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1. INTRODUCTION

In 1886 Beckmann'! first carried out the conversion of
oximes into acid amides., This reaction is called the
Beckmann rearrangement. In the rearrangement of the
ketoximes N-substituted amides of carboxylic acids are
formed:

R
>C=NOH ~R—C—NH—R; (or Ry—C—NHR).
Ry 1 y

The Beckmann rearrangement was at first used only
under laboratory conditions as a convenient and simple
preparative method and as a method for establishing the
structure of ketones. This reaction made it possible to
synthesise a large number of amides, and also various
amino-acids, which either were unknown or were obtained
by complex processes of poor efficiency.

Recently the Beckmann rearrangement of a series of
cyclic aliphatic ketoximes has attained great importance as
an industrial method of obtaining lactams:

CHyy_ CH,~C=0
s ot - i,
LIPS i P

The rearrangement of cyclohexanone oxime into €-capro-
lactam is of special importance. The industrial production of
the lactam of e-aminocapronicacidis one of the multi-tonnage
processes of contemporary chemical industry. Wallach?
obtained €-caprolactam from cyclohexanone oxime under
the catalytic action of sulphuric acid in 1900, €-Capro-
lactam is the raw material for the production of one of the
most important products of contemporary synthetic chemis-
try — caprolactam polyamide.

Lactams with a greater number of carbon atoms than
€-caprolactam also find application in industry, since they
have been used as the basis of syntheses of polyamide
resins with different physicochemical and mechanical pro-
perties.

The Beckmann rearrangement is an acid-base process
and proceeds under the catalytic action of a large quantity
of the reagents. The catalysts for this reaction are protic
and aprotic acids. Concentrated sulphuric acid is usually
employed, but phosphoric acid, phosphorus pentachloride,
aryl sulphonyl chlorides, aluminium chloride, hydrogen
bromide, and hydrogen fluoride are also used as catalysts,
“Beckmann mixture” is anactive catalyst for the rearrange-
ment; it consists of a saturated solution of hydrogen chloride
in glacial acetic acid, to which is then added ~ 20% acetic
anhydride. This reagent is used under conditions when
the oxime reacting is insoluble in other solvents.

Because of the great theoretical and practical interest
of the Beckmann rearrangement, the literature devoted to
anexplanation of its mechanism is voluminous. There are
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now over six hundred papers on the Beckmann rearrange-
ment of various ketoximes and aldoximes. The most
important information on this subject has been surveyed in
detail in the review articles of Jones3, Knunyants and
Fabrichnyi4, Donaruma and Heldt®, and Zil'berman®, and
in Houben-Weyl?.

Unfortunately, among the many publications devoted to
the study of the mechanism of the Beckmann rearrange-
ment, very few are of a quantitative nature. However,
the ideas developed on the basis of synthetic data and also
on the structure of the final and intermediate products of
the rearrangement are undoubtedly of interest; such data
are quite valuable for understanding the mechanism of the
reaction.

The present review considers the kinetic data and
mechanism of the Beckmann rearrangement of alicyclic
ketoximes in aqueous solutions of sulphuric acid and in
oleum. Sulphuric acid and solutions of sulphur trioxide
in sulphuric acid are effective catalysts of this process;
they are used in the industrial manufacture of €-capro-
lactam. Parameters are known for these solutions which
characterise the thermodynamic and catalytic properties
used for establishing the mechanism of ionisation of the
reagents and the mechanism of the limiting stage of the
chemical process.

II. SOME PROPERTIES OF CONCENTRATED AQUEOUS
SOLUTIONS OF SULPHURIC ACID

The Hammett acidity function H;, the thermodynamic
activity of the acid aya, and the thermodynamic activity of
the water in the acid auy,0 are quantitative characteristics
of the catalytic activity of aqueous solutions of strong acids.
It should be noted that in an investigation of the detailed
mechanism of chemical reactions in acid media and par-
ticularly their early stages, a knowledge of the accurate
values of H,, aua, and agn,o of the solution in which the re-
action is proceeding becomes particularly important. Fig.1
gives the values of H,, au,so,, and au,o at 25° for concen-
trated aqueous solutions of sulphuric acid and dilute oleum.
The values of aun,s0, Were taken fromGiauque and coworkers?,
the value of H, from Vinnik and coworkers®, and the acti-
vity of water from Giauque and coworkers® and Vinnik and
Ryabova ',

The ionic and molecular compositions of aqueous solu-
tions of sulphuric acid are also known!%,!2, Information
about the equilibrium composition of the solution is needed

to explain the mechanism of the physicochemical interaction

of the reagent with the medium. The following species are
in equilibrium in aqueous solutions of sulphuric acid: un-

dissociated sulphuric acid H,SO,, the anions HSO; and SO%-,

and also the ion pair HSO7.H,0* (or the hydrate of the acid
H,SO,.H,0). Fig.2 shows the concentration of thé ions
HSO; and SO%-, the undissociated H,SO, molecules, and the
ion pairs HSO;.H,0* (or the species H,SO,.H,0) as a func-
tion of the sulphuric acid concentration, after Zarakhani
and Vinnik !2, In dilute aqueous solutions of sulphuric acid,
alicyclic oximes undergo hydrolysis. In aqueous solutions
of the acid with >85-90% H,SO,, oximes are almost com-
pletely converted into lactams. As will be shown below,
the rate constant of the Beckmann rearrangement increases
with the concentration of the acid in the interval 85-100%
H,S0,. In very dilute oleum the rate constant rises with
increase in the concentration of sulphur trioxide in the
solution. For these particular solutions the following
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Fig,1. Thermodynamic activity of water and acid

and acidity function of concentrated aqueous solu~

tions of sulphuric acid at 25°:
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"
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Fig.2. Concentrations of ions and species in aque-
ous solutions of sulphuric acid:
1) H,SO,; 2) HSOp; 3) SO;™; 4) HSOL.H;0".

regularities are observed in the change of the parameters
listed above. As the concentration of the acid is increased
the acidity of the medium rises, the acidity function H, falls
(H, = -logh,), the thermodynamic activity of the acid rises,
and in the range 99-100% H,SO, it is almost constant; the
thermodynamic activity of water falls; the concentration of
the HSO; anions also decreases.

In oleum, as the concentration of sulphur trioxide is in-
creased the concentration of the H;SO; and HS,0, ions rises
but the concentration of the HSO; anions falls 1°. The water
activity au,0 also falls 10 The activity of sulphuric acid
@m,s0, in oleum falls — on account of the bonding by sul-
phur trioxide into pyrosulphuric acid and of ionisation, but
apparently the decrease is slight.

III. SOME INFORMATION ABOUT THE MECHANISM OF
IONISATION OF ALICYCLIC KETOXIMES IN AQUEOUS
SOLUTIONS OF STRONG ACIDS

In acid solutions oximes are present in various forms
coexisting in equilibrium. This has been shown by kinetic
experiments on the hydrolysis of oximes in dilute aqueous
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solutions of sulphuric and hydrochloric acids and also from
information on the effect of additions of oxime on the acidity
of concentrated solutions of sulphuricacid. As the concen-
tration of the acid is increased, the effective rate constant
of the hydrolysis of cyclohexanone oxime!® and cyclo-
pentanone oxime!* at first rise, reach a maximal value,
and then fall sharply. The maximal value of the rate
constant of the hydrolysis is observed in extremely dilute
solutions of the acid (see Fig.3). For example, with cyclo-
hexanone oxime the maximal rate constant is reached in
4.65 X 107%-6.52 X 10~3 M solutions of hydrochloric acid®
and in 1.39 X 10-3-5,2 X 103 M solutions of sulphuric acid 13.
The increase in the rate constant of the hydrolysis is con-
nected with the appearance of reactivity in the protonated
form of the oximef RNOH;:

RNOH--H* 2 RNOH]

The decrease in the rate constant of the hydrolysis in
such dilute solutions of acids can be explained only by
change of the protonated form of the oxime into an unreac-
tive form during the hydrolysis of the ion pair RNOH;, A™:

RNOH; +Cl- 2 RNOH;-Cl-,
RNOH;+HSO; 22 RNOH;™ HSO; .

Hence from data on the dependence of the rate constant
on acid concentration it follows that in aqueous solutions of
strong acids alicyclic ketoximes are present in at least
three forms: un-ionised RNOH, protonated RNOH}, and
ion pairs RNOH;. HSO;. The ion pair can also be named
as a salt of the oxime}. Calculations based on the data
from hydrolysis show that alicyclic ketoximes are very
strong bases. For example, cyclopentanone oxime and
cyclohexanone oxime are already completely protonated in
0.05 N sulphuric acid !3»!* and hydrochloric acid!* solu-
tions. In more concentrated solutions the protonated form
is completely converted into ion pairs.  Cyclohexanone
oxime in 2.5% H,S0, '* and cyclopentanone oxime in 10%
H,80, '* are found almost completely as the ion pairs
RNOH,;.HSO;. However, owing to the change in the acti-
vity coefficients of the ion pairs and protonated species in
highly concentrated H,SO, solutions, dissociation of the ion
pairs occurs with formation of protonated species RNOH;,
For example, in 99% sulphuric acid the ion pairs of suber-
one oxime are completely dissociated and almost all the
oxime in solution is present as the ions RNOH;,

This conclusion is based on experiments on the influence
of additions of oxime on the acidity of sulphuric acid solu-
tions. In highly concentrated sulphuric acid small quan-
tities of the dissolved substance change the acidity of the
medium differently according to whether protonated species
or ion pairs are formed. A change in the properties of
the medium is reflected in the degree of ionisation of indi-
cators used to measure the acidity function.

Water is known to be completely ionised in sulphuric
acid solutions with >90% H,S0,: '¢

H,S0,+H.0 2 H,0++HSO;.

T Here and subsequently the following symbols are used: un-
ionised form of oxime, RNOH; protonated form of oxime, RNOH; H
salt of oxime, RNOH;.A™; dehydrated salt, RN*,HSO; .

§ The structure of the complex which consists of the protonated
form of the oxime and the anion of the acid is unknown, It can be
either an ion pair (a salt), or an ester of the oxime and sulphuric
acid.

lqi.",mln'l
)
-1
-2 o
-3
~ b8
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-‘7 o
4 3 21 0-1-2-3-4 -5

Hy(Hy50,)
Fig.3. Variation of the rate constant of the

hydrolysis of cyclohexanone oxime with the
acidity function H, of sulphuric acid.

TABLE 1, Effect of additions of suberone oxime on the
ionisation of 2,4,6-trinitroaniline at 25°t.
RSO | 4 id soken, | Oxime sdded, | !°9%87 capt .
‘:‘:r"%" ¢ 9 ¢ of indicator H, H
99.445 6.684 — —0.68 —10.64 —

6.684 0.0868 —0.58 —10.54 —10.56

6.684 0.281 —0.42 —10.38 —10.40

6.684 0.413 —0,33 —10.29 —10.32

6.684 0.544 —0,26 —10.22 —10.23

t H} is the acidity function of a solution of 99.145%
H,S04 to which instead of the oxime an equal number of
moles of water are added,

When the test substance changes the acidity function of
the solution as does an equimolar amount of water, then it
is present completely as the protonated form. When ion
pairs are formed the change in the acidity function will be
less than in the dissolution of the same number of moles of
water.  This criterion can be used to study the ionisation
mechanism in 98-100% sulphuric acid where it is possible
to use such small additions of the substance that concen-
trations can be used instead of activities in the expression
for the equilibrium constant. Table 1 gives values of the
acidity function for 99.145% acid with addition of suberone
oxime. 2,4,6-Trinitroaniline was used as the indicator in
measuring the acidity function. Relatively small addi-
tions of the oxime (up to 1 M) alter the acidity function of
the medium by the same amount as equimolar additions
of water. Consequently, oximes are present in these solu-
tions as the protonated species RNOH;.

IV. RATE CONSTANTS OF THE BECKMANN
REARRANGEMENT OF ALICYCLIC KETOXIMES

In connection with the analysis of kinetic data on the
Beckmann rearrangement it is desirable to note which
methods are used to determine the degree of conversion of
oxime into lactam. In some published works the degree
of conversion of oxime into lactam was determined from
the quantity of unreacted oxime. Wichterle and Ro&ek, in
an investigation of the Beckmann rearrangement of cyclo-
hexanone oxime in oleum ~1® determined the concentra-
tion of oxime in the specimens by a colorimetric method %,
based on the formation of blue 1-chloro-1-nitrosocyclo-
hexane:

CoHyoNOH-+Cly==2HCI--CgHyo (C1) NO.

Chlorinated urea was used as the chlorinating agent.
Ogata and coworkers?!, who investigated the rearrange-
ment of cyclohexanone oxime in sulphuric and perchloric
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acids, determined the unreacted oxime in the form of the
2,4-dinitrophenylhydrazone. The analysis of oximes by
their conversion into 2,4-dinitrophenylhydrazones was also
done in the work by Pearson and coworkers??, Methods
based on the isolation of the oxime or on converting it into
a coloured compound are laborious and making an analysis
with their use requires a relatively large quantity of oxime.
These methods can be used for investigating the kinetics of
relatively slow processes, since 2-3 min are needed for
sampling. To -obtain a kinetic curve, not less than ten
points are needed and then the time for half-conversion
should be ~ 10-20 min.

It is convenient to use a spectrophotometric method for
the common determination of oxime and lactam in the
reaction mixture. This method is based on differences in
the molar absorptivities of the oxime and the lactam in
solutions of sulphuric acid and oleum. At 222 nm the
molar absorptivity of the oxime is considerably greater than
that of-the lactam. The spectrophotometric method allows
the kinetics of the process to be studied at low oxime con-
centrations with hardly any effect on the properties of the
medium (10-3-10-% M), and here there is no necessity to
remove samples and the optical cuvette itself serves as the
reaction vessel. Therefore the spectrophotometric method
can be used to measure the rate of unimolecular processes
which take place relatively rapidly, even those where the
time for half-conversion is 30-40 s. Ultraviolet spectro-
scopy has been used?3-2%, Heldt?" used a spectrophoto-
meter for measurements in the infrared region of the spec-
trum to study the kinetics of the Beckmann rearrangement
of the esters of oximes with p-toluenesulphonic acid.
Thanks to this, he succeeded in determining the frequency
of the absorption bands of intermediate products of the
chemical process.*

The Beckmann rearrangement of alicyclic ketoximes is
an irreversible process. In experiments where the con-
centration of the oxime in the acid is low the process is
first order relative to the oxime and the unimolecular con-
stant remains unchanged right up to complete conversion of
the oxime into the lactam. Tables 2-8 give the available
published rate constants for the rearrangement of alicyclic
ketoximes in sulphuric acid and in oleum.

The kinetics of the rearrangement of cyclohexanone
oxime has been investigated in several works and these
data are given in Tables 3-6. We have made experiments
at low oxime concentrations 26,

Ogata and coworkers 2! studied the rearrangement of
cyclohexanone oxime in relatively dilute aqueous solutions
of-sulphuric and perchloric acids. The sulphuric acid con-
centration was varied from 48.4 to 79.1% H,SO, at 90° and
from 89.4 to 99.6% at 60°. The perchloric acid concentra-
tion was varied within the range 47.4-59.9% HCIO,, at 90°.
As regards the experiments in 48.4-79.1% H,SO, solutions
there is no doubt that under such conditions the oxime did
not undergo complete hydrolysis. Since during the course
of the experiments the unreacted oxime was determined the
rate constants quoted?! probably reflect the consumption of
the oxime in the overall-process, including both hydrolysis
and the Beckmann rearrangement. The rate constants
obtained?* for 89.4-99.6% acid cannot be doubted and are
given in Table 5. Under identical conditions these constants
are less than our values of the constants?. Pearson and
coworkers 28 determined the rate constants of the Beckmann
rearrangement of certain aliphatic and alicyclic ketoximes
in 94.5% sulphuric acid. At the same temperature the rate
constant for cyclopentanone oxime, cyclohexanone oxime,

54

TABLE 2, Rate constants of the Beckmann rearrange-
ment of cyclopentanone oxime in sulphuric
acid and in oleum (after Zarakhani and

coworkers 2%),
HSOuwh % | T,°C | kyggomin™ {[ SO wh %] T,°C | kogg min™
.74 70 0,35.10 || 99.85 40 2.65-107
80 0.91-10-2 50 7.71.10"3
90 2.97.407 60 26.4-407
97 5.84- 10 70 78.2.407
93.70 70 0.48.107 b4 2.4-107
: s 99.91 25 6.02-10-2
Bl Bl | 2 |
| owun | Ba | B | 1R
.10~ . 29-10™2
%.42 ;8 2;2.}& 99.986 25 2.29.10"8
80 2.46:10*
9.5 | 5.94-10 || S0, wt. %
97 | 42.5 .10~
97.18 70 1 69.10% .
0.1 25 7.08-107
B |oania) ol | B | s
97.2 | 22.4 .10 0’58 5 01135
99.04 25 2.95.40~¢ 1.20 25 0.234
99.43 25 5.62.40~¢ 5.50 20 0.172
99.73 25 1.05.40-2 25 0.324
90.84 25 2.24-10-8 30 0.610
99.84 25 3.09-1073 11.80 25 0.288
17.20 25 0,309
22.50 25 0.331
27.00 25 0.308
30 0.660
40 1.920

TABLE 3, Rate constants of the Beckmann rearrange-
ment of cyclohexanone oxime in sulphuric
acid and in oleum (after Zarakhani and

Vinnik 26),
H,50,, wt. % 7,°C [10%k g4, min} HSO, wt. % | T.°C  [10%ky, min™
97 6.01 99.50 25 0.34
82.20 % :;ﬂ 99.73 25 0.81
. 99.74 60 26.0
70 0.45 50 8.84
86.03 97 11.4 40 2.76
o7 11.3 99.81 25 1.47
%0 6.44 99.842 25 1.82
80 2.29 99.85 25 1.35
70 0.88 99.90 25 2.57
60 0.28 99.91 25 3.02
89.94 o7 a8 | B0 | % 33
X 08 99.933 25 4.79
80 Ter 99.936 25 4.68
go 058 99,945 25 5.75
@ o 99.95 25 6.16
. 99.95 25 6.6
92.73 97 32.0 99.97 25 7.75
%0 14.95 99.986 25 15.5
80 6.62 100.00 25 17.4
70 g.g
60 .
0 0,30 || SOwwr%
9.7 %0 26.3
80 10.6 0.1 25 33.1
70 414 0.485 25 34.7
60 1.56 0.22 25 2.6
50 0.50 0.39 25 56.2
%0 0.15 0.42 25 56.2
o7 37 % 5.0 1.2 25 91.1
80 22.0 2.22 10 16 0
7 9.37 15.2 61.0
60 2.88 25 108.0
50 1.00 30 190.0
40 9224 7.1 }(512 8.5
98.21 90 B 5.
8 80 38.7 20 61.0
70 15.6 25 104.0
60 5.83 30 190.0
15.4 10 15.5
15 32.2
20 56.0
25 116.0
30 207.0
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TABLE 4. Rate constants k.5 of the
Beckmann rearrangement of
cyclohexanone oxime in oleum

(after Wichterle and Rodek 19),

SO, wh% | T,°C | 10%kyg, min™
0 30 0.04
1 30 0.69
2 30 1.08
3 30 1.68
5 30 1,92
7.5 30 2.10

10 30 1.92
12.5 30 2.10
15 30 2.72
20 30 3.80
28 30 5.50

TABLE 5. Rate constants of the Beckmann re-
arrangement of cyclohexanone oxime
in sulphuric acid solutions at 60°

(after Ogata and coworkers?l),
H,80, }initial oxime cone| .3 -
wt, % centration, M 10%k4ffs min
89.4 0.344 0.64
93.2 0.346 0.93
96.1 0.305 1.51
96.1 0.208 1.50
96.1 0.153 1.54
98.0 0.284 2,35
99.0 0.297 336
99.6 0.304 4.86

TABLE 6. Rate constants of the rearrangement of some aliphatic
and alicyclic ketoximes in 94,5% sulphuric acid (after
Scott and coworkers %8,
Ketone T,°C 10'1&‘“, min™ Ketone 1,°C lO’k,n, min™
Acetone 90 66 1.17 £0.01 {f Di-isobutyl 40.43 1.47 +0.00
95.82 | 2.10 + 0.03 ketone 50.59 | 5.34 x0.06
98.43 | 2.81%x0.11 60.39 (17.3 *0.41
107.52 7.43 £0.02 || Cyclopentanone | 51.00 1.47 *0.04
Diethyl ketone | 50.9 1.48 + 0.01 60.92 | 4.09 =0.04
60.31 4.49 +0.07 69.90 | 11.8 0.1
70.47 13.9£ 0.3 |l Cyclohexanone | 30.0 0,557 = 0.003
Di-isopropyl 21.86 2.36 +0.01 40.9 2,31 =0.04
ketone 30.66 7.55 + 0.04 50.9 7.85 +0.12
40.9 26.9 £0.1 | Cycloheptanone | 40.82 | 0.5t =0.01
: 54,03 | 1.92 * 0.06
60.62 | 6.20 = 0.1

and cycloheptanone oxime (suberone oxime) differ somewhat
from the data given in Tables 2, 3, and 7. It is impossible
to find the precise reason for this discrepancy. It can be
assumed that the decrease in the rate constants is connected
with the fact that the experiments ?® were made at relatively
large concentrations of the oximes (~ 0.1 M). These re-
sults are given in Table 6. The same table also gives the
rate constants for the Beckmann rearrangement of certain
aliphatic ketoximes in 94.5% sulphuric acid. Although in
this article the discussion of the Beckmann rearrangement
of aliphatic ketoximes is being especially avoided, these
figures are nevertheless of interest for a comparison of
the reactivity of various ketoximes.

Wichterle and Ro¢ek " ~!® investigated the Beckmann
rearrangement of cyclohexanone oxime in oleum. This
rearrangement is an exothermic process, the AH for this
reaction in the gas phase being 22 kcal mole~. Since the

TABLE 7. Rate constants of the Beckmann rearrangement
of suberone oxime in solutions of sulphuric acid
and in oleum (after Vinnik and Zarakhani?$),

H$Ouwt. % | T.°C | koggomin™ I HSOpw % | T,°C | ko min™

g0 || 8789 9% | 5.7 107

81 e e T 9.2 | 3.55-10°

: 90" | 3.35.407

85.34 9% | 4.65-107 80 | 102102

90 | 2:30.407 70 | 3.31-107

90 3(25%:8‘; 60 9.50-1072

80 6240~

2.0 || 93.20 9 | 8.63-107

0 | 2:26-10 o] S

90.30 9% | 9.20.107 70 | 1.07-107

90 | 50107 8 | 3.22.407

s | 1m0 50 | 1.04-107

7 19010~

o || 9718 9 214 .10

&0 | 1le1.10 oA

95.23 90 | 13.7 .10 70 | 3115.10%

80 | 5.06-107 60 | 9'20.10-

1| LT 5 | 3.96-10°

5t || 99.0 25 | 4.08.107

5 ) 17510 99123 25 | &les-10-

99.46 25 | 6.6-107 | o903 70 | 47.9 .10

99/49 25 | 7.4 107 80 | 64 -10-

99.65 25 | 1.17.10° 5 | 1.06-10

0 | 4709

9.67 LS NS P 40 | 4.67.107

A e 25 | 820~

50 | 348102 | 997 25 | 1.95.107

50 | 2lg2.407 || 9977 25 | 20410

4 | 10040 || 99.78 25 | 2l43.10%

4 | 10710 || 9985 25 | 3.59-10

25 | 13210 || o988 25| 4.57-107

99.886 | 25 | 5.37-10°

50y, wh % 99.910 25 5.30.10~

99.927 | 25 | 1.07.40%

‘88 | 25 | 4l7.10-

0.08 25 | e.32.40% || 99950 | 25 | 1l51.10-

0.34 25 | 019 90978 | 25 | 2.76.10%

053 25 | 025 99.087 | 25 | 3.39.40

0.70 25 | 020 100 25 | 5.0 107
1.00 25 | 0l
1.3 25 | 04
5.00 25 | 048
§.00 25 | 0.48
7.5 25 | 049
32 25 | o0us
3.45 25 | 049
3.7 35 | ol
103 %5 | 048

experiments were made with a relatively high concentra-
tion of oxime (~ 0.5 M), to avoid considerable overheating
caprolactam was added to the reactor in addition to the oxime.
Table 4 gives the rate constants for the rearrangement
which they obtained. .

In carrying out the reaction in oleum the rate constant
is lowered by a high concentration of the oxime and also by
additions of the lactam. The following facts may be quoted
as an illustration. The rate constants of the Beckmann
rearrangement of cyclohexanone oxime in oleum with 0,025-
0.65 wt. % SO, at 25° have been determined?® at ketoxime
concentrations varying from 1.7 X 1073 M to 32.4 X 10"3 M.
Such concentrations of the oxime are almost without effect
on the rate constant. These results are shown in Table 9.
In the same table are given the rate constants for oleum
with 1% SO,, obtained by Wichterle and Rocek 8,

In their experiments!®, the oxime concentration was
~ 0,5 M and together with this additions of caprolactam
were made (14 g per 15 g oleum). This constant, even at
30°, is much less than the constant at 25° obtained with low
oxime concentrations. This shows that additions of large
amounts of oxime and lactam significantly lower the cata-
Iytic activity of oleum. As already mentioned above, low
rate constants are also obtained in aqueous solutions of
sulphuric acid in working with relatively large amounts of
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TABLE 8. Rate constants of the Beckmann rearrangement helpful to analyse them, since it would be expected that in
of cyclododecanone oxime in sulphuric acid and some of these conditions the rearrangement mechanism
in oleum (after Vinnik and Zarakhani®), will not differ significantly for different ketoximes.

WSO, % | T,°C | kg min® [|1450uwt% | T.9C | kogp, mint _Sluiter 2 considered that not the oximes as such, bl.lt
their esters, undergo the rearrangement. The exquisite
88,07 81.1 :25.28.}8-: 90.33 s;.v 9.10-10° preparative procedures of Kuhara* are based on this
786 | 2.48-10" 78.6 | 3.77-107 i
8.7 | 8.41.4072 68.7 | 1.31.10 hypothesis.
.57-107 4073 . . N .
23:3 7.85.104 23;3 i‘jé?,:g-. In studying the action of acid chlorides on the Beckmann
93.29 87.7 | 1.58.107t 95.67 87.7 | 2.52.4071 rearrangement of benzophenone oxime, Kuhara observed
L I S 8.8 | 10a0 that the ester of benzophenone and benzenesulphonic acid
68,7 | 2.48.107¢ 58.9 1ﬁ35.1o-: is rearranged at a very high rate. Under these conditions
oAt B 0.5 93 ] 343407 the chloroacetate exhibits much less reactivity and the
97.67 78.6 | 1.88.10-t || 99.356 % ) T acetate hardly undergoes any rearrangement. Benzo-
gg; ;*;“g:: ?’g-& gg :.g-}gj‘ phenone oximium acetate undergoes rearrangement on the
49.3 | 8.67.10 | 99.948 %5 | 22410 addition of hydrogen chloride. Kuhara proposed the fol-
99.20 25 1.02-1072 gggfg gg g-?g:}g:: lowing mechanism. In the presence of HCI, acyl chlorides
o2 B bl wess | 25 | 70 are obtained, which rapidly form a complex with the oxime:
99.63 %5 37 10 || 99987 25 7.95-407
9977 25 5.25-10-8 |(_100-9 25 1.26-107 coa ™ rencoca, Tror
99.78 25 5.39.10-3 CyHy—C—CyHy+CHyCOCl ——— | GoHg—C—CoHy .
9.79 25 7.95-107 || SOy, wt. % Yom H—NOCOCH,
§0y, wt. % 0.08 25 1911071 The isomerisation of this complex is the limiting stage:
138 29 | 1146 0 I CHy—C—CiHy 75 slow [ CHs—C—O—COCH, T+
2.9 114 (1).7 25 0.89 HIHOCOCH Clm ————— I cr.
2000 | 0.64 28 0.98 J HNCH,
i5 038 1.36 25 1.12 o an
10 0.18 3.86 25 1.57 ‘
1.4 z 3 » oo Complex (II) is an addition product of acetyl chloride and
15 0.45 AR R benzanilide. It decomposes rapidly with formation of
0} 0.2 B benzanilide:
33 2 1.67
2 0.9 - N
| odr CHCOCOCHTF | rapit CHCO +CHCOC
10 0.23 HNCH, H—N—C,H,

Kuhara showed that the benzenesulphonate which is
formed in the reaction of benzenesulphonyl chloride with
TABLE 9. Effect of additions of the oxime and the lactam ontherate  the sodium salt of benzophenone oxime is colourless. In
constant of the Beckmann rearrangement of cyclo- time, this ester isomerises into another ester, which is
hexanone oxime in oleum. : yellow. In the presence of moisture (in moist air) the
yellow ester is converted into benzanilide:

$0,, | Cyclohexanone o S0, Cyclohexanone o
T,°c » kogpo min™ || T, °C (4 3 Foq g mi
wt, % | concn. X 10%, M | Peff wt. % | concn, X103, M | Feffs MIn CyHy—C—CeH, alow CoH,COS0,CoH, C,H,CONHC,H,
— fi —_—

101 0.810 2.06 0.546 NOSO,CeHy NC,Hs +CHSOH

;g; 8%8 25 0.40 ‘Zg% g?zg coloutless ester yellow ester

2.83 0.753 13.5 0,535 _ . .

2 | o.65 3.69 0.695 19.7 0.558 Chapman 3'-3¢ obtained similar results for the Beckmann

7.5 8:204 o5 | 0.7 3:‘:’5 8'322 rearrangement of benzophenone oxime under the action of

13;5 g'%ﬁ% : 26.0 0.345 picric acid. The oxime and the acid form benzophenone

16.7 0.712 1.73 0.215 oxime O-picryl ether which isomerises on heating into

25 |o.02 4218 ot N-phenylbenzimidoyl O-picryl ether; the latter is rapidly
32.4 0.188 converted into a salt of an anilide.
30 (1.0 0.69-10-2
CgHy—C—CeHy+-CoH, (NOg)y OH — CoHs—(I‘-["CoHa
I
NOH NOGH; (NOz)s
rapid
CeHy—C—CgHs heat CsHs‘l:Iocon (NO,)s —— CH,CO .
oxime (0.15-0.35 M). This should be taken into account NOCgH; (NOs CH N CgHy—NOCgH, (NOy)s
in investigations where the rate constants are determined benzophenone oxime N-phenylbenzimidoyl
. . . terd O-picryl ether O-picryl ether

to provide information about the reactivity of substances of
different chemical structure. Chapman considers ! that the formation of ethers can

be explained by the catalytic action of many substances on
the process of the Beckmann rearrangement of oximes. In
V. MECHANISM OF THE BECKMANN REARRANGEMENT  the general example the mechanism can be represented by

OF OXIMES the following scheme:
. . . R—C—R R—C—R
Until recently information on the mechanism of the | 4+HOX ——s I+ HO,
Beckmann rearrangement of oximes was based on investi- NOH NOX
gations of a preparative nature. Despite the fact that such R—C—R  reamangemeut R-ﬁ—ox __, R0
investigations did not concern alicyclic ketoximes, it is NOX slow R—N R—N—X "
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According to Chapman, the chlorides and oxide chlorides
of phosphorus and sulphur, aryl sulphonyl chlorides, and,
probably, sulphuric acid also act in this way. On carrying
out the rearrangement under the action of hydrogen chlor-
ide in dichloroethane solution, the kinetic curves for the
process have an autocatalytic nature3!. The action of hydro-
gen chloride cannot be explained by the mechanism given
above. This is also shown by the results of Stieglitz and
Peterson 3%, who showed that N-chloro-compounds of the
type R-C-R do not undergo the Beckmann rearrangement.

1
NC1

Pearson and Ball¥” consider that the mechanism for the
Beckmann rearrangement proposed by Kuhara and Chap-
man explains the catalytic action of sulphuric acid in this
process.

Firstly the oxime and acid form a salt-like complex.
This stage is exothermic and in aqueous solutions of the
acid it is reversible.

Stage I:

R—CoH,—C—CHy+H,S0, st [R—CeH—C—CHy 1+
i il +HSO] .
NOH HOH

Then the salt-like complex loses water with the forma-
tion of the sulphate.

Stage II:

[R—-C.H.—C—CH,
NHOH

NOSO,0H

.
] +HSO[ — [
RCeH,—C—CH,

]+H,o.
Unlike Chapman, Pearson and Ball assume that the
dehydration stage,.as a result of which sulphate is formed,
is the slowest in the process. The sulphate s rapidly
rearranged into a dehydrated ionised form of the amide

(stage IIIa).

Stage IIla:

R—CgH,—C—CH, —CgH,—C +
Gl 0 fast [R e ]+HSO.‘.
NOSO, OH N—CH;
In aqueous solutions the ionised form of the amide
rapidly adds on water (stage IIb).

Stage IIb:

+
[R-—-C.H.—~(I;‘ ] + H,O ———> amide.
N—CH,

~Dehydration of the oxime during the course of the Beck-
mann rearrangement has been demonstrated in experiments
of Brodskii and Miklukhin %8,%. They carried out the Beck-
mann rearrangement of benzophenone oxime in ethereal solu-
tion under the catalytic action of phosphorus pentachloride
at 15°% After the process had ended, the reaction mixture
was diluted with water containing an excess of 0. In the
benzanilide obtained, the !®0 content was the same as in the
water used for the saponification. Inacid andneutral media
benzanilide does not exchange this oxygen.

Stephen and Staskun ¥ proposed another mechanism for
the Beckmann rearrangement of ketoximes. In the opinion
of these authors, the ketoximes form anhydrides:

R R,
\C=NOH ——> Sc= 0 + H,0.
2 R/C.—I\OH (R/C N)’ + H,0

Hydrogen chloride adds on to the molecule of the anhydride
and forms a salt:

R R + /R .
(R>C=N)’0 +HCO —s [R>C=gon.‘_»c\u} o,

In the salt, according to the authors ¥, the symmetry of
the anhydride is destroyed, thanks to which it is rearranged
into a ketoximimidate:

i R
[R\C=NON=C/

+
R
Q" ——— R—N=C—0-N=C{ " +HCl.
R H \R] SR

ketoximimidate

This rearranges into the imidoyl anhydride, which in
the presence of HCI is converted into an amide:

/R
R—N=C—( )—N'—:C\ ~—— (RN=CR),0,
] R
(R—N=C—R).0 + HCl ——— RCONHR +- RCCI=NR,

This mechanism was proposed to explain the catalytic
action of aprotic acids. According to this mechanism the
reactive form is formed from the anhydride of the ketoxime.
When the conditions are such that the fraction of the oxime
present as anhydride is small, the process will be second
order in relation to the oxime.

There are still no facts to confirm this conclusion. The
authors of this scheme assume that the proton is attached
to one of the nitrogen atoms. The possibility of attach-
ment of the proton to the oxygen atom is not excluded.

We will analyse the kinetic demonstrations of the mech-
anism of the limiting stage of the Beckmann rearrangement
of alicyclic ketoximes in sulphuric acid. As shown above,
in aqueous solutions of sulphuric acid oximes are found in
three forms: the un-ionised form RNOH, the protonated
form RNOH;, and the ion pairs RNOH;.HSO . I is evident
that no one of these forms in isolation is capable of reac-
tion in the Beckmann rearrangement. The un-ionised form
is not reactive since this process does not take place without a
catalyst. The protonated form is also incapable of reaction
in this process, since in solutions of the acid wherealmostall
the oxime is present in this form the rate of the process rises
on increasing the acidity of the medium. Under conditions
where the rate constant of the Beckmann rearrangement
rises the concentration of the ion pairs falls; in solutions
with >99% H,S0, the fraction of ion pairs calculated on the
total oxime concentration can be neglected. Consequently,
the ion pairs RNOH;.HSO; are not reactive in this process.

In dilute oleum with increase in the SO, concentration in
the solution the rate constant of the Beckmann rearrangement
of cyclopentanone oxime, cyclohexanone oxime, suberone
oxime, and cyclododecanone oxime rises to a certain value
and then remains constant on further increase of the oleum
concentration (Fig. 4).

For unimolecular processes the value of the rate constant
is often reached under conditions where all the reagent is
present in a reactive form. This form can be either a
complex of the reagent with the catalyst or an ionised form
produced by interaction of the reagent with the solution con-
taining the catalyst. The ratio of the observed rate con-
stant to the limiting value of the rate constant expresses the
ratio of the concentration of the reactive species to the total
concentration of the reagent under the given conditions.
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TABLE 11, Rate constants of the Beckmann rearrangement of

cyclohexanone oxime at 25°.
%0k
%'s.o’.; togktf logay, o Hy | togoyso, | logkygayg | 10951 ket
| °HisO,
82.20 —4.74 —2.55 —7.88| +7.99 ~7.29 —7.40
86,03 —4.38 —3.07 —8.45 8.50 —17.45 —7.50
89.94 [ —4.05 —3.63 —9.02 8.92 —7.68 —17.58
92.73 —3.86 —4.09 —9.42 9.14 -17.95 —7.67
94.74 —3.59 —4.42 —9.69 9.27 —8.01 —17.59
97.37 —3.28 —5.%6 | —10.13 9.41 —8.34 —17.62
98.24 —2.96 —5.38 | —10.32 9.46 —8.34 —17.48
99.50 —2.47 —6.31 | —10.84 9.51 —8.78 —7.45
99.73 —2.09 —6.82 | —11.05 9.52 —8.01 —7.38
99.74 —2.36 —6.85 | —11.08 9.52 —9.21 —7.65
5 99,81 —1.93 —7.10 —1}.52 3.553 —3 83 —;.3&7;
- TR T y 99.842 | —1.74 —7.26 | —1. .53 - —7.
A 9985 | —1.87 729 | 1128 9.53 —9.16 —1u
oo | B | TIn (SHB| B | 3% | DI
i 99.91 —. —1. —11. . ~ —1.
Fig.4. Variation of log 2ef with H, in the o091 e T | Tt 953 e iy
Beckmann rearrangement of cyclopentanone %.sgg —1.37 —7.82 ——1} ‘5’% g. 553 —g ;g —;.%
99.9 —1.32 —7.90 | —1. . ~9, —7.
oulximhe 2) anddcyc;ododecanone oxime (1) in 99936 | —1.33 a7 —}}ZZ 8'?3 _g. 2 _;,.?g
) uric acid and in oleum at 25°, 99,945 | —1.24 —8.00 | —14. . —9, —1.
P 99.95 —1.24 —8.42 | —11.64 9,53 —9.33 —7.22
99.95 —1.48 —8.2 | —11.64 9.53 —9.30 —7.19
99.97 —.4 —8.50 | —1.74 9.53 —9.61 —7.40
99.986 | —0.8 888 | —11.84 9.53 —9.69 —7.38
100 —0.% —9.09 | —11.94 9.53 —9.84 —7.43
Judging from this criterion, in aqueous solutions of sul- s %
phuric acid right up to 100% H,SO, the fraction of reactive O wt.
species is low in comparison with the oxime concentration. -

X s X . . 0.1 —0.48 —9.58 | —12.06 9.53 —10.06 —7.51
This makes it possible to find the mechanism of formation 0.485 | —0.46 —9.77 | —12.43 9.53 ~—10. —~7.61
of the reactive species from the dependence of the observed 0.2 | —0.37 | 888 |—izael 333 i %
rate constants on the thermodynamic activities of the acid 0.42 —0.25 —10.14 | —12.27 9.53 —10.39 —~7.63
and water, and also the acidity of the acid solutions. In éj%z ;8;8% _ — — — -
this it is understood that the Kinetic experiments were made 7.1 igg% = - — - ~

with the same low concentrations of oxime so that their
effect on the values of the parameters mentioned could
be neglected. The activity of the acid and water and
the acidity functions for the range we are interested in
are known for 25°¢ To be able to compare the values of
keg with the quantities mentioned over wide ranges at 25°
for relatively dilute solutions the rate constants were extra-
polated from higher temperatures. Tables 10-13 give the
values of kg at 25° for cyclopentanone oxime, cyclohexan-
one oxime, suberone oxime, and cyclododecanone oxime
TABLE 12, Rate constants of the Beckmann rearrangement of
suberone oxime at 25°.

. %,0h
TABLE 10, Rate constants of the Beckmann rearrangement of cyclo-~ Hw'ﬁ(;’i' logkygps min™ | H, logayso, | 'e99H,0 | logkegon 0 ‘°9,,H 50, L]
4
pentanone oxime at 25°*,
8534 | —5.48 | —8.34| 8.42 —2.98 —8.46 -
: o) harng | W2, 881 38130 18 | 38 | 38
Oy whe % [logkgagse min™ | loga, H, og og og . ~4, ~9.07 8. —3. —8.45
HaSOu wie % flosketts min Y lostio0 ° S0, TR0 | e co, o 9320 | —4.45 | —8.48| 947 416 | —slel
o e I S S —4.32 -8
97.13 | —3, —10.08 : —4. —8.
S e e B ot B VO M 20 98.05 | —3.7 | —10.28| 945 5.3t | —9.0t
20 aee | i | Zoerl e Toto 99,23 | —3833 |—10.68 9.50 —5.98 —9.31 —8.13
9% o | Taee |l ool ea 505 99.39 | —3.09 |—10.76] 951 —6.16 —9.25 —8.00
44 ("ﬁ Tl | Tes [ Tiods | 950 9% —8.30 99.46 | —3.48 [ —10.81 9.51 —6.25 —9.43 —8.13
99.43 —325 | —6.21 | —10.78 | 9.51 —9.36 —8.18 Mol 33 s i 3O By 0 -84
99.73 ~2.93 | —6.82 | —11.06 | 9.52 —9.80 —8.26 Pe | e | oeel 9 6.58 3 8.0
9981 —32.65 | —7.40 | —11119| 952 —9.75 —8.08 90.67 2.8 08 5 —5.6 53 8.00
99.842 —2054 | —7.26 | —11.27| 9.53 —9.77 —8.03 T o O i -2 o -y =8.
—2.45 | —7.30 (—11.28{ 953 —9.75 —8.10 BT | =2 —iiag 8. —$ —9.64 —5.08
0.8 oA At o RS B o -y 5 9978 | —2.67 |—11.43| 9.5 —6.98 —9.65 —8.04
99.924 —2.00 | —7.82 | —11.53 | 953 —9.82 —7.82 99.85 | 2.5 | -11.281 9.5 —7.30 —9.8 —8.05
991933 | —203 | —7.90 | —1156| 9583 | —9.93 —~7.90 09865 | 23k | M3ty 9.5 O B 554 T
99.9% —204 | —7.97 [—1180| 953 | —10001 —7.94 ool EE | iga 833 7% -5 -
99.95 —1.89 | —8142 | —11.64| 9.53 | —10.01 —17.87 o8| o |Tinet 33 o 58 -1
99,986 —144 | —886 | —11.85| 9.53 | —10.30 —7.98 SNl e TR 9l o oo i
99946 | —1193 | —41.62| 953 —8.08 | —10.01 —7.92
SOy wh % 99.060 | —1.82 |—1470| 9.53 —828 | —10'10 —7.93
99978 | —456 | —14.83( 9.3 —867 | —10.23 —1.87
99.987 | —1.47 | —11.89| 953 —8.8 | ~—10.33 —7.97
0.1 —1.15 | —9.58(—12.05| 9.5 | —10.73 —8.21 100 —130 | —11.65| 953 —9.09 | —10/39 —7.97
0.485 —107 | —9.77 | —242| 933 | —10.8% —8.25
0.22 —100 | —983|—12.45| 953 | —10.83 —8.20 5Oy wh. %
0.39 —0.87 | —10.10 | —12.25 | 9.53 | —10.97 —8.25
12 —0.63 | —10067 | —12.47| 952 | —11.30 —8.35
MEIE R IE
. . . : . —0.72 | —12:27 . —10.03 —10. —8.05
* The activ1ty of the acid aHzSO4 is taken from Giauque and 0.53 —0.60 —142 32 9.53 —10.26 —-10.86 _8.07
coworkers 8, the activity of water from Giauque and coworkers 8 97 o2 2870 9.52 —iod0 ) Mo 8.0
and Vinnik and Ryabova ¥, and H, from Ryabova and coworkers ®, 1.36 —0'39 | —2.3| 952 —10.64 | —11.03 —8.04
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TABLE 13. Rate constants of the Beckmann rearrangement of
cyclododecanone oxime at 25°,
ok
log Tu0% 4
HSOp whe % | log kg Hy logaH’so‘ logaH’o iogk.fm.o og"H,SO. off
90.36 —4.32 | —9.10 8.96 —3.69 —8.01
93.34 —4.04 | — 9.45 9.18 —4.49 —8.23
95.70 —3.72 | — 9.85 9.33 —4.62 —8.34
97.70 —3.36 | —10.20 9.44 —5.47 —8.53
99.20 —2.99 | —10.61 9.50 —5.95 —8.94
99.23 —2.50 | ~—10.68 9.50 —5.98 —8.88
99.46 —2.72 | —10.81 9.51 —6.25 —8.97 —7.67
99.65 —2.51 | —10.96 9.52 —6.38 —9,08 —7.65
99.77 —2.28 | —i1.12 9.52 —6.95 —9.23 —7.68
99.78 —2.23 | —11.14 9.52 —6.98 —8.24 —7.59
99,79 —2.4 [ —11.15 9.52 —7.02 —9.42 —7.49
99.85 —2.08 | —11.28 9.52 —17.30 —9.38 —7.62
99.856 | —1.97 | —11.30 9.53 —7.33 —9.30 —7.53
89.86 —1.91 | —11.31 9.53 —17.35 —8.26 —17.48
99.886 | —1.84 | —11 38 9.53 —17.50 —9.34 —7.49
99.918 | —1.65 | —11.50 9.53 ~1.78 —9.43 —7.46
99.927 —1.54 | —11.55 9.53 —7.88 —9.42 —7.40
93.946 | —1.50 | —11.63 9.53 —8.08 —9.58 —7.48
99.954 | —1.35 | —11.68 9.53 —8.20 —9.55 —7.40
99.987 | —1.1 | —14.87 9.53 —8.86 —9.96 —7.62
100.0 —0.9 | —11.94 9.53 —9.09 —9.99 —7.58
SOy, wt. %
0.08 —0.72 | —12.03 9.53 — 9.38 —10.10 —7.59
0.34 —0.29 | —2.23 9.53 —10.03 —10.32 —7.62
0.53 —0.16 | —12.31 9.53 —10.26 —10.42 —17.64
0.7 —0.05 | —12.38 9.52 —10.40 —10.45 —17.59
1 —0.01 | —12.43 9.52 —10.50 —10.54 —7.60
1.36 40.05 | —12.54 9.52 —10.64 —10.63 —17.84
3.86 -+0.20
1.4 +0.20
33 +4-0.22

from published sources 27?6, In these tables values of H,,
aH,0, Au,so,, and values of logkerrau,0 are given for cor-
responding concentrations of acid and oleum.

As these tables show, logkefau,0 remains constant in
the range 91.74-97.18% H,SO, for cyclopentanone oxime and
in 85.34-90.3% acid for suberone oxime. Suchadependence
can be obtained if two conditions are fulfilled: (a) the re-
active form is produced in the dehydration of either RNOH;
ions or the species RNOH;.HSO;; (b) almost all the oxime
inthe solution is present in a form which is dehydrated. On
the basis of the above considerations the oxime can be pre-
sent in such solutions as the ion pairs RNOH;.HSO] and the
protonated species RNOH;. Dehydration of the ion pairs
(salt) can be represented by Eqn. (1):

RNOH; - HSO 2 RN*- HSO; 4 H,0, (1)

Dehydration of the protonated species can be expressed by
Eqn. (2):

RNOH 22 RN+ + H,0. 2)

The ion pairs RN*.HSO; can be considered as an asso-
ciation product of the dehydrated ions RN* with the HSO;
anions:

RN+ HSO[ T RN*HSO[", (3)

We will derive an equation for the variation of the ob-
served rate constants k¢ on the quantities ay,0, an,so,,
and %, for instances when either the ions RN* or the ion
pairs RN*.HSO; are capable of reaction. We will use K.
to denote the thermodynamic constant of salt formation:

RNOH;" + HSO7 2 RNOH;" -HSO[,

a P
RNOH,  HSO,

Kem ——2 2, (4

a + .
(RNOH, -HSOj

where arnow; , @ (RNOH}, HSO] )5 and @Hso] are the activities of

of the RNOH; cations, the RNOR;.HSO, species, and the
HSO; anions. We will draw up the balance equation for
the oxime under conditions when the concentration of the
reactive species (this can be either the RN* ions or the
RNOH;.HSO; ion pairs) can be neglected. Such a condition
is observed in the Beckmann rearrangement of cyclopen-
tanone oxime, cyclohexanone oxime, suberone oxime, and
cyclododecanone oxime in sulphuric acid solutions up to
100% H,SO,.

Co=Crrnou +C ++C

RNOH; ' ~RNOH, -HSO, '

where C, is the total concentration of the oxime.

As already mentioned, alicyclic oximes have a high
basicity. In solutions of acids where the Beckmann re-
arrangement occurs the relative concentrations of the un-
-ionised species of the oxime can be neglected:

Cryvon<<C, 4C

+
RNOH,

- . (5)
Co= CRNOH: F CRNOH: HSO *

RNOH; -HsO, *

We will express Cmon; and CRNOH;.Hso; in terms of C, and
the equilibrium constant K.:

+= = . (6)
RNOH, a - f +
L RNOH
Ke / P
(RNOH y-HSO,)
- Co
CRNOH;' HSO, A (M
K. (RNOH, -HS0,)
13 .

- Fo .+
HSO, RNOH,

The activity of the anions of the acid auso; is conveniently
expressed in terms of awn,so 3 and h,:

@550, = Kypa-ans - a N

HSO,

where K,, is the thermodynamic constant for the dissocia-
tion of the hydrogen sulphate ions:

HSU; 22802 + H*.

At 25° " K,, =1.2X 1072,
strong acids ¥, ay* = hy,

Since in aqueous solutions of

a
anso, = Kun-ho-ay i 0y - = K}:ﬂ;«: ’
4 4 2,

We will use K, and K, to denote the expressions in the

activities of the equilibrium constants of the processes of
dehydration (1) and (2):
a(nmou:uso; “RNOH;

K, =

§=

V .
AN+ Hso:'“n,o apN+8H,0

We will express the concentrations of the RN*.HSO,

species and RN* ions in terms of C,, the equilibrium con-
stants, and the quantities an,0, ky, and au,s0,:

Fanon .
C, K'f—’. -
Crn+ = 3 frn+ };._,() ' (8)
> RNOH*
1L 91,50, ) \
KoK, hy ,(RNOH".HSOA)
IR
1 f(RNoH; Hso;)
0" .
Ketyo  Fane.nso
Cane. Hso, = : : . o
14 Ky Kooho ' (RNOHT HSOT)
24,50, fRNOH:‘

RO
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where fruowy, fry*, frnowj.uso;, and few*,mso; are the acti-

vity coefficients of the ions RNOH; RN*, and the ion pairs
RNOH;.HSO/ and RN*.HSO_ respectively.

It is assumed that the rate of the limiting stage is deter-
mined by the concentration of the dehydrated species. There-
fore with change in the properties of the medium k¢ should
change by the same equation as the concentration of the re-
active species. We will analyse Eqns. (8) and (9). The
analysis of these is most convenient with the example of
suberone oxime, since it is reliably known that in 99% sul-
phuric acid it is present completely in the form of the pro-
tonated species RNOH;. Consequently, for such solutions

in Eqn. (8):
%hso- ’RNon*
1> 4z
K. ,(RNOH:-HSO")
and
C fRNOH"‘
CRN+ -t 2 .
aHzo KS'fRN+

It is well known how the ratio of the activity coefficients
,fRNOH; /frn* changes with the sulphuric acid concentration.
Since, in the present example we are considering the very
narrow range from 99 to 100% H,SO,, where it is possible
to neglect the relative concentration of the reactive species
it can be assumed that fRNoH;/ frn* is constant.  Then

CRN+ - const

Co Kaayo
If the dehydrated ion RN* is reactive, then in the range 99-
100% H,S0, for the effective rate constant the equation

k _ "true
eff®H,0 = const —

3

should hold, where ke is the true rate constant.

As Table 12 shows, the quantity logkefran,0 for suber-
one oxime is not constant in 99.23-100% H,SO,. In this
range the quantity logk.srau,0 falls by a factor of 12. This
greatly exceeds the possible change in the ratio fRNOH;/fRN*
in this narrow range.

The quantity logkeran,o is also not constant in such a
narrow range for other oximes (see Tables 10, 11, and 13).
Consequently, the limiting stage of the Beckmann rearrange-
ment of alicyclic ketoximes is not the isomerisation of the
dehydrated ions RN*. Since in the sulphuric acid concen-
tration range being considered suberone oxime is almost
completely present as the ions RNOH;, in Egn. (9):

ho / (RNOH;.Hso:)

l<K!A'Kc'

H,50, f RNOH*
2
Co-ay,50," fRNOH’;

C -
RN®-HSOT = G0 TR K KoK Fans mso-
4

(10)

and in the present instance it can be taken that in the
narrow range 99-100% H,SO, the ratio of activity coeffi-
cients fRNOH;/wa,Hso; will be almost constant, and

C . -
R:\‘*‘HSO,, const

Co T KaKe K,

In the range considered the concentration of the reac-

tive species can be neglected. If the ion pairs RN*.HSO,
are reactive, then:

. %80,
AH,0-h,

4,50, const
a,0°he  Koa-Kee K

kegt = klme

60

In this instance the product kefan,o h(,/aﬂzso‘1 will be con-
stant.

On increasing the acid concentration from 99.23 to 100%
H,SO, the effective rate constant of the Beckmann rearrange-
ment of suberone oxime rises by a factor of 108. As
the results in Table 12 show, in this interval the quantity
ketran,0h,/an,so, is almost constant. The scatter which
occurs log% = -8z 0.1) is evidently connected
with the error 1?12 de4termining the effective rate constants,
the activity of water, the acidity %,, and also with possible
small changes in the ratio frnon}/frwt.uso;.  This quantity
is also almost constant in this range for other oximes (see
Tables 10, 11, and 13). This suggests the conclusion that
the dehydrated ion pairs in this process are reactive. To
obtain the complete equation for the dependence of ke on
au,0, hy, and an,so, it is necessary to add to the balance
equation derived above the concentration of the reactive
species RN*.HSO;:

Co= CRNOH:’ + CRNOH;‘»HSO" + Crus. HSO,*

If the RNOH; and RNOH;.HSO; concentrations are
expressed in terms of the concentration of the reactive
species RN*.HSO; and the equilibrium constants, we ob-
tain:

c - Go
RN+ S0} ay.0ho I RN+ HS0] Tans. HSO]
U4 2 Rype Ky Ko + Kyt 07—
504 RNO‘H; RNOH:-HSO‘
4

Precise analysis of this equation is difficult, since it is
unknown how the activity coefficients in this equation change.
There are grounds for assuming that with change in the sul-
phuric acid concentrationover a wide interval (for example,
from 85 to 100% acid) the activity coefficients of the ions
and species mentioned change considerably. In the present
instance the equation includes the ratios

,RN+-HSO'
— and
f(RNoH;'-Hso;)

There is reason to think that the ratio of the activity co-
efficients of two ioh pairs will depend weakly on the acid
concentration. As already mentioned above, in relatively
dilute sulphuric acid solutions, where the Beckmann transfor-
mation occurs, the relation logkefau,0 = const is obeyed.
Such a relation can be kept if the ion pairs RN*.HSO  are
reactive and the ratio fRN",Hso;,/fRNoH; is independent of the
acid concentration. We assume that this ratio is constant
also in more concentrated solutions of the acid.

We will represent KzAKchfRN".Hso;/fRNOH; by K;K% and

’RN# HSO:

f RNOH;‘

K, frxt.nso; /frvowg.usog by K3.  Then:
= : (11)
RN+.HSO] o ke )
1+ K,Kc a + K0
'H,SO,

We will write the expression for W, the rate constant of
the process:

a . o -
RN+.HSO, _ k RN+»HSOQ
I3 2
where a* and f* are the activity and activity coefficient of
the activated complex. The activated state is formed from
the ion pairs RN*.HSO;. The activated complex and the ion
pairs RO*.HSO  have the same composition; therefore we

f _
RN+. HS0
)

W=t
,.
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will assume that the ratio frw.uso;/f* is independent of the
composition of the reaction medium:

Rerng Co
V="t Cnm.nsor = . ano ko ]
1+ KK —— + Kay0
91,50,
k
w = by = true (12)
Co .. %1,0° hy g
1 KRB e
'HsSO,

Eqn. (12) describes the variation of the effective rate
constant ke of the Beckmann rearrangement of aliphatic
ketoximes on the quantities an,0, ko, and au,;so, of aqueous
solutions of sulphuric acid and oleum. In solutions where
Cryt*.uso- + CRNOH; <« CRNOH;.Hso; the following relation
should hold:

ktrue
keft < an0 = X

As already mentioned, such a dependence exists for
suberone oxime and cyclopentanone oxime. It is not valid
for cyclohexanone oxime and cyclododecanone oxime in the
sulphuric acid concentration range studied.

As the constants quoted below show, even in 90% acid
cyclohexanone oxime is found almost completely as the pro-
tonated species RNOH;. In 90% acid for cyclododecanone
oxime the concentrations of the RNOH; ions and RNOH;.HSO
species are commensurate. Therefore, for these oximes
the product kefan,0 does not stay constant. For suberone
oxime and cyclopentanone oxime, the salt formation con-
stant K¢ can be determined from the kinetic data for solu-
tions of the acid where the relative concentrations of the
RNOH;.HSO, species and RNOH; ions are commensurate.

If

CRNmsof <CRN0H;‘“ .Hsor+ CRNOH;‘_,
then
k
kot = e (13)
vs 0 M ,
K,KC — 4 K,GH,O
9H,50,
Eqn. (13) can be transformed:
1 KK kK
- T .
keff * 84,0 ktrne BH;50, Rirne

This equation describes the variation of ke with 7,,
au,so,, and an,0 and allows K% and Kj/kuue to be calculated.
Fig. 5 shows the variation of 1/kean,0 With ko/an,so, for
suberone oxime,

The salt formation constant K% at 25° is 0.29 : 0.02 for
suberone oxime and 0.1 + 0.02 for cyclopentanone oxime.

Theratio kqne/K; K% is calculated from the variation of
ke on auyo, k,, and an,so, for acid solutions where

Caworiy = CRNOH?‘-Hso,‘ + Cone. HsOy”

If the limiting rate constants observed in oleum are true
rate constants, then in dilute oleum there should be a tran-
sitional region where both the reactive form RN*,HSO; and
the ions RNOH; are present in commensurate concentra-
tions.

In that region the effective rate constant should be given
by the equation:
k.tnle
ayo o '

851,50,

keyy =
1+ KK,

(14)

10?

L ! 1 1 LA
0 » 100 150 0 —
50,

Fig.5. Variation of 1/k with ky/ax.s0 A
for the Beckmann rearrangement of suberone
oxime in sulphuric acid at 25°,

This equation can be used to calculate the value of e
and K}K:. However, the true constants k. calculated by
Eqn. (14) are greater than the limiting values of the rate
constants. For example, at 25° the limiting value of ke
is 1.05 min™! for cyclohexanone oxime, and the value of
kuue calculated from Eqgn. (14) is 1.35 + 0,05 min™!. For
cyclopentanone oxime the limiting value of ke is 0.31 min™!
and the calculated value 0.6 + 0.2 min~!. Consequently,
the limiting values of the rate constants in this instance do
not correspond with the true values, that is, in solutions
where ke no longer depends on the composition of the
medium the reagents are not completely found in the reac-
tive form. This is connected with the fact that in oleum
containing 5-11% SO, the value of the constant an,o0h,/au,so0,
(see Table 14) and therefore the degree of conversion of the
oxime into the reactive form RN*.HSO; does not change as
the SO, concentration in the solution is varied.

Table 15 gives the values of the ke, K¢, K;, and K} K¢
at 25° for four alicyclic ketoximes. Kj and K% could not be
calculated separately for cyclohexanone oxime. There are
spectroscopic results which support the appearance of a
new form of the oxime in the solutions of the acid where the

TABLE 14, Values of logm for oleum at 25°,
%Hy90,

SO,, wt. % 5 6 7 8 9 10 1
logaH,O —11.46 | —11.50 | —11,58 } —11.66 { —11.73 | —11.77 | —11.82
A —12.90 | —12.98 | —13.04 | —13.1 | —13.15 | —13.21 | —13.26
logay 5o 9.50 9.49 9.48 9.47 9.46 9.46 9.45
29U,
XOB“H,OI'q —8.0 —7.99| —8.02| —8.03| —8.04] —8.02} —8.01
“H,50,
TABLE 15.
E AH,,
. k 3 . S . true® 2
Oxime rrues MiN K 107K, KK. reol mole™ log Ay e xk:;ﬂ:ll.x‘
Cyclopenta-
none oxime | 0.6+0.2 [0.1+:0.02{(2£1)-10[ (2£1)-10%8  [23.7+0.2{15.3+0.3{—7.0x2
Cyclohexa-
none oxime [1.35:-0.05] — — (2.741)-107  21.5+0.2/13.6+017] —
Suberone

oxime
Cyclododeca
none oxime

0-96 0.040.29+0.02{(3.0£0.3)[(0.87 £0.15)108 [23,5:20.2[15.4+0.2| —10%2
4.4%1.5 10.49x0 3|(5.7x1.9)|(1.9:0.9)- 108 |20.6+0,2|14.0+0.25 -
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rate constant of the Beckmann rearrangement rises sharply.
Fig. 6 shows the dependence of the molar absorptivity of
cyclohexanone oxime at X = 222 nm as a function of the con-
centration of sulphuric acid and oleum. As Fig. 6 shows,
precisely in solutions where the H,SO, concentration is over
99% and also in extremely dilute oleum the molar absorpti-
vity of the oxime at A = 222 nm rises sharply. This wave-
length does not lie at the maximum absorption of the oxime;
it is selected because the change in its absorption intensity
was determined by the rate of the Beckmann rearrangement.
Since this rise occurs in a rather narrow range of acid con-
centrations (from 99.9% H,SO, to 0.1% SO,) the possibility of
explaining this by the displacement of the absorption maxi-
mum is excluded. Such effects are observed during the
appearance of new forms of a substance which are distin-
guished from the other forms by the absorption coefficients
at definite wavelengths.

In this way, on the basis of the results described, it
follows that alicyclic ketoximes in concentrated sulphuric
acid are present as four equilibrium forms: the un-ionised
form, the protonated form, ion pairs, and dehydrated ion
pairs. The form reactive in the Beckmann rearrangement
is the dehydrated ion pair.

The mechanism can be represented as follows:

[CH,]n
RNOH

[CH:],.

——CH
ful, >

’\c —NOH+H,S0, iy
—— 2’

N

+
C=NOH-+HSO]

RNOH;
[T—CH

2\ + -
(CH. C=NOH-HSO
[&CH/ H 4

RNOH ' \HSO

z\ Ke
C—NOH-{—HSO. =

[CH,],,

=\ _ - et —
c= gou Hsoy = [CH,],, o, JC=N - HSO_ +H,0

RN+-HSO~

limiting stage
0y ————— lactam,

CH, +
CH], _~>C=N
This mechanism does not differ in principle from that of
Kuhara and Chapman proposed for the Beckmann rearrange-
ment in non-aqueous solutions. According to Kuhara and
Chapman the reactive form is the ester of the oxime and
the acid. The results quoted do not agree with the mech-
anism proposed by Pearson and Ball¥. According to them
the ion pairs RNOH;.HSO; should be reactive. As already
mentioned above, the relative concentration of these falls
in the sulphuric acid concentration region where there is a
rise in R¢f. The limiting stage for the Beckmann rearrange-
ment of alicyclic ketoximes can be either that of ion pair dis-
sociation (rupture at the ~N-O- bond) or that of rupture of

N
the —/C—Q— bond of the ring in the RN".HSO_ species. Since

Eu -
Lo~T© O

< 13
-~ 12
=4
xll
vog

H U T NN nil S nw

HgS0y, % 503, %

Fig.6. Variation of the molar absorptivity
(e, litre mole™! em™!) of cyclohexanone
oxime at A = 222 nm with the H,SO4 con-
centration,

62

the hydrated salt RNOH;.HSO; is in equilibrium with the
RNOH} cations, it can be suggested that the salt RN*.HSO;
is also in equilibrium with the products of its dissociation
(RN* and HSO;). In every instance ionisation, that is,
rupture of the bond between nitrogen and oxygen, can

V4
proceed much more rapidly than rupture of a —>-C\— bond
and ring. It therefore seems likely that the limiting stage

A4
is the breaking of the —/C—C\ — bond in the oxime. The

breaking of a C-C bond and the formation of a C=N bond
can proceed during the transfer of the positive charge from
the nitrogen atom to the carbon atom. The HSO; anion
apparently assists the transfer of charge. In acids with a
low water concentration and in oleum the dehydrated pro-
tonated form of the lactam is formed during the rearrange-
ment. Hydration takes place during dilution of the reac-
tion product with water.

Scheme of the limiting stage

ao 0
¢
o/—‘\o limiting stage — Cty—
T [l
% =N L-__CH,—coso.OH -
fHa CHa [cta]n e + Hy0 — [CHi]a CH’—I + HyS04,
l[cni,.i 1 CH, :Jdgo,oﬂ “1 CHy—C=0

In concentrated oleum, dehydrated ion pairs RN*.HS,0;
can be formed:

2 RNOH + 3 H,S,0; 22 2 RN*-HS,0; + 2H,S0;.

As noted above, “Beckmann mixture” — consisting of a
mixture of acetic acid and acetic anhydride, saturated
with gaseous hydrogen chloride — is often used for pre-
parations. Starting from the mechanism of the Beckmann
rearrangement in sulphuric acid, the catalytic action of
“Beckmann mixture” can be explained. For carrying out
the process it is necessary to have an acid medium to
bring about ionisation of the oxime. Since oximes are
usually strong bases, the hydrochloric acid present in the
“Beckmann mixture” is sufficient for this purpose. In the
presence of an excess of acetic acid an ion pair (or salt of
the oxime) can be formed. For the formation of the reac-
tive form it is necessary that the salt consisting of the
protonated form of the oxime and the anion of the acid be
dehydrated. Judging fromthe available data the dehydration
proceeds to an appreciable degree at very low activities of
water. For example, in sulphuric acid the ion pairs of ali-
cyclic ketoximes are dehydrated to a significant extent in
the solutions where the water activity is less than 1075-10-¢,
The presence of the anhydride in the mixture allows a low
activity of water to be maintained in the solution. The water
formed in the dehydration of the oxime in this medium is
used up in the hydration of the anhydride and the activity of
the water does not increase.

V1. TEMPERATURE DEPENDENCE OF THE RATE
CONSTANTS OF THE BECKMANN REARRANGEMENT
OF ALICYCLIC KETOXIMES IN SULPHURIC ACID AND
IN OLEUM

For the same concentration of sulphuric acid or oleum

the rate constants of the Beckmann rearrangement Z¢ at
different temperatures fit the Arrhenius equation:

bojt = Ae™E eff/RT
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TABLE 16, Activation energy E and preexponential factor4, g1
of the Beckmann rearrangement of alicyclic ketoximes
in sulphuric acid and in oleum,

H,80,, Wt % | E, keal mole™| fogA H,S0,, wt. % E, kcol mole™ log4
Cyclohexanone oxime Cyclododecanone oxime
2.29 25.0+1 | 11.8+0,7 88,07 25,61 12,530,7
86.03 24,01 11.4+0,7 90,33 24,741 12,0%0.4
89.94 23.7+1 | 11.5%0,7 93,29 24,7+0,5 12,3%0.4
92.73 23.4410.5 | 11.5%0,4 95,67 23,8+0,5 12,0%0,4
9.71 22.9+0.5 | 11.4%0,4 97,67 22,9%+0,5 11,70,4
98.21 22.220.5 | 11.5%0,4
99.74 21.5%0.2 | 11.6%0,2 SO, wh. %
$0;, whe %
1,38 21,140,2 13,7+0,15
3,86 20,6+0,2 13,5+0,15
2.92 21.5+0,2 | 14,0+0,2 14,4 16£0,2 13,5+0,15
74 21.5+0,2 | 14,0%0,2 33 20,6+0,2 13,5x0,15
15.4 21.540,2 | 14.4+0,2
30—80* 24.8+0,4* Suberone oxime
Cyclopentanone oxime
H,$0,, wt. %
H,80,, wt. %
85,34 29,81 14,6£0,7
91.74 | 25,9%1 | 12,2208 o.80 8.3 15,5201
93,70 25,9%0,5 | 12,4+0.4 93’50 58505 1333074
9542 | 25.40,5 | 42,304 o2 2,802 e
97.18 23,6%0,5 | 11,5+0,4 ’ xS Ry
hEgF 2000 | 11004 97.13 25,7%0,5 13,9%0,4
: 420, 90, 98,05 26,1£0,5 13,6:0,4
99,46 26,1+0,5 14.1£0.4
S0, wt. % 99.65 26,1+0,5 14,4204
5.5 23,7+0,2 | 15,420,415 || SO w-%
27 23,740,2 | 15,1%0,15
7.5 23,5+0,2 15,10 £0,15

* These quantities were obtained in work where the oxime con-
centration was ~ 0.5 M and in addition to the oxime a lactam was
added (14 g lactam per 15 g oleum).

The activation energy which can be found from the
Arrhenius equation depends on the concentration of sul-
phuric acid in solution. Table 16 gives the values of logA
and E . for the rearrangement of cyclopentanone oxime,
cyclohexanone oxime, suberone oxime, and cyclododecanone
oxime in solutions of sulphuric acid and in oleum from pub-
lished data 23726, As the acid concentration is raised the
activation energy falls. For example, with suberone oxime,
E ¢ = 29.3 kcal mole~! in 87-89% acid and 23.5 kcal mole~!
in oleum with 7.5 wt. % SO,. In solutions where almost all
the oxime is in the reactive form the observed activation
energy is constant. For example, in the rearrangement of
cyclohexanone oxime the activation energy is constant in the
range from 99.74% H,SO, to 15.4% SO,. To explain what the
activation energy calculated by the Arrhenius equation re-
presents it is necessary to analyse Eqn.(12) which expresses
the dependence of ke on the quantities an,0, au,so,, and h,.
On taking into account the temperature dependence of the
constant this equation must be written as:

£ —Etrue
gff Ayrue- € «
A effe K7 = »
AH:  AH, —AHp.0 —AH,
T R - RT AHy—AHyy
B Be "' By o - Bye Ath—AMyo

[t

A lipso, + By Byge N
BH,SO. .e KT

where E e and A ye are the true activation energy and true
preexponential factor, AH, and AH . the standard changes in
enthalpy of the dehydration and dissociation of the ion pair
RNOH;.HSO;, and B, and B, the entropy multipliers of the
equilibrium constants K; and K. AHu,0, AHpg, and AHuy,s0,,

and By,o0, Bh,, and By,so, are the heats and entropy factors
which characterise the change in the activity of water, the
acidity, and the activity of sulphuric acid with tempera-
ture.

In solutions where

CRN+-H50;>CRNOB; + CRNOH;‘-Hso; ,

At e—Ee“/RT = Atmee_E true/KT .

and the activation energy and preexponential factor given
by the Arrhenius equation will be the true values. In
oleum, where the rate constant of the rearrangement does
not change, ~ 70% of the total concentration of the alicyclic
ketoximes studied are in the RN*.HSO, form. Therefore,
the activation energy and preexponential factor determin-
able under these circumstances are the true ones.

In relatively dilute solutions of acid§ almost all the
oxime is present in the form of the ion pairs RNOH,.HSO;:

CRNOH;-HS(): > CRNOH; + CRNmso; .

Here:
—Etrue
=
Aeﬂ e = AH; —AHuo *
BgeRTE KT
and

— Eeft = — Eyme— AH, + AHy,0,

Such conditions are observed, for example, for suberone
oxime in the range 85.3-90.3% H,SO, and for cyclopentan-
one oxime inthe range 91.74-96.2% H,SO,. It now becomes
possible to determine AH, for the oximes mentioned. The
values of E ¢ and AHy,0 for 90% sulphuric acid can be used
for the calculations. Table 16 gives the values of E g,
AHy,0 = 5.0 kcal mole™. This quantity is calculated from
the temperature dependence of the pressure of water vapour
over solutions of the acid, which are taken from a hand-
book 3, AH, is -7.0 + 2 kcal mole~! and -10 + 2 keal mole~!
for cyclopentanone oxime and suberone oxime respectively.
In acid solutions where

CRNDH;’> CRNOH;’~HSO: + CRN*-HSO;

- —Errue —AHy 50,
- e —R
Aett e o Augee - Buyso,€
e aH,  AH, —aHuo —aHy,
RT = o
Bse" - Be - By,of - By

and
—- E eft = — Evrue— AHy — AHc 4 AHu,0 - AHr,— AHu 50,

This condition is observed for solutions of the acid in the
range 99.4-100% H,SO,. In connection with the fact that
for such solutions the enthalpies AHy,0, AHp,, and AHu,s0,
are still unknown it seems impossible to calculate the value
of AH.. It should be noted that in the intermediate region
where the RNOH;.HSO; and RNOH} concentrations are com-
mensurate, in the general example the rate constants at
different temperatures should not obey the Arrhenius equa-
tion, since the expression for k. includes the sum of two
quantities with exponential factors. However, for a
narrow temperature interval the Arrhenius equation is
satisfied. The effective activation energy cannot then be
presented in the form of a sum of E ;e and the change in the

§ Here by relatively dilute solutions of sulphuric acid we mean
solutions in which the H,SO4 concentration is < 90 wt.%.
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enthalpies of the equilibrium processes. This is also
true where the concentrations of RNOH; and RH*.HSO; are
commensurate.

Table 15 gives the equilibrium constants K} and K¢, the
product K; K¢, Eue, and A e for the four alicyclic ketox-
imes, and shows that E . is less for ketoximes with an
even number of carbon atoms than for those with an odd
number of carbon atoms. This regularity is observed also
for the activation energy of the Beckmann rearrangement of
the oxime p-toluenesulphonates in chloroform?’. From
Heldt's results #7, the activation energies are 27 + 1.3 and
23.4 + 1.1 keal mole™! for cyclopentanone and cyclohexan-
one oximes and 24.4 + 1.1 and 21.8 + 1.2 kcal mole-! for
cycloheptanone and cyclo-octanone oximes respectively.
For cyclohexanone oxime the preexponential factor is
4x 1013 s~} This quantity is close to the normal pre-
exponential factors for unimolecular reactions. For the
remaining three oximes the intrinsic preexponential factors
are greater than the normal values.
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