.

Trityl 2,4-dinitropheqxl ether was prepared by adding

47.2 g. (0.162 mole) silver 2,4-dinitrophenolate to 40 g.
(0,143 mole) trityl chloride in 125 ml. dry dioxane and
stirring for 24 hr, At the end of this time the solution

was flltered and the precipitate of silver chloride washed
with.dry benzene. The filtrate and washings were concen-
trated to 90 ml. and diluted with 60 ml. dry hexane. Cooling
and shaklng produced crystals. Yield after one more recrystall-
ization from benzene-hexane was 55 g. (90%). After another
recrystallization from benzene-hexane and one recrystall-
izat%pn from benzene the material had m.p. 174.5° (dec.).
Anal. Calcd. for C25H1805N2: ¢,70.42; H,4.25. Found:
C,70.44; H,4.54. This compound proved to react too'rapidly

for convenlent measurement.
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4
Trityl chloride was prepared according to Org. Syntheses. ¢

Benzhydryl chloride was prepared according to Gilman

and Kirby45 from benzhydrol and thionyl chloride.

Benzhydrol was prepared according to Org. Syntheses.46

All b.p. are uncorrected; all m.p. are corrected.

3. Kinetic Measurements

A1l kinetics on trityl fluoride except those in acetic
acild were obtained by the intermittent titration method. '
The method may be illustrated by Run 8. Trityl fluoride
(48.0 mg.) was dissolved as rapidly as possible in 10 ml.
methanol. At zero time, & 5 ml. portion was added to 64.5 ml.
me thanol plus 29.5 ml. water at 50.06° and the solution
thoroughly mixed with an air stirrer. Two cc. of an aqueous
solution was used in titrating, so the composition at 50%
reaction was 69.5% acetone - 30.5% water. Since the solution
had been previously adjusted'to neutrality using brom thymol
blue as indicator, the amount of base necessary to restore
feutrality at any time is a measufe of the amount of acid

produced by the reaction at that time. Thus buret readings

and times at which the indicator changes color are recorded

(44) W. E. Bachﬁann, Org. Syntheses, 23, 100 (1943).

(45) H. Gilman and J, E. Kirby, J. Am. Chem. Soc., gg, 1753'(1926).
(46) F. Y. Wiselogle and H. Sonneborwn,III, Coll. Vol. I, 90 (1932).
(47) R. A. Peters and E. Waglker, Biochem..J., 17, 260 (1923).
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in Table XXI'. Previous tests had showed that addition of

5 ml. of methanol to 65 ml. methanol - 30 ml, water causes

only a negligible rise in temperature. The cell in which

these reactions were carried out has been described previously.48

The trityl fluoride runs 1n acetic acid were followed
by quenching 5 ml. aliquots in 50 ml. benzene, extracting the
benzene twice with 10 ml. portions of water, and titrating
the combined extracts for fluoride ion wlth thorium nitrate
solution, using so@ium alizarinsulfonate as indicator. The
end-point in thls titration is poor, and the results are
therefore not very accurate.

Kinetic measurements on trityl thiocyanate were carried
out by the intermittent titration method in the same fashion
Jescribed for trityl fluoride.

Kinetic measurements on trityl acetate in methanol -
water and acetone - water mixtures were also performed by
the intermittent titration method. For the runs in ethanol -
water mixtures, the reaction was followed by gquenching 10 ml.
aliquots in 20 ml. ethyl ether. These runs were carried out
in the presence of excess base, so extraction of the ether
layer with water and titration of the remaining base afforded
a measure of the extent to which reaction had proceeded,

Kinetic measurements on benzhydryl chloride in 96.7%

(48) C. G. Swain, R. Esteve, and R. Jones, J. Am. Chem. Soc.,
71, 965 (1949). | |
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methanol - 33% water were performed by the intermittent
titration method. Those in acetic acid were carried out in
the pﬁesence of excess potassium acid phthalate (a strong base
in acetic acid) and followed by direct titratiopn of 10 ml.
aliquots with standard perchloric acid in acetic acid. The
kinetlic measurements on benzhydryl chloride in 83.3% formic
acid - 16.7% acetone were performed by quenching 10 ml.
aliquots in 50 ml. ether, extracting the ether twice with

25 ml. portions of water, and titrating the combined water
layers for chloride ilon using the Volhard method.

" The kinetic measurements on t-butyl chloride in 83.3%
formic acld - 16.7% acetone were carried out in the same
manner as those on benzhydryl chloride.

Kinetic measurements on benzhydryl fluoride in ethanol -
water mixtures.were carried out in the presence of excess
base. Since these reactions were run at higher temperatures,
the sealed-ampoule technique was used. At known times
ampoules were removed from the constant-temperature bath,
cooled under the tap, opened, and titrated for remaining
base. The runs in acetic acid and 83.3% formic acid - 16.7%
acetone required a rather laborious method. Aliguots (10 ml.)
were quenched in 25 ml. chloroform. The chloroform was
extracted with water, 10% sodium carbonate solution, and
water. The chloroform layer (containing the unreacted

benzhydryl fluorlde) was evaporated to dryness on the steam



cone., The residue was taken up in ethanol. Sufficlent
water and aqueous sodium hydroxide were added to make the
solution 70% ethanol - 30% water, and the solution sealed
off in a soft glass test-tube. The amount of sodium hydroxide
added was more than equivalent to the benzhydryl fluoride
present. After 10 hr. at 100° the tubes were cooled, opened,
and titrated for fluoride ilon with thorium nitrate using
sodium allzarinsulfonate as 1ndicator.

Kinetic measurements on trityl p-nitrophenyl ether
were performed by spectrophotometric analysis for sodium
p-nitrophenolate, using the peak at 399 mm. Two spectrophoto-
meters were used. For runs in 40% ethanol - 60% water,
69.5% methanol - 30.5% water, and 50% acetone - 50% water
the reaction was carried out in the céll of a Cary Recording
Quartz Spectrophotometer, Model 11MS., Sufficient sodium
hydroxide was present to maintain at least 99.9% of the
liberated p-nitrophenol in the form of the sodium salt, In
the runs in 80% ethanol - 20% water the reaction was followed
kby quenching 10 ml. aliquots in 25 ml. ethyl ether, extracting
the sodium p-nitrophenolate with dilute aqueous sodium
hydroxide, meking the aqueous layers up to 100 ml. and
analyzing for sodium p-nitrophenolate on a Beckman Quartz
Spectrophotometer, Model DU. Sufficient sodium hydroxide
was present to maintaln at least 99.,9% of the p-nitrophenol

in the form of its sodium salt. The runs in acetic acid were



done in the same fashion, except that 1 ml. aliquots were

used, and that sufficient 50% aqueous sodium hydroxide to

more than neutralize the acetic acid was added to the water

layer before extraction. Since small, but perhaps real,

deviations from Beer's law were observed (cf. Table XVIL;,

a working curve was prepared, and concentrations of sodium

p-nitrophenolate were determined from this.

-4
Temperature control was * 0.1 in all runs except Runs

20, 21, 23, 198, 199, 200, and 206, where 1t was + 0.5°.

TABLE XVII
EXTINCTION COEFFICIENTS
p-NITROPHENOLATE

NaoC H, WO, ,
M. x 10°
100
50
25
10

5.0

OF SODIUM

Extinction Coefficient x 10

1.79
1.80
1.84
1.86
1.95

-4
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TABLE XVIII
RUN Lo SOLVOLY SIS OF 1.035 x 10~3 M. TRITYL FLUORIDE IN

80% ETHANOL - 20% WATER AT 29.97%°

Time, 0.0566 M. NaOCpHe , ~ HF liberated,

sec. : ml. % of 1.035 =x 10”31,
0 0.000 0.0
1C3 07l L0
195 .110 7.6
272 .190 10.4
357 .2Lo 13.1
LL6 .290 15.8
552 .3Lo 18.6
623 300 21.3
717 bo 2.0
317 Lge 26.7
918 ' .5L0 29.5
1023 .550 32.2
1132 .6l0 35.0
1251 .690 37.7
1378 .7l [0k
1505 . 790 3.2
10L0 .8110 IE.o
1703 .390 Le.7
1930 .90 51.3
200 .990 E)
2270, 1.000 56.0
265 1.090 5.7
2590 1.140 62.2
2870 1.190 65.0
3060 1.2L0 67.8
33L5 1.290 70k
3610 1.3L0 73.2
3910 1.390 7€.0
L1260 1.000 7¢.8
[1960 1.5L3 8.3
53E0 1.590 87.0
21000 1.830 100.0

)
k 2,68 x 1074 sec.”t
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- TABLE XIX
- -
’ RUN 5. SOLVOLYSIS OF 1.053 x 10 - M. TRITYL FLUORIDE

IN 80% ETHANOL - 20% WATER AT 29.90°

\ Time, 0.0566 M. Na0C ki, HF liberated,
| sec. ml. % of 1.053 x 10~ M.
t 0 0.000 0.0
! e .010 0.5
| 3 .oL5 2.
| 132 .005 5.1
' 207 .15 7.8
? 267 .195 10.5 .
I3 2ua 13.2
ﬁ .29C 15.8
505 3L5 18.5
‘ 395 21.2
| g NE: 26.6
55 29.3
951 505 31.0
1057 .6L5 3Lh.6
1163 .605 37.3
1275 7hs 110.0
138l 795 La.7
1512 8L5 L5l
1637 .895 13.1
1780 -9L7 50.9
1917 .995 53.L
2075 1.00L5 56.1
2250 1.095 58.0
2% 1.145 61.6
2615 1.195 elL.2
2830 1.2L5 66.9
3030 1.295 60.6
228l 1.307 72.4
3525 1.395 75.0
3790 1445 177
hiis - 1.L95 80.3
2000 1.862 100.0

k, = 3.98 x 1074 sec."t



TABLE XX
}
RUN 6. SOLVOLYSIS OF 8.13 x 10™% M. TRITYL FLUORIDE IN
L0% ETHANOL - 60% WATER AT 30.05°

Time, 0.0456 M. NaOH, HF liberated
sec. ml, % of 8.13 x 1074 u
0.0 0.000 0
Te2 100 22
15.0 .600 3l
25.2 1.050 59
0.0 1.200 67
2.0 1.100 79
5.2 1.600 90
300.0 1.782 100

ki = 3.73 x 1072 sec.”

TABLE XX &
RUN 7. SOLVOLYSIS OF 7.Lh8 x 1074 M. TRITYL PLUORIDE I
69.5% METHANOL - 30.5% WATER AT 29.90

Time, 0.0L56 i, NaOH, HF llberateaa
sec. ml. % of 7.L8 x 10 M
0.0 0.000 0.0
2lL.0 .500 30.5
110, o . 770 16.8
E - .820 50.0
6L.8 1.025 62.1,
79.2 1.1c5 : 67.3
10¢.8 1.195 7240
1300 1.305 _ 79.4
1&° | 1.350 82.3
162.0 1 [;00 35.3
10L .8 160 8%.1
6C0.0 1 Lo 100.0

ky = 1.15 x 1072 sec,”t
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TABLE XXI

RUN 8. SOLVOLYSIS OF 8.62 x 10‘1'L M., TRITYL FLUORIDE IN

69.5% METHANOL - 30.5% WATER AT 30.06°

Time, 0.0,56 M. NaOH, HF liberated
sec. ml. % of 8.62 x 10-8 u.
Q.0 0.000 | 0.0

15.6 ' 1y00 21.2

28.8 ) | .600 31.8

3.2 .795 2.1

bl .2 1.008 | 53.3

75.0 1.100 58.3

85.8 1.200 63.5

103.2 _ 1.205 68.6
120.0 1.h15 7.9
138.0 1.500 701t
151.8 1.555 82.1
16€.0 1.608 85.1
183.0 | 1.650 87.3
202.8 1.700 89.9
600.0 1.890 100.0

ky = 1.10 x 10”2 sec.” L



TARLE XxI1
RUN 9. HYDROIYSIS OF 9.08 x 104 M. TRITYL FLUORIDE IN
70% ACETONE - 30% WATER AT 30.0L°

Time, 0.0456 M. WaOH, HF liberated,

sec., ml. % of 9.08 x 1070 m,
0 0.00l 0.0
sho .05l 2.5
1560 .107 5.2
2610 .156 7.6
11800 .25l 12.5
5820 . 304 15.1
7560 Lok | 20.1
Q9780 .50l 25.1
12,420 .622 31.0
16,860 . 788 39.3
21,180 .962 8.2
2,600 1.061 53,2
3l, 740 1.332 66.7
35, 340% | 1.995 100.0

aDiluted with sufficient boiled distilled water to
make the solution [j0% acetone - 060% water. The half-
life in this medium is 55 seconds.

k; = 3.10 x 1075 sec.”!



RUN 11.

3L80
7020
15,780
2l.,600
31,120
2,120
77,160
o, 320
100,560
800,000

TABLE XXIII

8C

ETHANOLYSIS OF 9.63 x 1074 ¥, TRITYL FLUORIDE

IN ETHANOL AT 30.00°

0.0566 M. Naoczﬁg,

ml.
0.000

.050

«100

.220

.080
1.065

1.700

ky = 0.38 x 10~

6

sec.”t

HF
% of

liberated I
9.63 x 107 i,

0.0
2.9
5.9

12.9

20.2

25.0

32.6

51.L

57.7

62,6

10C.0



TABLE AX1V
RUN 1l2. ETHANWOLYSIS OF 9.35 x lO‘-h M. TRITYL FLUCRIDE

IN ETHANOL AT 39.72°

Time, 0.0566 . NaOC,H, , IF liberated,

sec. ml. % of 9,35 x 10 M.
0 0.000 | 0.0
C0o0 .030 1.8
3180 .120 7.2
5520 .206 | 12.3
7500 273 16.0
10,500 .368 22,1
13,500 152 27.0
16,500 .536 32.1
22,620 .706 L2.3
2,600 . 760 L5.6
27,300 .822 Le.2
28,088 .860 51.5
36,000 960 57.5
| 39;060 1.0L5 62.5
280,000 1.0660 100.0

. : -
k; = 2.52 x 1077 sec. 1



TABLE XXV

RUN 13. SOLVOLYSIS OF 1.022 x 103 M. TRITYL FLUORIDE IN

Time,
sec.

G
120
195
275
351
1110
513
629
736
329

1120
1266
1525
9000

80% ETHANOL - 20% WATER AT 39.5°

0.0566 M. NaOC,Hp,
ml. 275

0.000
172
.265

1.092
1.162
1.302
1.807
kl = 8.50 x lO'u sec. ~1

HF liberated
% of 1.022 x 10~

0.0
9.5
1.5
20.1
25.1
28.3
3.3
10.5
L5
Lo.L
60.3
6.2
72.0
100.0

82

3 M.



TABEE XXVI
RUN 1l. SOLVOLYSIS OF 8.l x 10‘LL M. TRITYL FLUORIDE IN
1,0% ETHANOL - 60% WATER AT 39.6°

Tire, ' 0.0456 M. NaOH, HF liberated,,
sec. ml, % of 8. x 10~k M.
0.0 0.000 0.
3.6 .300 16
7.8 ‘ .600 2
12. .900 éq
16.2 1.200 5
21.0 1.300 70
20,0 1.hoo 76
25.8 1.500 81
30.0 1.600 86
L20.0 1.852 100

ky = 617 x 1072 sec.”L

TABLE XXVII
RUN 15. SOLVOLYSIS OF 8.57 x 1o'LL M. TRITYL FLUORIDE IW
6G.5% METHANOL - 30.5% WATER AT 39.6°

Time, 0.0li56 M. NaOH, HF liberated,
sec. ml. % of 8.57 x 10°U u.
0.0 0.005 0
Selt .300 16
16.8 625 . 3
30.0 .910 §9
9.2 1.2L0 7
55.2 1.300 70
61.8 1.400 75
73.0 1.500 81
87.0 1.600 86
510.0 1.860 100

k) = 2.1 x 10-2 sec.” 1



TARLE XXVIII
RUN 16. HYDROLYSIS OF 8.8 x 107" . TRTITVL FLUORIDE IN
70% ACETONE - 30% WATER AT 30.6°

Time, 0.0L56 M. NaOH, HF liberated,

sec. ml, % of 8.48 x 107k m.
C 0.050 0.0
1060 . 200 8.1
174C . 300 13.0
11320 .0lo il.?
5700 .810 10. 8
6900 .950 Le.l
15,600 1.550 80.7
370,000 1.910 100.0

ky = 1.12 x 1074 gec.-1

TABLE XXIX
!
RUN 18. HYDROLYVSIS OF 7.90 x 107" M. TRITYL FLUORIDE IN

50% ACETONE - 50% WATER AT 25.0°

Time, 0.0L72 1. NaOH, HF liberated

sec. ml. % of 7.00 x 107H M,
0 0.000 0.0
75 .100 6.0
158 .202 12,0
160 .300 18.0
262 1100 2.0
56 .500 20.0
153 .600 6.0
56 . 700 ﬁz.o
671 .800 118.0
790 .00 5l..0
937 1.0C0 60.0
10&7 1.100 66.0
100.0

87,000 1.670

kl = 9.83 x 10"LL sec.”t



TABLE XXX
RUN 1@, 30LVOLYSIS OF 9,12 x lO'h ile TRITYL FLUORIDE

IH 96.7% METHANOL - 3.3% WATER AT 25.0°

Time, 0.04G93 M. NaOCH;,, _ HF liberated,

Sec. ml. % of 9.12 x 10~% il.
0 0.000 0.0
210 .100 5%
390 . 200 10.8
6l5 300 16.2
1020 .500 27.0
1215 .600 32.
1ok .700 ﬁ?.&
1770 .800 13.2
2055 .900 Le.o
2276 1.000 e
272l 1.100 59.1
316%¢ 1.200 6&.5
3570 1.300 70.2
63000 1.8L8 100.C

kl = 3.5L x lO"br sea.”t

TABLE XAXI
RUN 20. ACETOLYSIS OF 0.0L40 M. TRITYL FLUORIDE IN ACETIC

ACID COMTAINING 0.25 M. SODIUM ACETATE AT 25°

Time, 0.0282 N. Th(NO_), , HF liberated,

sec. | ml. 3°h % of 0.0l0 M.
0 2.8 0
12 ﬁ°6 19
L3 .9 S
71 5.6 5
100 6.0 8L
128 6.8 oly.
1800 7.1 100

k, = 1.51 x 1072 sec.”t



RUN. 21. ACETOLYBIS OF 0.055 M. TRITYL FLUORIDE IN ACETIC

ACID CONTAINING O.25M. SODIUM ACETATL AT 25°

Time, 0.0282 N. Th(NOB)u’ HPF liberated,
sec. ml. % of 0.055 M.
O e é‘ O
§§ 5‘2 %%
75 6.6 1.
100 6.6 71.5
120 7.1 83.5
1,9 7.8 100
1800 7.8 100

TABLE AXXII1
RUN 23. ACETOLYSIS OF 0.0L40 M. TRITYL FLUORIDE IN ACETIC

ACID CONTAINING 0.125 M. SODIUM ACETATE AT 250

Time, 0.125 N. Th(NO )h’ HF liberated,
sec. ml. 34 % of 0.0L0 M.
0 0.80 0
2% 1.10 37.5
% 1.30 62.5
7 1. 5 69
: 1. 75
111 1.&5 81.3
133 1.55 ok
1800 1.60 100
1.78 x 10-2 sec.”t

1‘-:



TABLE XXXIV

RUN 33. HYDROLYSIS OF 9.9 x lO-u M. TRITYL THIOCYANATE

Time,
sec.

0
30
60
8L

112

s

17l
207
2he
277

IN 70% ACETONE - 30% WATER AT 25.0°

0.0506 M. NaOH,
© ml. % of 9.9 x 1C~

0.000
060
.10l
L ] 200

.255
. 300

.350
.ﬁou
1150
.ggo
.60

[ ] [ ]
HO~NW RO

" e 8 e o o

~O-FH N O ONOW O\OD\O\[}JI oGO ~3-0

» 700
.753
.802
.898
- .950
1.000 -
1.050
1.099
1.156
1.202
1.250
1.30kL
1-&&9
1.[,00
1.450
1 . 500

lcSSO P
1.600 81.9

1.955 100.0
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ky = 9.03 x 1o'u sec.”t
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RUN 3li. HYDROLYSIS OF 9.5 x 10

Time,
sec.,

oLo
997
1130
1335
1435
1545
1650
1770
1935
106,800

TABLE XXXV

-l . TRITYL THIOGCYANATE

IN 70% ACETONE - 30% WATER AT 25.0°

0.0506 M. NaOH,  HSCN liberat
ml. % of 9.5 x 10

0.000
.100
.150
.200
. 250
. 300
. 360
J120
1150
* 0
606
.650
.700
. 750
.810
.850

950

1.000

1.050

1.130

1.155

1.250

1.350

1./.10

1.1160

1.500

1.550

1.600

1.870

. ¢ ¢ ¢ & o o & o 8 o s & & ° s o @

L] *

H _
Q OO NINONO OV F T WwlwWw N D o
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ky = 9.62 x ‘ZLO"LL sec., ~1
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TABLE AXXVI

RUN 35. HYDROLYSIS OF 9.5 x lO-h . TRITYL THIOCYANATE IN

113,10

80% ACETONE - 20% WATER AT 25.0°

0.0506 M. NaOH,

ml, % of 9.5 x 10~
0.100 0.00
.200 5.3
.250 8.0
. 300 10.6
.iso 13.3
100 15.9
150 18.8
.500 21.25
550 23.9
.600 26.6
.650 29.3
. 700 32.0
. 760 35.1
.800 37.2
'850 909
.950 .2
1.000 L7.8
1.050 50.0
1.100 53.1
1.150 55.8
1.200 58.5
1.250 61.2
1.300 63.8
1.350 66.1
1.1.00 69.2
1.1450 71.8
1.500 7.3
1,080 100.0

ki = 5.53 x 1074 gec."1

HSCN liberated,

M.

39



TABLE XXXVII
RUN 36. SOLVOLYSIS OF 6.3 x 1074 1. TRITYL THTIOCYANATE IN
69.5% METHANOL ~ 30.5% WATER AT 25.0°

Time, 0.0506 M. NaOH, HSCN liberated,
sec. ml ., % of 6.3 x 10™% M.
0 0.000 0.0
15 .100 8.0
25 . 200 16.0
53 . 300 2l.0
100 100 32.0
15 .uzp 30,2
175 .5h5 L3.6
202 «5C0 Lh7.2
232 .6Lo 51.2
25l | 073 53.9
280 . 710 56.8
308 . 750 60.1
333 .780 62.5
350 .813 65.0
383 810 67.3
[L18 .875 69.6
L5 .905 72.3
195 .950 76.1
535 .083 78.6
soly 1.023 82.0
660 1.060 8L.9
710 1.090 87.3
800 1.12) 90.0
3000 1.250 100.0

kl = 2056 X 10—3 SeCo-l



TABLE AXXVIII
|

SUN 37. SOLVOLYSIS OF 1.06 x 107% M. TRITYL THIOCYANATE Iif
1,0¢S ETHANOL - 60% WATER AT 25.0°

Time, 0.0506 il. NaOH , _, HSCN liverated,

sec. ml. % of 1.96 x 107 M.
C 0.000 0.0
15 .028 7.2
35 0l3 | 11.1
60 .08l 21.6
aly <116 20.9
QQ 136 35.0
15 .185 37.7
173 .203 52.3
227 .20 61.8
273 .260 60.6
328 .280 72.2
.00 .302 77.8
510 .32 93.5
600 .3Lo 87.7
775 350 2.1
7800 .388 100.0

k 3.85 x 1073 sec.” 1



RUN 383

Time,
Sec.

BL6
50
6000

TABLE AaXla

. e B P
SOLVOLYSIR OF 7.2 x 10 =+ I, TRITYL

60 .59 METHANOL - 20.5% WATER AT 25.0

0.0506 ii. NaCH,
ml.

0.200
1100
.%50
.500
.600
.050
. 700
. 750
.800
.350
.950

1.000

1.050

1.100

1.150

1.200

1.250

1.300

1.362

Xy = L.20 x 1072 sec.”i
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81.7
86.1
00.6
olL.7
100.0

1075 M.

92

CH_,COOH libepated,
7.2
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RUN 3C.

Time,
" sec.

0
187
52
562

697
827

TABLE XL
SOLVOLYSIS OF 7.05 x 107 M. TRITYL ACETATE IN
06.7% METHANOL - 3.3% WATER AT 25.0°

0.0618 M. NaOH, CHBCOOH liber
ml. % of”°7.05 x 10~

0.295
'ﬁﬁs
Juio
.ggo
.550
600
.650
-700
. 750
.800
.080
.G00
.G50

1.000

1.050

1.100

1.150

1.200

1.435

e e © e o @

L ww o
O N ~IW HBFEFOUTO UL MU o 0O

.
O WM OOUIOFColw N~ OO

O O3~ ONONJL

-

I

ky = 5.63 x 10  sec.”

i

ted,
M.



TABLE XLI

—‘l
RUN 10. HYDROLYSIS OF 7.5 x 10 7 M. TRITYL ACETATE IN

¢0% ACETONE - 20%

Time, 0.0618 M.
sec. ml.
0 0.200
13280 .230
5700 .200
8700 «330
1€,600 475
28,200 .600
110,680 . 730
2,E00 1.050
000,000 1.20
k., = 1.L5 x

1

WATER AT 25.0°

NaOH, y CHBCOOH 1ib§£afed,
% of“7.5 x 1075 I,

0.0

2.5

7.

10.7

22.6
32.8
h3.b

60.7

100.0-

lO"5 sec.

94
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35
TABLE 4LII
RUN ;5. SOLVOLYSIS OF 3.72 X 1o‘h 1. TRITYL THIOCYANATE
TN 96.7% METHANOL - 3.3% WATER AT 25.0°
Time, 0.0506 M. NaOH, HSCN liberated,
sec. ml. % of 3.72 x 107% M.
0 0.229 0.0
228 .302 10.0
ele 1100 23.0
870 | .500 37.0
1380 600 50.5
1620 .650 57.2
2370 . 750 70.7
5820 .800 77.5
6130 .03k 93.8
37,300 .065 100.0

k, = 5.20 x 10°4 sec.-1



TABLE XLITII

(WS]

RUN 2. ACETOLYSIS OF ©.58 x 10™ - . BENZHYDRYL CHLORIDE
IN ACETIC ACID CONTAINING 8,3 x 10.-2 M. POTASSIUM ACID

PHTHALATE AT 25.0°

Time, O.l?SM.HCthin HOAc, y HC1 liberateg3
sec. ml.= % of 9.58 x 10 M.

0 0.720 | 0.0
L1320 .603 L.9
15,100 .650 12.8
111,800 572 - 27.0
87,200 1160 | L7l
182,500 .323 2.5
283,000 .250 85.8
1,214,000 172 100.0

z

kl = 6.88 x 10°° sec.
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TABLE XLIV
RUN 93. ACETOLYSIS OF C.50 x 10™> l. BENZHYDRYL CHLORIDE
IN ACETIC ACID CONTAINING 0.025 M. POTASSIUM ACID PHTHALATE

AT 25.0°
Time, 0,175 H. HCthin HOAc » HC1 1iberate§3 )
sec. ml. : % of 9.50 x 10 M.
0 1.506 0.0
22,800 1.413 17.1
66,100 1.289 LiGc.0
107,300 1.196 57.2
152,000 1.128 69.7
259,000 © 1.033 87.2
1,026,000 0.963 100.0

kl = 8.02 x lO"6 sec.-l



TABLE XLV
-2
RUN 130. FORMOLYSIS OF 1.16 x 10°° M. t-BUTYL CELORIDE IN
83.3% FORMIC ACID - 16.7% ACETONE AT 25,0

CONTAINING 2.78 x 10”2 M. SODIUM FORMATE
AT 25.0°
Time, O0.112i. KSCN, . HC1 liberatgg,i

SEC. ml. % of 1.16 x 107° il.
0 1.75 0.0
607 1.57 17.L
1202 1.3 , 20.0
18C0 1.31 L2.5
2l,00 1.21 52.2
3300 1.10 62.8
Lol 0.08 7h.5
22,200 ,715 1C0.0

ky = 2.96 x 107t sec.-1

08



TABLE ALVi
-
RUN 131. FOLMOLYSIS OF 1.7l x 10™° M. t-BUTYL CHLORIDE IN
33.3% FORMIC ACID - 16.7% ACLTONL CONTAINING

2.78 x 10™° M. SODIUM FORMATE AT 25.0°

Time, 0.112 M. K3CN, y HCl liberate§?
SecC. ml. % of 1.7h x 1077
0 1.73 0.0
600 1.L9 15.5
110l 1.19 3.3
1800 1.12 39.54
2los 1.02 L5.8
3325 0.7C 1.2
11200 .65 60.7
25,200 .13 100.0

1
kl = 2.39 x 107 sec.”t

M.
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TABLE XLVIT
RUN 135. FORMOLYSIS OF 1.L0 x 10™2 . BENZHYDRYL CHLORIDE IN
83.3% FORMIC ACID - 16.7% ACETONE CONTAINING
2.78 x 1072 M. SODIUM FORMATE AT 0.0°

Time, 0.112 M. KSCN, HCL liberated,,
sec. ml. % of 1.0 x 10™° I.
0 1.7 0.0
20 1.2 38.L
37 0.96 62.%
53 .82 73.
66 T 80.0
30 .68 8lL.8
95 .03 88.8
100 .60 91.2
3600 iTe) 100.0
K, = 2.38 x 1072 sec.”*

l-.

TABLE XLVIIT
RUN 136. FORMOLYSIS OF 1.22 x 10'2 M. BENZHYDRYL CHLORIDE IN
83.3% FORMIC ACID - 16.7% ACETONE CONTAINING

2.78 x 10”2 M. SODIUM FORMATE AT 0.0°
Time , 0.112 M. KSCN, , HCL liberated,
sece. ml. _L:o Of 1022 X lO NI.
0.0 1.74 0.0
13.5 1.43 28.7
28.0 1.17 52.8
Li.5 1.02 66.7
57.8 0.01 75.8
7240 .85 82.4
86.5 .79 86.0
101.0 .72 oli.LL
3600.0 .655 100.0

k1=2.31 x 10~2 sectl



TABLE XLIX

-2 M. BENZHYDRYL CHLORIDE IN

83.3% HCOOH - 16J% ACETONE CONTAINING li.1ll x 10‘2M.

RUN 137. FORMOLYSIS OF 1.18 x 10

SODIUM FORMATE AT 0.0°

Time, 0.112 M. KSCN, y HC1 ligerategé
sec. ml. % of 1l.10 x 10 M.
0 1.85 0.0
22 1.38 e
36 1.17 6.8
Lo 1.09 72.04
6% 1.00 ' 81.0
70 0.06 8l..8
95 ol 86.7
109 .88 02.h
3600 .80 100.0

k. = 2.27 x 10~2 sec.1



TABLE L

RUN 1L40. FORMOLYSIS OF 1.26 x 1077 M. BENZHYDRYL CELORIDE IN

83.3% FORMIC ACID - 16.7% ACETONE CONTAINING

N

L.17 x 10~ ° . SODIUM FORMATE AT 5.0°

Time, 0.112 . KSCHN, HC1 liberated

sec. ml . 5 of 1.26 x 107 M.
0 1.85 0.0
2l 1.11 65.8
38 0.90 8L.5
53 .80 3.2
69 . 765 26.5
3600 .725 100.0

k. = L.8L x 1072 sec. ™t

102



TABLE LI
RUN 1h1. PORMOLYSIS OF 1.21 x 107° H. BENZHYDRYL CHLORIDE IN
83.3% FORMIC ACID - 16.7% ACETONE CONTAINING

.17 x 1072 H. SODIUM FORMATE AT 5.0°

Time, _ 0.112 M. ESCN, HC1 liberated,
Sece. ml. % of 1.21 x 107 M.
0.0 1.82 0.0
20.2 1.13 63.9
Lol 0.89 86.2
59.l 8L | 90.8
82.8 ‘77 97'3
21,00.0 i 100.0

= .8l x 107° sec.”

TABLE LII
RUN 1Lh2. FORHMCLYSIS OF 1.76 x 10™° 1. BENZEYDRYL CHLORIDE IN
83.3% FORMIC ACID - 16.7% ACETONE CONTAINING

l.17 x 1072 1. SODIUM FORMATE AT 5.0°

Time, 0.112 M. KSCN, “HCl liberated

sec. ml . % of 1.76 x 10 M.
1.82 0.0
ﬁ 0.77 67.0
%3 A5 87.l
.36 03,2
85 5 .28 98.2
21.00.0 .25 100.0

- -1
ki = .68 x 10 2 sec.

103
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TABLE LIII
RUN 150. SOLVOLYSIS OF 3.36 x 10-3 . BENZHYDRYL FLUORIDE
IN 50% ETHANOL - 50% WATER CONTAINING

£.73 % 1073 WM. SODIUM HYDROXIDE

AT 75.3°
Tine, 0.01L9L M. HC1, - HC1l liberated,

sec. ml. 5 of 3.36 x 107° I.
0 l1.50 0.0
675 2.63 | 38.7
960 3.3 51.7
1200 3.108 58.8
155 2.90 71.2
1755 2.76 77.5
2110 2.67 81.5
2160 | 2.60 8h.6
16,380 2.25 1CC.0

ky = 8.L0 x ].O"LL sec.”t
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TABLE LIV
RUN 151. SOLVOLYSIS OF 2.87 x 10"3 M. BENZHYDRYL FLUORIDE
IN 80% ETHANOL - 20% WATER CONTAINING

6.76 x 107> M. SODIUM HYDROXIDE AT 100.0°

Time, 0.01L0ok M. HC1, ~ HF liberated,

sec. ml, % of 2.87 % 107- M.
0 .52 0.0
8.0 HY I 5.2
LLJo 3.55 50.5
7560 3.18 69.8
10,680 | 2.87 85.9
12,780 | 2.83 38.0
39,600 2.60 100.0

. _) -
kl = 1l.77 x 10 * sec. 1
TABLE LV

RUN 152. SOLVOLYSIS OF 2.51 x 1073 M. BENZHYDRYL FLUORIDE
IN 50% ETHANOL - 50% WATER CONTAINING®
2.9 x 1073 M. SODIUM HYDROXIDE AT 75.3°

0 2.33 0.0
300 2.07 15.5
600 1.7Lh 5.1
900 1.53 17.6

1200 1.33 59.5

1500 1.16 68.5

1810 1.08 Thody

2100 1.05 76.2

3000 0.80 91.0

13,500 .65 100.0
kl - 8.25 x 10'1-L sec. 1
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TABLE LVTI
4 -
RUN 153. SOLVOLYSIS OF 2.96 x 10 -~ M. BENZHYDRYL FLUORIDE
IN 80% ETHANOL - 20% WATER CONTAINTING

6.62 x 10”2 M. SODIUM HYDROXIDE AT 100.0°

Time, 0.0149l i. HCL, HF liberated,
sec. ml. % of 2.96 x 107° I,
0 L3 0.0
00 .35 .0
1800 l.035 20.0
000 3.79 32.1
éaoo 3.4& 20.5
300 3.1 5.1
7980 2.88 78.3
9li20 2.8¢ ‘78.&
11,520 2.72 85.1
66,000 2.5 100.0
ky = 1.77 x 10 ° sec.
TABLE LVII

RUN 157. SOLVOLYSIS OF 2.05 x 1072 #. PENZHYDRYL FLUORIDE
IN 80% ETHANOL - 20% WATER CONTAINING
6.58 x 107> M. SODIUM HYDROXIDE AT 75.3°

Time, 0.014h9l M. HCL, HF liberated

sec. ml. % of 2.95 x 10 3M?
0 L0 0.0
3900 lL.27 6.6
e b &
21,720 328 2.6
30,20 3.50" Ls.7
ke 5 o
6,002 N 100.0

8at 100



rr—— e e | e <t et

B D

107

TABLE LVIII
RUN.158. SOLVOLYSIS OF 3.21 x 107> M. BENZHYDRYL FLUORIDE
IN 80% ETHANOL - 20% WATER CONTAINING
3.33 x 1073 M. SODIUM HYDROXIDE AT 75.3°

Time, 0.01L9L M. HC1, ~ HF liberated,
sec. ml., % of 3.21 x 107° M.
0 2.23 0.0
7620 1.78 20.9
22,200 1.1l 50.7
30,780 0.85 6l.1
37,800 .66 73.0
I, Loo .61 75.3
% .51 80.0
6,400 .08 100.0
242t 100 .
= 3.49 x 10 5 sec. 1

TABLE LIX
RUN 161. SOLVOLYSIS OF 2.L46 x 10”2 M. BENZHYDRYL FLUORIDE
IN 80% ETHANOL - 20% WATER CONTAINING

3.77 X 10.-3 M. SODIUM HYDROXIDE AT 75.3°

Time 0.0149L . HCL, HF liberated
sec. ml. % of 2.6 x 1073 M.
0 2.52 0.0
6600 2.26 15.6
12,180 2,05 28.6
18,300 1.86 ho.1
2l.,800 1.56 58.1
gz 288 1.5& 57.2
1- Q-
35’ 280 l.il;_ gS.é
755900 1.0L 90.0
75,900 0.87 100.0
75,900% .88 100.0
%at 100 ky = 3.08 x 107> sec.”l
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TABLE X
RUN 162. SOLVOLYSIS OF 2.69 x 10“3 M. BENZHYDRYL FLUORIDE
IN 80% ETHANOL - 20% WATER CONTAINING

6.58 x 10”3 M. SODIUM HYDROXIDE AT 75.3°

Time, 0.0149l M. HCL, HF liberated,
sec. - ml. ° of 2.69 x 107° M.
0 h.ub 0.0
6600 .09 17.2
12,300 3.87 29.%
18,600 3.6l L7,
2ly 5800 3047 51.7
31,500 3.26 63.3
35,280a 3.23 65.0
75,900, 2.60 100.0
75,000 2.60 100.0
2a¢ 100

Iy - 3.16 x 1072 sec.”t

TABLE WXl

RUN 165. ACETOLYSIS OF 1.10 x 10-2 M. BENZHYDRYIL FLUORIDE

IN ACETIC ACID CONTAINING 7.5 x 10-2 M.

POTASSIUM ACID PHTHALATE AT 25.0°

Time, 0.021l N. Th(NO,), s . (C/Hy),CHF remaining,
sec. ml. 3%k % 8851210 x 1o”§‘M.
0 5.16 0.0
3660 .%3 1.1
10,080 3.60 30.2
21,000 2.5 50.7
36,300 1.68 67.1;
9,720 1.60 69.0
2,200 1.00 80.7
ko= 1.50 x 1075 sec.~1
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TABLE LXII |
RUN 166. ACETOLYSIS OF 1.01 x 10~2 . BENZHYDRYL FLUORIDE
IN ACETIC ACID CONTAINING 5.0 x 10‘2 M.

POTASSIUM ACID PHTHALATE AT 25.0°

Time, 0.021l. N. Th(NO.); s (C,H.) ,CHF remaining,
sec. . b ml. 3'h % éf51?01 x 10"é M.
0 .72 0.0
3720 li.30 8.9
11,120 3.60 23.7
16,320 2.85 9.6
20,220 2'72 52.3
27,000 2.1 5.0
5,6l0 1.6L b5 .3
1,300 | 1.02 78.5
k) = 1.6 x 1075 sec.”t
TABLE LXIII

RUN 175. FORMOLYSIS OF 7.86 x 107> M. BENZHYDRYL FLUORIDE
IN 83.3% FORMIC ACID - 16.7% ACETONE CONTAINING

1.00 x 10~% M. SODIUM FORMATE AT 0.0°

Time 0.021y N. TH(NO,)j » (CrH) »CHF remajining,
sec.. ml. 3k % 8557266 x 10-3 M.
0.0 3.82 0.0

21. 3.65 L.8

52.9 2.32 2.0
11 .0 1.05 52,0

kg = 6.98 x 1073 sec.”t
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TABLE LXIV
RUN 176. FORMOLYSIS OF 8.13 x 10™3 M. BENZHYDRYL FLUORIDE
IN 83.3% FORMIC ACID ~ 16. 75 ACETONE CONTAINING

1.00 x 10”1 M. SODIUM FORMATE AT 0.0°

Time, 0.021) N. TR(NO.) s H.) ,CHF rems nl ,
sec. uml. 3°k % oé g %3 x 107 ' ng,
0.2‘ .00 0.0
39, 3,17 21.9
81.6 2.15 %8.7

122.0 1.60 3.2

162.0 1.0l 78.0

k = 9.2h x 1073 sec.™?

TABLE LXV
RUN 177. FCRMOLYSIS OF 6.27 x 107> M. BENZHYDRYL FLUORILE
IN 83.3% FORMIC ACID - 16.7% ACETONE CONTAINING
5.00 x 10%i. SODIUNM FORMATE AT 0.0°

Time, 0.021 N. Th(NO.,), » (c regaining,
sec. ' LL ml, 3°L % of66 ? x 107° M.
0.0 3.18 0.0
go.s 2.46 2h.6
6.0 2.2 32.1
13L.6 1.20 67.5

k'_L - 8.18 x 10”3 sc-zc."':L
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TABLE LXVI

RUN 178. FORMOLYSIS OF 6.87 x 1072 ii. BENZHYDRYL FLUORIDE

| IN 83.3% FORMIC ACID - 16.7% ACETONE CONTAINING
1.00 x 10~1 M. SODIUM FORMATE AT 0.0°

Time, 0.021l. W. Th(X0,4)), » (C,H_). CHF remaining, -

sec. ml. 3°h A of6 5°2 6,87 x 10'§M.
0.0 A6 0.0

57.0 2.3% 3L.6

93.0 1.7 52.0

128.5 1.ho 63.7

16€.0 1.23 69.0

k1 = 7.28 x 10™3 sec.” L

TABLE LXVII
RUN 180. SOLVOLYSIS OF 2.6% x 107> M. EENZHYDRYL FLUORIDE
IN 507, ETHANOL - 50% WATER CONTAINING
'3.95 x 1070 M. SODIUM HYDROXIDE AT 50.0°

Time, 0.01l9L M. HCL, HF liberated
sec. ml. _ % of 2.65 x 10-3 u.
0 1.97 0.0
900 1.86 6.2
1800 1.74 13.0
2350 135 27
%060 1.18 ﬁu:é
8160 0.98 55.9
10,860 .78 67.2
8,600 .20 100.0
- %at 100 0 -

kl = 1.07 x 10 sec.



TABLE LXVIII

RUN 181. SOLVOLYSIS OF 2.5l x 10-3 . BENZHYDRYL FLUORIDE

IN 50% ETHANOL - 50% WATER CONTAINING

6.31 x 1077 M. SODIUM HYDROXIDE AT 50.0°

Time, 0.01L9L ¥. HCI,
sec. ml.
0 l.22
1260 - 3.99
3000 '3.72
5040 3.40
2280 35
ol180 3:07
5L00#% 2.50
5lioo? 2.50

%at 100 -l
kl - 1-22 X lO 1— SGCQ-
TABLE LXIX

HEF liberaggd,
% of 2.5L x 10 .

ONVETY
ouliomow O
OwpFuUlo

67.6
100.0
100.0

1

RUN 18L. SOLVOLYSIS OF 3.05 x 10™> M. BENZHYDRYL FLUORIDE

IN 507 ETHANOL - 50% WATER CONTAINING

5.16 x 10”°> M. SODIUNM HYDROXIDE AT L9.8°

Time, 0.01l9lL . HC1,
sec. ml,.
0 3.5
ﬁ;go 3.§E
080 2.83
% 20 ° 2.68
20 2.52
9720 2.20
11,760 - 2.05
1l ,h00 1.95
8002 1.1
#at 100

k

1

, HF liberated,
% of 3.05 x 10 M.

.

H~ OO W W
OW ®HUGINO 0O
_0 - L] L] [ ] [ ] [ ] L]

1.00 x 10"'LL sec.”t



TABLE L&«
RUN 185. SOLVOLYSIS OF 2.69 x 107° M. BENZEYDRYL FLUOKIDE
IN 50% ETHANOL - 50+ WATER CONTAINING
5.20 x 107> M. SODIUM HYDROXIDE AT L9.8"
Time, 0.01L9L M. HC1, HF 11berat§d,
sec., ml. 4 of 2.69 x 10
0 , 3.54 0.0
1500 3.27 15.0
3000 3.06 26.7
[1800 2.755 h3.7
6000 2.685 L7.7
7560 2.6 60.6
10,9¢0, 2.25 71.9
7200 1.7 100.0
36002 1.7 100.0
%at 100 L
ky = 1.20 x 10 lsec., 1
TABLE LXXI
RUN 186. FORMOLYSIS OF l.17 x 10”3 M. BENZHYDRYL FLUORIDE
IN 83.3% FORMIC ACID - 16.7% ACETONE CONTAINING
1.00 x 10™+ M. SODIUM FORMATE AT 10.0°
Time, 0.021LL N. Th(NO,) , - (C,H_) ,CHF remaining,
sec. mi, 3k % or® 52,17 x 103 M.
2.00 0.
1% 1.7 3& 3
.U lo_?)l. 5 Z‘L
1.03 70.3
50 6 ' 0.75 8l.6

= 3.0L x 1072 sec. t
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TABLE LXXII
RUN 187. FORMOLYSIS OF L.07 x 10™2 #. BENZHYDRYL FLUORIDE
IN 83.3% FORMIC ACID -~ 16.7% ACETONE CONTAINING
1.00 x 10”1 M., SODIUM FORMATE AT 10.0°

Time, 0,021 ¥. Th(NO,) Ho),CHF remain ng
sec. ml. 3°L % of 6 5 2 .07 x 107 } .
0.0 2.0 0.0
15.8 1.93 52.3
20.7 1.35 55.3
3.6 1.10 8.0
0.2 0.73 87.9

ky = 3.20 x 1072 sec.”t

TABLE LXXILI
RUN 188. SOLVOIYSIS OF 3.7L x 107> M. TRITYL ACETATE IN
80% ETHANOL - 20% WATER GONTAINING L.L9 x 1077 i.
SODIUM HYDROXIDE AT 25.0° '

Tinme, 0.01L9l M. HC1, CH,COOH liberated,

sec. ml. % of°3.74 x 103 M.
0. 3.00 0.0
600 2.30 28.0
960 2.00 ho.o
1320 1.70 ' %

1740 1.51 50

21100 1.2l 70.L
3000 1.0 78.8
3600 0.8 _ 86.0
23,1400 .50 100.0

= 5.13 x 10'” sec.” 1
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i , TABLE LXXIV
RUN 189. SOLVOLYSIS OF 3.83 x 10™> M. TRITYL ACETATE IN
! 80% ETHANOL - 20% WATER CONTAINING L.53 x 1073 M

SODIUM HYDROXIDE AT 25.0°

- Time, 0.01L9h M. HC1, ~ CH,COOH liber%ted,
. sec. ml. % of”3.83 x 107° M.
C. 32.03 0.0
Li20 2.56 18.3
900 2.10 6.3
1200 1.8 6.0
: 1560 1.5 56.6
1920 , 1.39 6l.1
2760 1.01 7838
3660 0.80 37.1
15,600 A7 100 .0

k) = 5.2 x 10f4 sec.™+

TABLE LXXV
RUN 100. SOLVOLYSIS OF 3.80 x 1073 M. TRITYL ACETATE IN
607% ETHANOL - L0% wATER CONTAINING L.58 x 107> il

SODIUM HYDROXIDE AT 25.0°

Time, 0.01LoL M. HC1, CH4COQH 1ibergted,
sec. ml. % of”3.80 x 107° W,
0 3.06 0.0
L3 2.86 7.9
69 2.72 13-l
93 2.6l 16.5
145 2.8 22.8
163 2.30 29.3
21l 2.16 35.
253 2.08 8.6
303 1.97 2.0
12002 0.52 1C0.0
a2t 50

k., = 1.01 x 1072 sec.”t
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TABLE LXXVI
RUN 192, SOLVOLYSIS OF 2.92 x 10_3 I, BENZEYDRYL CHLORIDEZ

IN 06.7 % METHANOL - 2.37 WATER AT 25.0°

-

Time, 0,021 1. WaOH, . HC1l liberatgd,

sec., ml. b oof 2.92 x 107~ M.
0 0.01 0.0
sl .11 7.2
105 .20 13.8
165 .30 , 21.0
2212 0 28.3
30! .50 35.6
387 .60 2.8
L3h .65 6.1
L&3 .70 50.1
53l .75 53.7
592 .80 57.L
650 .85 60 .0
713 v Q0 6l .5
780 .05 68.2
870 1.00 71.9
liz,200 1.39 100.0

ki = 1.0h6 x 10" 3gec. "t
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TABLE LXXVII

3

RUN 103. SOLVOLYSIS OF 2.69 x 10 -~ M. BENZHYDRYL CHLORIDE

IN 96.7% METHANOL - 3.3% WATER AT 25.0°

sec.” A P 4 of 5,63 7 1075 M.
o 2.00 0.0
e 2.10 7.8
117 2,20 15.6
179 230 2
217 - 2.35 | 2t1.3
o5l 2.0 3i.2
207 2:L5 -2
330 2.50 o
362 2.55 h2.9
132 2.60 L6.8
1181 2.65 50.8
538 2.70 8.7
595 2.75 58.6
660 2.80 62.5
. 5.85 66.1;
81l 2:00 102
3,200 3.28 100,0

ky = 1.L9 x 1072 ——
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TABLE LXXVIII
RUN 195. SOLVOLYSIS OF L.03 x 10 -4 K. TRITYL p~NITROPHENYL
ETHER IN 80% ETHANOL - 20% WATER CONTAINING
2.26 x 10~ M. SODIUM HYDROXIDE AT 25.0°
Time, O@tical Density, NaOC NO liber&ted,
sec. % of h 3%x 10

0 .081 0.0
181 <1L5 8.1
600 271 25.0
Q62 350 6.2
1200 03 ﬁ3.2
1,53 o Le.2
1813 . - .h9b 56.1
2165 .5ho 62.0
158,100 .815 100.Q

ky = LSk x lO-A sece” 1

TABLE LXXIX
RUN 106. SOLVOLYSIS OF 2.83 x 10™% M. TRITYL p-NITROFHENYL
ETHER IN 80% ETHANOL - 20% WATER CONTAINING

2.26 x 10~ M. SODIUM HYDROXIDE AT 25.0°
Time Optical Density NaOC H liber ted,
sec.. ’ 6 h8h2x 1074 M.
0 0.075 0.0
300 .136 11.6
600 <10k 22. 5
1020 .259
138l .316 ﬁ
1620 .339 50.
2100 : 2378 57 I
2702 038 ' 60.l;
16,200 .595 100.0

kK, o= L ox 107+ sec.™1



RUN 108.

Time,
SeCe

10
20
30
Lo
50
60
70
30
00
100
115
13
160
1885
225
250
300
350
1360

TABLE LXXX
SOLVOIVSIS OF .36 x 107° 1. TRITVL »=NITROPEENY
ETHER IN 0% ETHANOL - 60% WATER CONTAINING

2.26 x 107¢ 1, SODIUM HYDROXIDE AT 25.0°

Optical Density, \Iaoc6 NOleber
% of 36 x 10

0.33L

L] * - L) L] L] -

.7
.753
. 790
.38L0
.885
.925
975
1.000
1.036
1.067
1.117

OJUIoo~NO0 0w onOwnnMw M PPDFUTomo

OO o O~ VIV HE-FEwwlo o -
ONO T HUIOFJWwO\Uvi o o o0y o
L]

[ ] - L[] * L] L] .

-

EY

Ky = 7.58 x 1072 sec.”t

L

gtea,

11¢
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TABLE LXXXI
RUN 100, SOLVOIYSIS OF 3.02 x 1077 li. TRITYL p-NITROPHENYL

LTHER IN L0% ETHANOL - 60% WATER CONTAINING

2.26 x 107° M. SODIUM HYDROXIDE AT 25.0°

Tinme, Optical Density, Naogél;lhgczllbergted R

sec. 2°x 107

0 0.330 0.0
10 .373 7.9
20 1o 1.6
30 150 21.9
Lo 183 27.8
50 .515 33.8
60 .5Lo 38.0L
70 | .568 | h3.L
80 .506 8.3
U .616 52.0
100 .635 55,6
115 .665 61.3
200 .768 80.1
235 .798 85.8
275 .82l Q0 .1
325 .Bh2 93.7
3600 875 16C.0

ky= 8.26 x 1073 sectd



RUN 200.

625

750
Q00

3000

121
TABLE LXXXII
SOLVOLYSIS OF .31 x 107% M. TRITYL p-NITROFPHENYL
ETHER IN 69.5% METHANOL - 3C.5% WATER CONTAINING
2.26 x 1072 1. SODIUM HYDROXIDE AT 27.0°
Optical Density, Na006 hNO llbergtea,
% of ~l% 31 x 107> M.
0.117 0.0
.170 6.5
.220 12.8
.267 18.8
.317 25.1
-356 20.0
a8 35.3
.35 9.9
.hé di.3
.502 L&.5
.522 gg.u
.557 5.7
.586 5o.l
.609 62.2
.627 6lL.8
.650 67.7
.670 70 .0
<700 7L..5
.738 7€.9
.762 82.1
.702 85.68
.828 90.5
.85l 93.0
.C00 100 .0

= 3.0l x 10" 3sec.~t
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TABLE LIOCKIIT
RUN 203. ACETOLYSIS OF 2.16 x 10™° #. TRITYL p-NITROPHENYL
ETHER IN ACETIC ACID CONTAINING 5.00 x 102 M.
POTASSIUM ACID PHTHALATE AT 25.0°

ziﬁf, Optical Density, Hogéz 162;i§8rgtﬁf,
0 0.ho2 0.0
b2 1466 16.7
82 ' .512 28.3
12h .561 Lo.8
16l 590 Lg.1
208 ' .627 57.¢
257 .659 65.7
303 .680 71.3
2100 .792 100.0

ky = .17 x 1073 sec.”?
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TABLE LXXIV

-5

RUN 206. HYDROLVSIS OF 6.72 x 10 M. TRITYL p-NITROPHENYL

ETHER IN 50% ACETONE - 50% WATER CONTATNING

1.13 x 10°2 1. SODIUM HYDROXIDE AT 25.0°

Time, Optical Density, NaOC H Vozlibergted,

sec. % of 6 72°% 1077 .

0 0.000 0.0
50 .056 L.5
100 .106 8.5
150 .160 12.8
200 211 17.6
250 267 21.0
300 .306 2.5
50 .352 28.3
100 .395 31.8
l150 113 35.2
500 .u7Z 38.5
575 .53 [3.3
650 .587 L7.L
775 .668 sl.1
850 .708 57.6
925 . 750 60.9
1000 _ . 785 63.8
1100 .832 67.8
1225 .882 71.7
1350 .923 75.5
1500 .G69 0.0
7800 1.213 100.0

ki = 1.06 x 10™3 sec. t



Run Compounda Solvent Electrolyte Electr

=
DOV OODMNN

TABLE LXXXV'

Added

NaOH
i
n

KHO4SBH4

NaOgCH

SUMMARY OF KINETIC RUNS

Conc.
of Added

Mex10

4.49
4.53
4.58
83.0

25.0

27.8
27.8

41 .4

41 .7

tr

tt

glyte, Temp.,
?

C

29.93
29.90
30.05
29.90
30,06
30.04
30.00
39.72
39.5

5%.6

n

25.0
n
n
n
"
"
n
"
"
"

f
4]

25.0

124

k
se%."l

3.68x10'2
3.98x107
s.vsxlo-g
l.lﬁxlozz
1.10x10 %
5.10x1077
9.38x10_,
2.52x10'4
8.5Ox10'2
6.47x10'2
2.14}:10"4
1.12x1077
9.83x107
3.54x10° "
1.51x10“§
l.51x10'é
l.'78x10"4
9.03x10;
9.62x10",
5.53x1073
2.56x10_%
3.85x10_,
5.20x10°
4.20x10"2
5.63%x10"

1.45x1075

-4

5.42;{10_5

1.91::10_6
6.88x10"
8.02x10“§
2.38x10 5
2.31x10_P
2.27x10_7
4.84x10_o
4.84x10_
4,68x10°

1.46x10:§
1.49x10



Run Compounda Solvent  Electrolyte Electr

130
131
150
151
152
1583
157
158
161
162
165
166

175

176
177
178
180
181
184
185
186
187
195
196
198
199
200
203
206
46
47
48
49
50
5l
54
55
56
57

v

n
VI
n
1
1
n
1
n
n

VII
tt

13
13

'—-l
(A IRV I AVIR AVIR AV IR O TR A0 1 S AV Ve

-
M

o
OOTTI-ITITHRFFHDOUO DD

TABLE LXXXV. {Cont.)
ConCo
hagded of Added
glyte, Temp.,
M.x10 °c
NaQ,CH 27 .8 25,0
n 27 .8 25.0
NaOH 6.73 75.3
" 6,76 100.0
" 3.49 75.3
" 6.62 100.0
" 6.58 75.3
" 3,33 75.3
" 377 75.3
" 6.58 75.3
KHOoCoH 75 25,0
A 50 25,0
NaQ,CH 100 0.0
" 100 0.0
" 50 0.0
" 100 0.0
NaOH 3.94 50 .0
n 6.31 50.0
" 5.16 50 .0
" 5.29 49.8
NaQ,CH 100 10.0
" 100 10.0
NaQH 2.26 . 25,0
" 22 .6 25,0
" 22 .6 25.0
" 22,6 25,0
" 22.6 25.0
KHO,C,H 50.0 25,0
NEoR ¢ 25,0 25 .0
- - "57:5
- - -63
- -59
- - -6100
- - -61.3
- - -62.8
- - -61.8
- -62.7
- - -63.1
- - -63.3

ky,
se%. '14
2.96x10'4
2.89x10'i
8.40x10'i
1.77x107;
8.25x107,
1.77x1072
2.81x10 .
3.49x10‘§
5.08x1072
3.16x107%
1.50x10
1.46x1073
6.98x10”%
9.24x107
8.18x10_ %
7.28x1075
1.07x10:5
1.22x107,
1.00x10_%
1.20x10_,
3.O4x10:2
3.26%10
4.54x107;
4,44x10
7.58x107%
8.26x10 .
3.04x107%
4.17x10'g
1.06x10_%
1.02x10
3.73x107°
6.08x10"2
2.98x1077
l.92x10";
1.93x10°%
1.25x10_-
2.02x10"5
6.0 x10;*
7.6x10

W
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TABLE LXXXV. (Cont).

Trityl fluoride;

"Trityl thiocyanate;

Trityl acetate;

Benzhydryl chloride;
t-Butyl chloride; ‘
Benzhydryl fluoride;

Trityl p-Nitrophenyl ether;
Trityl chloride.

Ethanol

80% Ethanol
60% Ethanol
50% Ethanol
40% Etheanol
Me thanol
96.7% Methanol - 3.3% water;
69.5% Methanol - 30.5% water;
80% Acetone - 20% water;

70% Acetone - 30% water;

50% htetone - 50% water;

Acetic acid;

83.3% Formic acid - 16.7% water.

20% water;
40% water;
50% water;
60% water;

[ |

126
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4, Reaction Products

In all the runs except those involving trityl fluoride
in acetic acid, the analytical method made it certain that
reactions proceeded to completion. To prove that trityl
acetate was indeed the principal product in these acetic acid
runs, the crude product was lsolated by quickly removing the
solvent after ten times the half life (with no exposure
to temperatures above-25°), and extracting the organic
material from the sodium acetate and sodium fluoride with
ether. After remoﬁal of the ether, the remaining material
had m.p. 74 =~ 78°, in contrast to 87 - 88 for pure trityl

49 The low m.p. is believed to be due to the 14%

acetate.
triphenylcarbinol known to be present (by base titration)

in the original trityl fluoride (cf. Tgble LXXXVI.). This crude
product proved very difficult to free from triphenylcarbinol

by recrystallization. However, its identity was shown by a
kinetic analysis. In 50% acetone - 50% wéter the first-

order rate constant for hydrolysis was 7.l x 1074 :3e.=,c.-l

at 25.0 (TableLXXXVII), compared to 7.2x10-4 sec._l

for
authentic trityl acetate (Table II). The end-point at ten
half lives indlcated a quontitative yield of trityl acetate
frém the trityl fluorlide present in the original starting

material. Absence of trityl fluoride was shown by titration

(49) M. Gomberg and G. T. Davis, Ber., 36, 3924 (1903).



TABLE LXXXVI

MELTING POINTS OF MIXTURES OF

TRITYL ACETATE AND TRIPHENYLCARBINOL

> (C H_ ) _COH
s 6 5)3

0
S
10
20
30
- 40
80
60
70
80
90

100

m.p., OC.
87 - 88
'7800 - '7;9.0
7566 = 77,0
93.2 - 99.0

100.2 - 122.2
122 - 126
124.6 - 134.2
133.8 - 147.4
145.0 = 153.0
150.4 - 157.0
15744 - 160.8
163.4 - 164.2
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OF

TABLE IXXXVII

PRODUCT OF

FPLUOKIDE IN 50% ACETONE -

Time,
Sec.

0

55
98
1&8
208
27k
330
295
Lo3
537
623
600

170
560
937
1053
11726
1260
1420
1550
16C0
1665
2055
2280
10,200

0.0506 Ii. NaOH,

k

ml.

0.000
.100
0150
0200
.250
.300
.350
. LLGC
D50
500
550
o0
.653
.70k
. 750
.200
L850
.900
.950

1.000

1.050

1.100

1.150

1.200

1.482

- 7.1 x 10~

5CS WATER AT 25.0
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60 . ¢
Cl.1
67.3
71.0
7h.3
77.5
1.0
100.0

i
L. -1
SECe

4CETOLY SIS CF TRITYL

~r
P

CH,COCH libepated,

=0
10 M.

2



of the solution for fluoride lon using thorium nitrate and
sodium alizarinsulfonate after completion of the solvolysis.
As 1little as 5% trityl fluoride would have been detected.

5. Calculations

Rate constants were calculated by use of the fact that
the first-order rate constant is equal to 0.693 divided by
the half l1life. Half lives were determined by plotting the
% unreacted against time on semi-logaritimic paper, and
taking the distance along the abscissa from the origin to
point where the best straight line crossed 50%. The best
straight line was drawn by sight except in runs 175, 176,
177, 178, 186, and 187, where the method of least squares

was used.

i
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Summary.- It has been found possible to correlate the
rates of solvolysis of twenty organic compounds in eighteen.
solvents by means of equation 6. This equation assigns

log k/ko = 8n + s'te (8)

changes in relative rates to four factors: mucleophilicity
of the solvent (n), electrophilicity of the solvent (e),
susceptibllity of the compound to nucleophilic attack (s), and
susceptibility of the compound to electrophilic attack (s!').

No support has been found for the hypothesis that two
essentlally different transition states are involved in solvolyses
of organic compounds, Neither 1is any support apparent in this
work for the hypothesis‘that 2ll compounds which have at least
as great a tendency as t-butyl chloride to ionize into a car-
bonium ion react by way of ildentical transition-states.

The - data are more‘consistent with the hypothesis that
all solvolyses occur by waj‘of one type of transition—state;
in which both a nmucleophilic and an electrophillic solvent
molecule are involved. Only quantitative varlations in this
- transition state are necessary to account for the experimental

facts.
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Appendix A
KINETIC MEASUREMENTS ON TRITYL CHLORIDE

It would be deSiréble to obtain kinetic data on trityl
chloride at 25° for comparison with the other trityl compounds
listed in Table III. Since at 25° trityl chloride reacts too
rapidly to measure by conventional methods, some preliminary
runs were done at -60 by the intermittent titration method.
Unfortunately, the more highly aqueous mixtures and the
carboxylic acids froze at temperatures at which the reactions
were still too fast to measure, so thlis work was abandoned.
The data obtained are in Tables XCII - CI « Temperature
control was + 2°. in the. ethanol runs and + 0.2° in the
methanol runs. |

Another approach to the problem is the use of a flow
technique to measure these reactions at 25°. In this method
two streams of liquid, one containing acetone and trityl
chloride, and thg other containing acetone, water, brom
thymol blue indicator, and a known amount of sodium hydroxide
less than equivalent to the trityl chloride, were forced
from water-jacketed burets into a mixer and thence down a
pyrex capillary tube. When sufficient hydrochloriec acid had
been liberated by the ﬁydrolysis to neutralize the sodium
hydroxide, the indicator changed color. This could be ob-

served as a more or less sharp line in the capillary.



By measuring the time necessary for a given amount of
liquid to pass down the capillary and knowing the crosse-
sectional area of the capilllary, the velocity down the cap-
illary could be calculated. Then by measuring the distance
from the point of mixing to the point at which the indicator
changed color, and knowing the amount of sodium hydroxide
and trityl chloride initially present, the time necessary
for a given 4 of reaction to occur could be calculated. A
series of such measurements and calculations could be com-
bined to give a kinetic run.

The plots of such runs always exhibited marked curvature
(Fig.17;. Since no explanation for this curvature could be
found which would allow use of the method to obtain the data
desired, the method was abandoned.

It was shown that adequate mixing was obtained by addirg
triphenylcarbinol and hydrochloric acid 1h place of trityl
chloride to the acetone solution. The acid color of the
indicator was observed in the llquid just leaving the mixer,
indicating that mixing was completed inside the mixer.,

Substitution of dioxane for acetone did not change the
shape of the curve,

'Experimental

The mixer was constructed from teflon rod. A cross-
shaped piece was first made. Then a hole of the same dlameter

as that in the capillary was drilled down one axis. A
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larger hole, to just fit around the capillary, was next
drilled a short distance into the same aiis. Next, a hole

was drilled a short way into each end of the other axis

and tlhireaded. In each of these two holes, two small holes
were drilled into the small hole down the other axis. Small,
hollow, threaded plugs were constructed of teflon and attéched
by gum rubber tubing to the water-jacketed burets.

The solutions were forced down the capillary by nitrogen
pressure. The exhaust end was evacuated with two aspirators
ﬁb prevent acéumulation of pressure during a run.

The procedure was to apply nitrogen pressure on the
liquids in the water-jacketed burets énd apply vacuum to the
exhaust end of the caplllary, preventing the liquids from
reaching the mixer by meams of a common screw-clamp on the
two pieces of gum rubber tubing connecting the burets to
the mixer. At zero time the screw-clamp was removed and a
stop-watch started. The point at which the indicator changed
color was marked, and the time necessary to empty a known volume

of liquid observed.
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TABLE LXXXVIII
RUN 8. HYDROLYSIS OF 2.00 x 1073 M. TRITYL CHLORIDE IN
00% ACETONE - 10% WATER AT 25.0°

Distance 0.0932 M. NaOH, HC1l libverated,
from mixer, -
cm. ml. 7 of 2.00 x 10™3 M.

11.c = 0130 1C

1.2 .%58 20

17.0 1.288 0

19.5 1.718 io

22.0 2.148 50

2.3 2.578

30.5 3.00 70

3L-36 3.43 8o

Velocity 528 cm./sec.

Reynolds No. 11,000

TABLE LXXXIX
RUN 89. HYDROIYSIS OF 2.00 x 1073 M. TRITYL CHLORIDE IN
90% ACETONE - 10% WATER IN THE PRESENCE OF
2.00 x 10~3 POTASSIUM NITRATE AT 25.0°

Distance 0.0932 . MNaOH, HC1 liberated,
from mixer, ,
cm. ml. % of 2,00 x 1073 M.
20.6 0.858 20
26. 1.288 30
30. _ 2.18 50
7.0 - 3.00L 70
1.5 3.1136 80

Velocity 528 cm./sec.

Reynolds Wo. 11,000



TABLE XC

RUN 90. HYDROLYSIS OF 2.00 x 10™- M. TRITYL

CHLORIDE IN

00% ACETONE - 10% WATER IN THE PRESENCE OF

2.00 x 107> W, LITHIUM PERCHLORATE AT
Distance 0.0932 i. NaCH,
from mixer, )
cm. ml. %
22.7 0.858
2.0 1.28
28.2 2.118
32.0 3.00l
36.0 3.436

Velocity 528 cm./sec.

Reynolds No. 11,000

28.0°
HC1 libverated,
of 2.00 x 1073 Ii.
20
30
50
70
80

-4
€

Ci



TABLE XCL
RUN 12L. HYDROLYSIS OF 8.33 x lO-h e TRITYL CHLCRIDE IN

70.7% DIOXANE - 29,3% WATER AT 25.0°

Distance 0.1783 . NaOH, HCl liberated,

from mixer,
cm. ml. % of 8.33 x 1074 1.
0.0 0.066 16.7
0.2 .008 25.2
1.5 122 31Q1
2.2 .178 5.2
2.6 .23k 50.l
3.0 . 260 73.5
L.2 .36 87.2

Velocity Llio cm./sec.

Z
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TABLE XCII
RUN 6. ETHANOLYSIS OF 6 b,x:Lo'LL M. TRITYL CHLORIDE
IN ETHANOL AT -57.5°

Eif?’ O.OhBhM;ﬂfaOCZHs, %Hg% liberatﬁd,
0 0.27 0.0
2o .30 | 2.0
540 .35 5.
8Lo Lo 8.8
1200 L5 12.2
20440 4 .55 18.9
2700 .60 22.3
3120 . .05 25.7
020 L77 33.8
LLLo .30 35.8
L98o .35 39.2
5100% 1.75 100.0

ky = 1.02:{10-1“ sec.~ 1
8pt 25°



RUN L47.

TABLE XCIII

ETHANOLYSIS OF L.9x10~4 M. TRITYL CHLORIDE

 IN ETHANOL AT -63°

Time, 0.0l 34M. Na0C,He,
sec. ml.

0 , 0.08
2040 .15
3300 .20
11020 2h
5280 : .30
6780 .35
9540 L5

12060 .52
1160 .57
16410 .61
1908p .655
22020 .695
26580 | .760
267002 1.200

= 3.731;10"5 sec.”t
8¢ 25°

Hcl libera ed
% o

L.9x10~4
0.0
6.2
10.7
1.3
19.6
2h.1
33.0
39.3
L3.7
L7.3
51.3
54.9
6047
100.0

M.
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TABLE aCIV

-

AUN L8. ETHANOLYSIS OF 5.0x10™% M. TRITYL CHLORIDE
IN ETHANOL AT -59°

e I e i
0 ¢.258 0.0
1080 .329 6.2
2L160 o2 12.5
2360 458 17.h
L1120 .508 21.7
6300 .558 26.0
710 .608 300t
9000 .658 3.7
10500 .708 39.1
121120 .758 L3.h
13680 .808 Lh7.7
15060 .858 52.1
16200 .908 56.k
17820 .958 60.8
19500 1.008 65.1
196202 1.152 100.0

ko= 6.,08x10"5 sec.” 1

apt 25°



TABLE XCV

RUN 9. SOLVOLYSIS OF 6.0x10°F M. TRITVL CHLORIDE

Time
S€c.

5 &

U

-J
Ut

Q0
106
128
148
165
185
207
229
251y

2520

IN 96.7% METHANOL =- 3,3% WATER AT —61.0%

0.0l3M. NaOC, Hp,
: 2 5
ml.

0.390
50

.350
.90k
«950
1.006
1.05l
1.100
1.150
1.780

ki = 2.98x1073 sec."

1

HC1 liberat
% of 6.0x10”

0.0
L3
15.6
18.9
22.3
25.0
29.l
33.1
37.0
Lo.3
L.3
L7.8
51.1
5h.7
100.0

ﬁd

L

I‘I‘I L )

141



TABLE XCVI
RUN 50. SOLVOLYSIS OF 5.9x1074 . TRITYL CHLORIDE
I 96.7% METHANOL - 3.3% WATER AT -61,3°

gize, O.OMBAM.m2a002H5, yﬂg% %iseragﬁdg
. . o «9x10 Mo
0 0.250 0.0
L6 . 360 9.9
69 1100 13.5
95 150 18.0
12l .506 23.1
153 550 27.0
186 . 600 31.5
226 : +650 36.0
265 .700 Lo.o
310 . 750 45.0
353 .800 h9.5
397 .850 Shel
b6 | .900 58.6
497 «950 63.1
55 1.000 67.6
606 1.150 72.1
3000 | 1.360 ©100.0

ki = 1.92x1073 sec,”t

j=4
Ay



143

TABLE XCVII
i
RUN 51.  SOLVOLYSIS OF 5.9x10™% M. TRITYL CHLORIDE
T 96.7% METHANOL - 3.3% WATER AT -62.8°

Time, 0.0L3l. NaOC,Hg, HCL liberated,

sec. ml. % of 5.9x10~H M,
0 0.030 0.0
60 .302 20.6
97 .353 2h.5
125 100 28.0
153 50 31.8
183 «503 35.8
218 .553 39.6
25 - .600 L3.2
293 652 7.1
335 . 700 50.8
377 . 750 5.6
ez .800 58.3
170 | .850 - 62.1
- 523 .001 66.0
579 950 69.7
636 1.000 73+5
697 1.050 7743
769 1.103 €1.3
gal 1.150 8.8
907 1.200 88.6
6300 1.350 100.0

ky = 1.93x1073 sec.”t
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TABLE XCVidll
RUN 5l. SOLVOLYSIS OF 2.7::10'LL M. TRITYL CHLORIDE
IN 96.7% METHANOL - 3.3% WATER AT -61.8°

Time, 0.0l 3L, NaOCoHe, 7501 1ibera§ﬁd,
sec. ml. % of 2.7x10 * M.
0 £.150 0.0
70 .200 10.7
125 .229 16.9
188 .260 23.6
253 .290 30.0
323 .320 36.0
390 .350 La.g
570 100 53.5
703 30 60.0
8L7 6o 66,1
1030 1190 72.8
11502 .617 100

Ky = 1.25x1073 sec.”
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TABLE XCIX
RUN &5, SOLVOLYSIS OF 1;.9::10'1L e TRITYL CHLORIDE
. IN 96.7% METHANOL - 3.3% WATER AT -62.7°

Time; 0.0L3LM. NaOC,Hg, HCL liberated,
sec. ml. % of L.9x10"% M.
0 0.160 0.0
21 200 3.5
hs .250 7.9
75 .300 12.3
103 2350 | 16.7
133 .oo 21.1
353 .800 | 56.1
503 .880 63.2
558 | : | .920 | 66.7
6L8 - .970 71.1
776 1.050 78.1
| 875 1.100 ' 82.5
998 1.150 86.8
1153 1.200 91.2
1275% 1.300 100

k) = 2.02x10"3 sec.”1

aprt 25° ¢
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TABLE c
RUW 56. METHANOLYSTS OF 6.2x10-l M. TRITYL CHLORIDE
IN METHANOL AT -63.1°

Time, 0.0L 3. NaOCZHS, HC1 11beratﬁ§
sec, ml, % of 6.2x107% M,
0 0,100 0.0
37 «150 3.5
85 <200 7.0
238 «250 10.5
197 '+ 300 13.9 -
261 350 17.L
322 100 20.9
ﬁ% | ;50 2.l
167 ‘ , .%oo 27.9
5hs 550 31.L
629 .600 3L.¢
717 - .650 843
810 ' 0700 1.8
909 <750 45.3
1022 800 48.8
1132 .850 52.3
12&7 900 55.7
_1 Q7 1.000 62.7
1647 1.050 66.2
1802 1.100 69.7
2037 1.150 73.2
2227 1.203 76.9
2167 1.250 80.1
35002 1.535 100

Ky = 6.0x10™° sec.” T
&1t 25°
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TABLE (I
RUN 57. METHANOLYSIS OF 2.6x10—h ¥. TRITYL CHLORIDE

IN METHANOL AT =-63.3°

Time, 0.0L3Li. NaOEt, HC1 liberated
sec. ml. % of 2.6x107H M.
0 0.102 0.0

128 .152 9.6

210 .182 15.0

320 213 21.3

L15 22 26.9

530 .272 32.7

oL5 .302 38.5

770 .332 Lh.2

930 .362 50.0

1085 .39l 56.2
1265 Jdi22 61.5

1195 153 67.5

1745 .82 73.1

2050 .512 76.8

1h70 543 8.8

2970 572 0.k
5040 o 622 100

kl = 7.6::10"LL sec.”t
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Aprendix B
SOLVOLYSIS OF t-BUTYL CHLORIDE

As noted above (p. 8) several attempts have .been madel9-18
to cofrelate both the rates and the products of the solvolysis
of t-butyl chloride in ethanol « water and methanol - water
mixgures. These attempted correlations have all assumed
that the rate is proportional to the mole fraction of t-butyl

chloride. It has been pointed out<C

that use of such an
assumption for n-butyl bromide does not permit satisfactory
correlation of rates and products in similar ethanol - water
and methanol - water mixtures. Such a correlation may be
made19 for n-butyl bromide if the rate is taken to be pro-
portional to the molarity of t-butyl chloride and the vapor
pressures of alcohol and water.

The most nearly successful correlation for t-butyl
chloride is that of Winste:’m.lv7 This was based on a one=step

termolecular mechanism for solvolyses. Using such a mech-

anism the measured rate was expressed as

2 2
Rate = kmCRCl = (kwwpw + kcpwpa +kaapa )aRCl (18)

2 2
- =(kwwpw + Ko PyPy + KygPy )f301

where km Is the measured first-order rate constant, Crgqp the
concentration of t-butyl chloride, kyw 1s the rate constant

for an assumed third-order reaction involving two water
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molecules and a t-butyl chloride molecule, kc is the rate
constant for an assumed reaction involving one water
molecule, one alcohol molecule, and one t-butyl chloride

molecule, k is the rate constant for an assumed reaction of

aa
two alcohol molecules and one t-butyl chloride molecule,
pw and pa are the vapor pressures of water and alcohol

respectively, is the activity of t-butyl chloride, and

®gc1
fRCl is the activity coefficient of t-butyl chloride (determined
from the vapor pressure). The first term of equation 16 was
assumed to produce alcohol and the third term ether. The

middle term could produce either alcohol or ether, since both

a water and an alcohol molecule are involved. The ratio of
alcohol to ether formed from this term was adjusted so that

the total proportions of ether and alcohol were in agreement
with those observed. This essentlally 1ntroduces a second
disposable parameter.

The above procedure is not the only possible one. The
middle term of equation 16 can be divided on a moré rational
basis. The most reasonable mechanism involving two solvent
molecules assigns a nucleophilic role to one and an electro-
philic role to the other. Then k, may be divided into one
term involving a nucleophilic water molecule and an electro=-
philic alcohol molecule,(kw&).and'another term involving

nucleophlilic alcohol molecule and an electrophilic water

molecule (kaw).‘ Now k ~ and k__ may be evaluated by
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considering that the relative nucleophilicity of an alcohol
or water molecule should be nearly independent of what electro-
philic agent is present, so long as that electrophilic agent
is constant. This condition is expressed in equation 18.

If the rate 1s assumed to be proportibnal to the mole
fraction of t-butyl chloride and the vapor pressures of
ethanol and water; both rates and products may be correlated
with some success (Tables (II and CIIT)-

Equation 17 and 18 may be solved for kaw and kwa in terms

Ko = kyg +Kgy (17)
k k
aw aa (18)
Tk
“ww wa

of k kww’ and kc. These three rate constants may be

aa’
evaluated from the kinetic data in acetone - water, dloxane =-
, 5 -
L = kc+_\ kc - 4 kaakww (19)
aw o
k =k =k
wa c aw

water, ethanol - water, and methanol - water mixtures.

If the nucleophilic species involved in the transition
state is the one which ultimately becomes bonded to the
central carbon, then the proportions of alcohol and ether
in the product may be calculated from kaw’ kogs Kyy» and

kwa' In methanol - water mixtures (using the same kww)
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TABLE CII
RATE CONSTANTS FOR SOLVOLYSIS OF

t-BUTYL CHLORIDE IN ETHANOL - WATER MIXTURES AT 25.0°

3 3
Water L, P, 10 X k , 10 k
moled mh . it . hr.-1(c%1cd.) hr.'f (Bbsd.)
O'O OOO . N 5900 01349 00549
26.2 11.5 45,5, 6.54 6.16
44.8 16.6 38.4 38.3 32.9
88 .4 19.2 31.4 453 . 453,
75.4 19.9 28.6 1420. 1320.
82.9 20.5 25.4 4690. 4660.
o 9:18x10" % mm.-% hr°"i
(28 - 1.52x10‘§ mm ., =2 hr,7y
K - 5.15x10“90 mm."2 hr.”
k"? 2 2.70x10"° mm."% hr.7t
aw
TABLE CIII

PRODUCT COMPOSITION FROM SOLVOLYSIS OF t-BUTYL CHLORIDE
IN ETHANOL - WATER MIXTURES AT 25.0° USING THE DATA OF TABLE CII

Water, Ether, Ether,
mole % % (Calcd.) % (obsd.)
26.4 42 53

44 .7 29 33

68.3 23 18
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Kow and k__ are found to be complex conjugates according
to equation 19. In order to avoild this difficulty, the
calculated rate in pure ﬁethanol would have to be reduced
to less than one-fourth its observed value.

If the rate is assumed to be proportional to the mole
fractions of ethanol and water (instead of the vapor
pressures), falr correlations of both rates and products
may be made (Tables CIV and CV ). A somewhat better
correlation of rates and poorer correlation of products may
be made in methanol - water mixtures (Tables ¢vi and CVII ).

TABLE CIV
RATE CONSTANTS IFOR SOLVOLYSIS OF t-BUTYL CHLORIDE

IN ETHANOL - WATER MIXTURES AT 25°

. 3 3
Wateg, lo_lx ks lO_lx k%,
mole% hr. (calcd.) hr. (obsd.).
0.0 0.409 0.349
26.2 3.99 6.16
44,8 25.7 32,9
68 .4 435. - 453,
76.4 1560. 1320,
82.9 5520. 4660.
ko = 1.25x1070 hr.73
kog = 5.75x107, hr.”
Kpg = 6.00x107° nr.-1
TABLE CV

PRODUCT COMPOSITION FROM SOLVOLYSIS OF t-BUTYL CHLORIDE 1IN
ETHANOL - WATER MIXTURES AT 25 USING THE DATA OF TABLE CIV

Vlater, Ether, Ether,
mole % % (Calcd.) 7 {(obsd.)
44 .7 37 33

63 .5 18 18



TABLE CVI

METHANOL - WATER MIXTURES AT 25.0°

RATE CONSTANTS FOR SOLVOLYSIS OF t-BUTYL CHLORIDE IN

3 3
Water 107 .x s 10¥.x ’
mole % nr, "t (gglcd.) ne. "t %%bsd.)
0.0 2.40 2.92
7.0 7.24 6.24
17.5 17.1 15.4
23.0 27,7 25,4
28.2 43.0 40.7
34 .6 76.6 75 .4
38.3 116. 110.
43.2 186. 188.
49.7 370. 347.
R S |
= 12.5x10" 7 hr.
ﬁZZ = 5;00x10‘2 hr.1
kyg = 6.12x107° hr =1
kKo 2 6.12x107° nr -1
aw _
TABLE CVII
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PRODUCT COMPOSITION FROM SOLVOLYSIS OF t-BUTYL CHLORIDE IN

METHANOL - WATER MIXTURES AT 25.0° USING THE DATA IN TABLE CVI

Water, Ether,
mole % % (calecd.)
16.4 71
28.4 56
49.0 33
TABLE CVIII

RATE CONSTANTS FOR SOLVOLYSIS OF

‘Ether,
% (obsd.)

83

68
40

t-BUTYL CHLORIDE IN

83.2 MOLE % WATER - 16,8 MOLE % DIOXANE AT 25.0°

3

Source of k 10°.x k_,

ww hr."t (c%lcd.)
Table CIT 570
Table CIV

836

lOflx s
hr. (O'bSdo)
644
644
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TABLE CIX
RATE CONSTANTS FOR SOLVOLYSIS OF t-BUTYL CHLORIDE
IN 50.3 MOLE % WATER - 49.7 MOLE % ACETONE AT 25.0°

3 3
Source of k.. 107.x k_, 107, x ky
hr.~t (cBlcd.) hr. "L (oﬁsd.)
Table CII 7. 96 690
TableCIV 5. .23 690

The assumption that the rate is proportional to the
molarity of water fails because the rates in dioxane - water
and acetohe - water mixtures are not compatible with such
a treatment. The k calculated from 83.2 mole % water -
16.8 mole % dioxane is 8.35 x 107° .72 nr."l The k
calculated from 50;3 mole % water - 49;7 mole % acetone is
-2 1

33.3 % 107° M.”° hr.”

If the rate is assumed to be proportional to the

molarity of t-butyl chloride (as was done for n-butyl bromidelg

)
and the mole fractions of alcohol and water, then a good fit
may be obtained for both rates and products in both methanol -
water and ethanol - water mixtures (Tables CX - CXITI).

Rates in the dioxane - water and acetone - water mixtures

are also correlated fairly well (Table CXIV ). The justifi-

cation for using molarities'of t-butyl chloride and mole

fractions of water and alcohol is not apparent. It is there-

fore questionable whether any significance is to be attached

to these results.

W

i



A e T
f

RATE CONSTANTS FOR SOLVOLYSIS OF t-RBUTYL CHLORIDE IN

Water,
mole %

0.0
26.2
44.8
68 .4
76.4
82.9

PRODUCT COMPOSITIONS FROM SOLVOLYSIS OF t-BUTYL CHLORIDE

®
©

RN
B b3

aw

TABLE CX

mnnan

10°.x k

nr."t (cB

Hd

0,349

5.6
31.7
393.
1320,
4220.
4.00x107%
5.,46x107
1.4 x10”
1.96x10~4

TABLE CXI

S

lO3 x k
(

lcd.) hr.”

ETHANOL - WATER MIXTURES AT 25.0°

1 m

349

. 3249
453.
1320.
4660.

b
obsd.)
0
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IN ETHANOL - WATER MIXTURES AT 25.0° USING THE DATA OF TABLE CX

Water,
mole %

26.2
44.8
68 o4

Ether,

% (caled.)

57 .4
37 3
18.4

Ether,
% (obsd.)

53
33
18
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TABLE CXII
RATE CONSTANTS FOR SOLVOLYSIS OF t-BUTYL CHLORIDE IN

METHANOL - WATER MIXTURES AT 25.0°

Water, | 10°. x 1, 10° xz x_,
mole % nr."t (cBled.) nr.~t  (Bosd.)
0.0 2.51 2.92
7.0 7 .62 6.24
17.5 - 17.9 15.4
23.0 28.1 25.4
28 .2 42 .9 40.7
34 .6 74,1 75.4
58.3 110. 110.
43,2 172. 188.
49,7 326, 347 .

7.8%x10"° nr.7t

k82 C 4.00x1074hr.7]
KV = 2.79x107 hr.Ty
kig = 1.12x10™*hr.

TABLE JXIII
PRODUCT COMPOSITIONS FROM SOLVOLYSIS OF t-BUTYL CHLORIDE

IN METHANOL - WATER MIXTURES AT 25.0°USING THE DATA OF TABLE CXII

Water, Ether, Ether,

mole % % (calcd.) % (obsd.)

16.4 80.6 83

28 .4 66.9 68

49.0 4z .2 40
TABLE CXIV

RATE CONSTANTS FOR SOLVOLYSIS OF t-BUTYL CHLORIDE IN

ACETONE - WATER AND DIOXANE - WATER MIXTURES AT 25.0°

Solvent System Water, 1o§1x k_, 10§lx k.»
mole % hr. (calcd.,) hr. (obsd.)

dioxane~water 83.2 784 644 ‘

acetone-water 530.3 7.45 6.90

-4 -1
k.= 4.00 x 107% nr.
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A similar treatment of the solvolyses of n-butyl bromide

in ethanol - water and methanol - water mixtures gives some-

what less satisfactory results (Tables CXV - CXVID .

TABLE CXV

RATE CONSTANTS FOR SOLVOLYSIS OF n-~BUTYL BROIIDE

IN METHANOL - WATER MIXTURES AT 59.4°

Water,
mole %

0.0
14.1
26.5
30.8
48 .3
60.1

k_,
n '1(calcd.)

&
. @
O W

1
12.2
23 .7
36,9

0.0805 hr.”*
0.0702 hr.-1
0.0945 hr.,” =
0.0615

aa.

kWW

aw
a

ot

TABLE (CXVI

PRODUCT COMPOSITIONS FROM SOLVOLYSIS OF

BROMIDE IN METHANOL -~ WATER MIXTURES AT

Water, -
mole %

14 .1
26.3
50.8
48.5
60.1

Ether,
7 (calcd.)

88.8
78.6
74.6
58 .4
46,4

n-BUTYL
59.4°

Et+her,
% (obsd.,)

88
74
72
61
ol
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TABLE CXVII
RATE CONSTANTS FOR SOLVOLYSIS OF n-BUTYL BROMIDE

IN ETHANOL - WATER MIXTURES AT 75.1°

Water, - k_,_
mole % km 'l(ca.cd.) m l(obsd.)
0.0 ' 8.0 : 7 48
56.2 56.8 56.7
75,7 116.4 : 110.8
X = 0.145 hr.'%
k22 . 0.200 hr.”
k' 2 0.180 hr.'i
ko, = 0.164 hr.

TABLE CXVIIT
PRODUCT COMPOSITIONS FROM SOLVOLYSIS OF n-BUTYL
BROMIDE IN ETHANOL - WATER MIXTURES AT 75.1?

Water, Ether, Ether,

mole % % (Calcd.) % (obsd.)
25.8 71.9 63
56.2 41.0 50

73.7 24.2 35
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If the rate is taken as proportional to the molarity
of t-butyl chloride, then it is not satisfactory to assume
that it is proportional toeither molarities or vapor
pressures of alcohol and water. In both cases, assumed
rate constants which fit the rates give very bad fits of
the product compositions.

Significance. The experimental error in k may be as

great as 25% of the value, and the experimental error in
the composition of the product is three % absolute,
i.e., 53 + 3%. Thus the correlations obtained above are
neither so good nor so poor as to remove all doubts regard4ing
their significance. Probably all that can be safely con-
cluded is that the arguments previously advanced on the
grounds that no correlation was possible are on much less
sure ground than formerly supposed. It had been argued that
since product composition was not connected with the rate
of the reaction, the product must be determined in a step
subsequent to the rate-determining one. There is other
evidence to support this hypothesis6, but it appears that
the argument based on the lack of relation between products
and rates in these solvolyses must be viewed with suspicilon.
Some support is apparent for the assumption on p. 43
that the nucleophilicities of water and ethanol are much
more similar than the electrophilicities. The average value
of X'"/k,, in Tables CIV and CX 1is only £.32. The

corresponding average ratio of kwa/kWW is 22.3
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Appendix C
The Program Used for Whirlwind I

A program is a sequence of actlons by which the computer
(Whirlwind I) handles a problem. This sequence of operations
is prepared 1In coded form by the programmer, converted to
another code on punched tape, and fed into the computer.

It is necessary only to know the code used by the programmer,
An abbreviated table of the coded instructions used in this
program 1s given below. For further information see "Program-
ming for Whirlwind I" by Hrand Saxenian, and "Whirlwind I,
Programmer's Manuel by C. W. Adams. Copies may be obtained
on loan from C. W. Adams, Barta Bldg., M. I. T.

Whirlwind I uses a blnary number system; e.g., 2 1s
expressed as 10, 3 as 11, 4 as 100, 5 as 101, etc. The
computer handles 16 binary digits, but the last one on the
left denotes the sign of the number. The convention has been
egtablished that all numbers shall be less than unity.

Thus the range of numbers handled by the computer is from
-1 to =1, with the added condition that the absolute magni-
tude of the number be elther zero or equal to or greater
than 27+°. A method of extending this range 1is indicated
Below.

The "Accumulator" is a special storage register in
which numbers are placed so that arithmetic operations may

be performed on them. It is referred to as AC.
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The "B—Registerh is referred to as BR, It is used in
two ways. First, the quotient from a division is left in
BR. Second, it may be considered as an extension to the
right of the AC; l.e., digits in excess of 15 from a multi-
plication may be retained in BR; further, after the contents
of AC is shifted right (the binary point shifted left), BR

contains that part of the original contents of AC which has

been shifted out of AC.

161
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Order™

ca x

cs X

ad X

su X

mr X

cm X

dv x

a8l n

sr# n

ts X

td x

- TABLE CXIX
SHORT ORDER CODE TO WHIRLWIND I

Function

Clear AC and BR and place contents of register
X In AC.

Clear AC and BR and place complement of contents
of register x in AC.

Add contents of register x to contents of AC and
leave result in AC.

Subtract contents of register x from contents of
AC and leave result in AC.

Multiply contents of accumulator by contents of
reglster x, round off to 15 binary digits, and
leave the product in AC.

Ciear AC and BR and place magnitude of contents
of register x in AC.

Divide contents of AC Dby contents of register x
and leave quotient in BR. This order is usually
followed by sl 15, which places the quotient
in the accumulator.

Multiply the contents of AC and BR by 2™, Round
off result to 15 binary digits and leave it in
AC. Clear BR.

-n
Multiply the contents of AC and BR by 2 . Store
the result 1n AC and BR.
=15
Agd 1 x 2 to the contents of register x. Store
the result in AC and register X.

l62

Transfeir the contents of AC to register x and transfer

contents of register x to AC.

Transfer contents of AC to register x, discarding
mrevious contents of register x.

Transfer contents of the last 11 rightmost digits
of AC to register x, discarding previous contents
of the last 11 digits of register x.
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TABLE CXIX (Cont.)
Ordera Function

sp X Transfer control to register x, i.e., take
the next order from register x.

cp X If contents of AC is negative, treat as sp x;
if positive, disregard this order and
proceed to the next order. A zero in
the accumulator as the result of an
addition or subtraction is a negative
mumber for the purposes of a c¢p order.

rs o0 Stops computer if the operator has not
previously thrown a toggle switch.

qp 100 Punch out on paper tape the contents of the
rightmost 6 digits of the accumulator.

gqp 1100 Feed out paper tape.

ap 220 Carriage return for automatic typewriter.

ta x Transfer the address of the register following

the last sp order to register x.

cln Clear BR. Put contents of leftmost n digits
of AC in rightmost n digits of BR. Shifst
the rest of the AC n digits to the left.
Put contents of leftmost n digits of BR
in AC.

a positive integer

s
]

& positive integer



Greater accuracyymay be obtained by use of an "inter-
pretive subroutine". In the interpretive subroutine used
in this program any real number, N, is expressed as a signed
24-binary-digit fraction, x, and a signed 6-binary-digit

~

integer, y, provided N 1is either: zero or between 203 and
2-65. The numbers x and y are chosen in such a way that
¥ = x2° within 0.000006%. This is equivalent to about 7
gsignificant decimal digits. 4An additional advantage of
this interpretive routine is that ordinaril& no scale
factoring is necessary to prevent occurrence of numbers
that are too large or too small to be handled by the computer.
This interpretive subroutine is known as the 24, 6, O
subroutine, the floating-point subroutine, or Whirlwind I
Library Subroutine Number PA 2.2. Not all orders in the
program need to be interpreted by the subroutine. The order
"sp ax" signifies that all orders following it are to be
interpreted by the subroutine. The next "sp ax" order
cancels the previous one, indicating that the orders follow=-
ing it are not to be interpreted by the subroutine.

All addresses in this program are octal rnumbers. A
p before a number indicates that it is a positive decimal

1

number and that the factor 2~ o is to be understood. An

n indicates that it is a negative decimal number with the
-15
factor 2 understood. Numbers preceded by a plus or mhnus

sign are decimal numbers. Numbers written as a signed number
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followed by a / and another signed number are to be used in
the interpretive routine. A decimal number N = a x 107
is represented as a/b,’where a and b are both decimal numbers,
and 1.0>220.1, and b is a positive or negative integer.
The program used in Whirlwind I is given below.
Instructions 40-307 are on a "parameter tape," PF1189-11.
All other instructions are on T1189-15 and P1189-13.
The tapes are read in this order: the 24,6,0 conversion
program, P1189-11, T1189-15, P1189-13, T957-5 (the inter-
pretive subroutine and the interpretive print subroutine).
The program starts in 324. The only automatic wav to
stop is by the rs O in 704. This register is entered only

after each print out,.
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20/ + .1/ -1 40-60 starting n values, not including
41/ + .0/ -9 80% ethanol.
42/ + .0/ =9

a3/% 0O/ =9

a4/ ¢+ 0/ -9

4:5/ - 01/ "O

46/ - .15/ =0

av/ - .1/ =0

50/ + .45/ =0

51/ + .3/ =0

52/ % .3/ -0

53/ + 9/ -1

54/ - .2/ -1

55/ - .11/ -1

56/ - .227/ -1

57/ - 12/ -0

60/ - 1/ =0

61/ - .57 -0 61l-101 starting e values, not including
62/ - 2/ =0 80% ethanol.
63/ + .28/ -0

64/ + .39/ -0

65/ + .55/ -0

66/- .1/ =0

67/ + .1/ =0

70/ + .42/ -0

71/ -.134/ -1

72/ - 15/ =0

73/ - .55/ =0

74/ + .1?/ -0

75 + Ol "‘l

76/ + .9/ -0

7/ + 207/ -1

100/ + .16/ -1

101/ + .1588/ -1

102/ + .0/ =9 102-125 to contain s values
103/ + .0/ =9

104/ + .0/ =9

105/ + .0/ -9

106/ + <0/ =9

107/ + 0/ =9

110/ + .0/ -9

111/ + .0/ -9

112/ + .0/ -9

113/ + .0/ =9

114/ + .0/ =9

115/ + .0/ =9

116/ + .0/ -9

117/ + .0/ =9

120/ + 0/ =9



121/ .0/ -9
122/ .0/ -9
123/ .0/ -9
124/ .0/ -9
125/ .0/ =9
126/ .0/ -9
127/ .0/ =9
130/ .0/ -9
131/ .0/ -9
132/ .0/ -9
133/ .0/ =9
134/ .0/ =9
135/ .0/ -9
136/ .0/ =9
137/ .0/ =9
140/ .0/ =9
141/ .0/ =9
142/ .0/ -9
143/ .0/ =9
124/ .0/ -9
145/ .0/ -9
146/ .0/ =9
147/ .0/ -9
150/ .0/ -9
151/ .0/ =9
152/ .0/ =9
153/ .0/ -2
154/ .0/ -9
155/ .0/ -9
156/ .0/ -9
157/ .0/ =9
160/ .0/ -9
161/ 1/ 2
162-307

310/ pl

311/ ca 126
312/ pl

313/ p 32
314/ n 49
315/ p 49
316/ p 19
317/ p 16
320/ p 106
321/ n 19
322/ p O
323/ n 105
324/ cs 317
325/ ts 322

126-151 to contaln s!' wvalues

to contain Zn or Zg
) ] 2 s

n
" " ng " ss}
] " 82 L
n n 7e " 7g!

temporary storage
" "

No longer used

Second half of double length mumbers.

n,e or s,s' code.
Used for resetting.
n L] n
tt ft 1
Used to count iterations.
Used for resetting.
" " tt
" n n

n n. 1

Counter for end of an iteratione.
it 1 n n a row .
i " n n a TOW.
reset counter for end of a row
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326/

z27/
330/
331
332/
333
354/

335/

337/
340/
341/
342/
343/
344/
545?
346

347/
350/

351/
352/
555/
354

355/
356/
357/

360/
361/
362/
363/
364/
365/
366/
367/
370/

ca

su
cP
ao
cp
Sp
a0

2.0
a0
ao
20
a0
ao
ao
ca
ad
ts
sp
ad

cP
ca

/ ts

ca
ts

872

310
350
322
334
412
366

367
372
373
404

a7
562
3638
310
312
310
326
661

331
4ax

767
2ax

spax

mr

ad
ts
ca
mr
ad
ts
ca
mr
ad

/ ts

ca

ad

/ ts
/ spax

ca

/ ts

ca

/ ts

40

152
152
40
40
153
1538
40
61
154
154
6l
61
155
155

4ax

767

2ax

Is the n,e code as large as the column code

fm'ﬂm]ﬁg(b&oﬁ
If it is, go to 350; if not go on

Have 2ll n's and e's been tried?

If yes, go to 412 and solve equations.

If no, go on
Reset 366, 367, 372, 373, 404, 357,
and 365 for the next n and s.

Reset 310 with code for next n and e

Go back and try the next n and e

Is this n and e code larger than the column

code for log (k/k,)? I no go on.

Put log (k/k, ) in mra.

Go into interpretive subroutine
Multiply log (k/k,) by n, 2dd to pre
product, and store in 152

Square n and store with previous n2 in 153.

362,

vious

158

ultiply n by e and store with previous ne in 154

Square e and store with previous e2

Go out of interpretive subroutine
Put log (k/ko) in the mra

in 155



403/ spax
404/ mr 61

405/
406
407/
410/
411/
412/
413/

414/
415/
416/
417/
420/

421/
422/
423/

431/
432/

441/
442/
243/

447/
450/
451/

ad

/ ts

156
156

spax

ao
¢ep

322
652

spax

ca

av
my
su
ta
ca

dv
mr
su

g%z
Y a8

ts

ts
ca
su
av

/ ts

Y
ad
ts
ca
ts
ts

/ ts

ts
ts

154

155
154
1585
157
154

158
156
152
157
102
431
102
102
153

157
152
157
154
126
442
126
126
160
152
153
154
155
156

spax

a0

425

Go into the interpretive subroutine
Multiply log (k/k ) by e and store with
previous products in 156.

Go out of interpretive subroutine.

Has this row been finished?

If yes, go on and solve equations.

Go into interpretive subroutine

Compute (¥ne)? -¥ n° and store in 157
e .2

Se

Compute Zne %) Ze =-2.2n
2 e

2
g

L]
o

Transfer s to proper place.
No longer used.
1 1 L]

431-435 Compute¥ 2n - sl n° = s!

}_ne )

Store s!' in proper place.
No longer used.,
n n n

442.447 Reset 152-156 to zero.

Go out of interpretive subroutine.

451-456 Reset 425, 427, 430, 436, 440, 441, for

the next s and s!?



452/
453/
454/
455/
456/
457/
460/
481/
462/
463/
4644
465

466/
467/
470/
471/
a2/
413/
ana/
415/
ae/
a7/
500/
501/
502/
503/
504/
505/
506/
507/
510/
511

512/
513/
514/
515/
516/
517/
520/
521/
522/
523/
524/
525/
526/
527/
530/
531/
532/
533/

a0
ao
a0
a0
a0
cs
ts
20
cp
cs
ts
ao
cD
cs
ts
Sp
ca
ts
ts
a0
ts
ca
ts
ts
ca
ex
ts
ca
td
ex

/ td

td
td
ca
ex
ts
ca

427
430
436
440
441
520
323
321
615
317
321
514
472
o156
314
745
721
354
401
723
e
516
633
646
316
317
316
623
©30
326
625
635
623
634
647
634
1141

srs# 12

ts
sl
ts
ca
ex
ts
td
td
td
ca
ex
ts

672
17

673
671
667
671
425
427
430
311
670
311

17¢

457-460 Reset 323
Is this iteration complete?

If no, go to 615 and start next row.
463-464 Reset 321.

Have 50 iterations been done since last punchout?
If no, go to 472. ’

Reset 314.

Go to punchout routine

472-474 Reset 354 and 401 to the first log (k/k,).

475~476 Display number of iterations completed
in lights on the panel

477-501 Reset 6335 and 646 to the first
log (k/k,) code.

502-504 Interchange contents of 316 and 317.
505-512 Reset 650, 326, 625, 635, 623, for the
next iteration.

513-515 Interchange contents of 634 and 637.

516=522 Put first row code in 673 and first
column code in 672.

523-525 Interchange contents of 671 and 667.

526~-530 Reset 425, 427, 430

531-336 Reset 311, 670, 436, 440, 441 for
next iteration



534/
535/
536

537/
540/
541/
542/
543/
544/
545/
546/
547/
550/
551/
552/
553/
554/
555/
556/
557/
560/
561/
562/
563/
564/
565/
566/
567/
570/
571/
572

573/
574/
575/
576/
577/
600/
601/
602/
603/
604/
605/
606/
607/
610/
611/
612/
613/

td 436

/ td 440

td 441
ca 312
ex 315
ts 312
ao 323
ao 660
sp 600
cs 661
ts 660
spax

ca 102
dv 111
ts 102
spax

ao 580
ao 552
ao 662
cp 547
ca 551
ex 725
ts 551
cs 663
ts 662
a0 726
cp 547
ca 724
td 550

/ td 552

cs 661
ts 726
sp 600

-

na

p o

sp 324
ca 312
ts 310
ca 667
td 357
td 362
td 363
td 366
ca 670
td 367
td 372
td 373
td 404

171

537-541 Interchange contents of 312 and 313.

\

545-574 A proposed normalization procedure
which did not work for unknown reasons.
‘It 1s no longer used.

Counter

Used for resetti

Stored constant, not an instruction.

600-601 Reset 310 to first n, e or s, s' code.

602-606 Reset 357, 362, 363, 366 so the
first s or n may be used.

607-613 Reset 367, 372, 373, 404 so the
first s' or e may be used.



614/
615;
616

617/
620/
621/
622/
623/
624/
625/
626/
627/
630/
631/
632/
635/
634/
635/
636/
637/
640/
641/
642/
643/
6as/
645/
646/
647/
650/
651/
652/
653/
654/
655/
656/
657/
660/
661/
662/
663/
664/
665/
666/
667/
670/
671/
672/
673/
674/
675/
676/

sp 324
ca 721
ts 354
ts 401
ca B5l6
ts 633
ts 646
ca 673
ad 313
ts 673
ao 323
cp 633
ca 665
ts 651
sp 412
ca 1141

su 673
cp 644
ao 354
a0 401
a0 633
a0 646
Sp 626
ad 661
cp 637
ca 1141
sr4 12
ts 672
sp 600
ca 666
ts 651
sp 637
ca 665
ts 651
sp 334

615-617 Reset 354 and 401 so the first log
(k/%k,) may be used.

620-622 Reset 833 and 646 so the first log (k/%,)
code may be used.

623 - 625 Put code for next row (or column)
in 673 (or 8&872).

626-627 Have all log (k/k.) codes been tried?
If no, go to 633.
Regset 651 so that 600 will be entered.

633-635 Is log (k/ko) row (or column) code
as large as the desiresd row (or column)
code?

If yes, go to 644.

637-642 Put next log (k/k_) in 354 and 401 and
put next log (%/ko) code in 633 and 646.

644-645 1s log (k/k_) row (or column) code
larger than 8esired? If yes, go to 637.

652-653 Reset 651 so that 655 will be entered.

655~-656 Reset 651 so that 600 will be entered.

Counter in normalization routine.

Used in resetting.

Stored consEant, nPt an instrgctial.
1 t n

1t n u L 1
n " " 1" "
1 1 1 n 1
it n 1t n n
1 n n n n
1t n " n L4

Temporary storage

Go into interpretive subroutine.
Put contents of 40 in AC.



677/
700/
701/
702/
703/
704/
705/
706/
707/
710/
711/
712/
713/
714/
715/
716/
717/
720/
721/
22/
723/
724/
725/
726/
wen/
730/
731/
732/
733/
734/
735/
736/
nav/
740/
741/
742/
743/
a4/
45/
746/
4w/
750/
751/
752/
753/

sP

1336

spax

a0
su
cp
rs
ca
ts
3p
ao
cp
ca
ap
cs
ts

sp

n 4
P 4

ca
ca

p O

ca
dv

nl

ca
ta
ts

cl
cl
ap
ca
cl
cl

ap
ca
cl
ap
3p
cs
ts
ca
ap
ao
cp
ca

676
664
710
0

722
676
472
717
675
713
220
720
717
675

767
40

102
135

225
744
34
13
25
100
34
6
25
100
34
26
100
0
313
10
0
1100
10
747
722

754/td 760

755/

3p

730

bt
~1
(2]

Go to print routine

Go out of interpretive subroutine.
Prepare to print the next number.
Has contents of 161 been printed.
If no, go to 710.

Condi tional stop.

705-706 Reset 676

710-711 Have 5 numbers been printed on this
line? If no, go to 675.
712-713 Return carriage of automatic typewriter.

714-715 Reset 717.

Counter for carriage return.
Used for resetting.

Stored constant, not an instruction.
tt 14 1] n tt

it n 1t 4] i
i 1 1 n 1"
n o ft tt t
i t

n " not an instruction.

Transfer address to 744,

732-734 Print rightmost 5 digits of constants
of 34.

735-740 Print diglts 6-10 of 34, counting
from the right.

741-743 Print leftmost 6 digits.o>f 34.

Go to address set up by 730.
745-752 Feed out blank tape for beginning.

753-755 Punch address of first number to be
punched and set up 760.



756/ ca 563
757/ ap 100
760/ ca O
761/ sp 730
762/ ao 760
763/ su 727
764/ cp 756
765/ ca 577
766/ sp 1313
767/ =.1520
770/ -.0550
771/ -.0070
772/  -.2580
73/ -.1380
774/ -.0730
775/ +.0980
776/ =.2370
"7/ +.2600
1000/ 4 .1600
1001/ +.2110
1002/ + .5910
1003/ =-.08850
1004/ +.0740
1005/ -.0260
1006/ =.0780
1007/ -.0290
1010/ =.2090
1011/ -.1420
1012/ +4.1110
1013/ =-.0740
1014/ -.1130
1015/ -.0700
1016/ =.0190
1017/ +.0270
1020/ ~-.0360
1021/ -.0210
1022/ +4.0460
1023/ -.1140
1024/ -.1800
1025/ =.0710
1026/ +4.1020
1027/ -.1460
1030/ =-.0520
1031/ +.0150
1032/ =.1980

174

756-757 Punch out special character for
beginning

Put first rmumber in AC.

Punch out.

Put address of next number in 760.

Hgve all desired numbers been punched?

If no, go to 756.

765, 766, 1313, If yes, punch address at
which computer should start.

767-1140 0.1 log (k/k,), not including data
for 80% ethanol.



1033/
1034/
1035/
1036/
1037/
1040/
1041/
1042/
1043/
1044/
1045/
1046/
1047/
1050/
1051/
1052/
1053/
1054/
1055/
1056/
1057/
1060/
1061/
1062/
1063/
1064/
1065/
1066/
1067/
1070/
1071/
1072/
1073/
1074/
1075/
1076/
1077/
1100/
1101/
1102/
1103/
1104/
1105/
1106/
1107/
1110/
1111/
1112/
1112/
1114/
1115/
1116/

+.1130
+.1590
+.2140
- 01060
-.0730
+.1020
—00680
+.1290
+ .3550
-+.1640
--3290
t.2070
+ 1500
- 00770
+.0580
+.1120
- 01150
-.0580
+.0370
- 00290
-.2390
-.1020
+.0860
+.1990
-.0140
-00570
-.1590
+.3080
+.0700
-.0460
"'00750
+.0410
+.0220
1+ .0680
-.1780
-0244:0
-.1360
"02050
"0.1620
—01290
-.0630
-.0700
- +2080
+.2390
+.0560
+.0030
+.0900
-.10860

17:



1117/ + .0140
1120/ -.1700
1121/ + .2030
1122/ + .0110
1123/ + .1500
1124/ -.1200
1125/ + .0570
1126/ + 1760
1127/ +.1250
1130/ + .0830
1131/ + .0380
1132/ + 0970
1133/ + .0560
1134/ -.0300
1135/ + 0400
1136/ -.0280
1137/ -.0050

1140/ +.0260
1141/ p 1025
1142/ p 2049
1143/ p 7169
1144/ p 9217
1145/ p 10241
1146/ p 11265
1147/ p 12289
1150/ p 14337
1151/ p 17409
1152/ p 4098
1153/ p 14338
1154/ p 17410
1155/ p 1027
1156/ p 4099
1157/ p 6147
1160/ p 1028
1161/ p 6148
1162/ p 14340
1163/ p 1029
1164/ p 4101
1165/ p 6149
1166/ p 14341
1167/ p 1030
1170/ p 2054
1171/ p 3078
1172/ p 6150
1173/ p 7174
1174/ p 8198
1175/ p 16390
1176/ p 1031
1177/ p 2055

- column and to each row.

1141-1312 code for the log (k/k_) values in

767-1140. The code for each®log (k/k_)

is obtained by assigning a number to 8ach
A multiple of
1024 1is assigned to each column and a
multiple of one to each row. For example,
the entry in column one and row one has
the code 1024 1 = 1025, and the entry in
column 6 and row four has the code

6144 + 4 = 6148.

}..J
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1200/
1201/
1202/
1203/
1204/
1205/
1206/
1207/
1210/
1211/
1212/
1213/
1214/
1215/
1216/
1217/
1220/
1221/
1222/
1223/
1224/
1225/
1226/
1227/
1230/ p
1231/ p
1232/ p
1233/
1234/
1235/
1236/
1237/
1240/
1241/
1242/
1243/
1244/
1245/
1246/
1247/
1250/
1251/
1252/
1253/
1254/
1255/
1258/
1257/
1260/

jolieReRoReRoRoloRo Lol ool oReoRol e Lo eRoR Lo oL oo

eleRioRiclioRoRcRoRoRoReRoReRoRoReRoh oL oL oL ollol

3079
9223
10247
11271
1032
2056
3080
4104
5128
6152
7176
8200
10248
12296
13320
14344
15368
16392
17416
1033
4105
13321
16395
1034
4106
6154
14346
1035
4107
13323
16395
1036
6156
14348
15372
1037
4109
6157
14549
1038
4110
12302
13326
16398
1039
6159
10255
14351
1040



1261/
1262/
1263/
1264/
1265/
1266/
1267/
1270/
1271/
1272/
1273/
1274/
1275/
1276/
1277/
1300/
1501/
1302/
1303/
1304/
1305/
1306/
1307/
1310/
1311/
1312/
1313/
1314/
13515/
1316/
1317/
1320/
1321/
1322/

iolieloRioRicReRoRocRoRoRkoRoRoleRofioRoRoRoRoRoRsloloR ool

6160
14352
15376
16400
5089
7185
8209
102587
12305
1042
5138
7186
8210
11282
12306
14354
5139
8211
12307
14555
5140
7188
g8e2le
10260
11284
12508
730
607
100
875
472
576
875
675

1314-1315 Punch out final character.

1316-1317 Have four punchouts occurred
since the last printout? If no, go to 472.
1520-1322 If yes, reset 575 and go to print
routine (675-716).
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APPENDIX D
SOME PROVISIONAL CONSTANTS

Table CXX lists values of s and s' for six compounds.
Since data are available iIn only three solvents for these
compounds, no check on the reliability of the values is
possible., For this reason they mist be considered provisional.
It is of interest to note that s/s' is smaller for p-methoxy-
benzylmethylcarbinyl p-toluenesulfonate than for benzylmethyl-
carbinyl p-toluenesulfonate in agreement with earlier49
qualitative observations that greater participation of the
neighboring aryl group occurs with the substituted compound.
Participation of a neighboring group is expected to lower
s/s', since some of the micleophilic driving force is now
supplied by the neighboring group. The assertionl5 that
no nucleophilic driving force will be required is highly
doubtful, since a partial positive charge is created in the
neighboring group (when it is initially neutral), and this
fractional positive charge may well require nucleophilic
solvation.

ihe influehce of & -methyl groups is readily seen
by comparing s/s! for isobutyl p-tolueneéulfonate and

neopentyl p-toluenesulfonate with that of ethyl p-toluene-

(49) S. Winstein, M. Brown, K. C. Schreiber, and A. H.
Schlesinger, J. Am. Chem. Soc., 74, 1140 (1952).
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sulfonate (2.48).
The temperature is listed in Table CXX as 25° for
the two anylmethylcarbinyl tosylates. OSince part of the data
is available at this temperature but part of the data is
at 50°, a correction was necessary. This was done with the

aid of the relation on page b5l.

TABLE Cxa

PROVISIONAL VALUES OF s AND s!

Compound s st s/s! Temp., ref.
llethyl p-toluenesulfonate  0.575 0,192 3.00 75 36
Isobutyl p-toluenesulfonate «599 502 1.19 75 36
Benzylmethylcarbinyl

p~toluenesulfonate «769 J74  0.99 25 49

p-Methoxybenzylmethylcarbinyl ‘
p-toluenesulfonate .686 822 .84 25 49

Neopentyl p-toluenesulfonate .44l 676 .65 75 36,52

-Methylallyl chloride 378 924 .41 25 20,50,51

(50) w. a. Young and L. G, Andrews, J. Am. Chem. Soc., 66,
421 (1944). —

(51) S. Winstein and E. Grunwgld, J. Am. Chem. Soc., 70, 828 (1948).

(52). S, Wynstein, B. Morse, E. Grunwald, K. C. Schreiber, and
J. Corse, J. Am. Chem. Soc., 74, 1113 (1952).
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