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TaBLE 1I
(0]
!
TRIALKYL a-PHOSPHONATES R—CH—C—OR'’
R"O—P—OR"’
}
(0]
Molecular
Compound Yield, B.p. Phosphorus, % Carbon, % Hydrogen, % fracti
R R’ R % °c” 7 Mm. Caled. Found Calcd. Found Caled. Found #®%p  d,  Caled.  Found
CH3i(CHz)s CoHs n-CeHs 73 210 0.18 7.37 7.18 1.4413 0.9547 116.4 116.5
CHa(CHz)s C:Hs n-CesHiz 53 173 .25 6.50 6.37 65.5 65.1 11.2 11.3 1.4440 .9394 134.8 134.7
CH;3;(CHs)s R’ = R” = n-CiHe 75 182 .6 6.91 7.15 64.3 64.3 11.0 10,7 1.4420 L9462 125.6 125.6
CH3(CHz)s R’ = R” = 5-CeHis 40 139 .15 6.91 7.45 64.3 63.6 11.0 11.1 1.4405 .9344 125.6 126.6
CHi(CHs)e R’ = R” = CH; 61 156 7 9.61 9.06 55.9 55.4 9.69 9.71 1.4440 11,0203 84,02 83.9
CH3(CH:)s #n-CeHs CoHs 89 186 .3 7.89 7.79 61.2 60.5 10.5 10.56 1.4416 0.9644 107.1 107.6
CH(CHs)1is 2-Ethylhexyl CoHs 73 215 .4 5.82 5.26 67.6 67.3 11.5 11.8 1.4507 .9326 153.3 153.7
CH(CHz)is =n-CsHo CeHs 79 195 .4 6.50 6.23 65.5 65.0 11,2 11.1 1.4466 .9402 134.8 135.4
CHi(CH:)s #n-CiHs n-CsHuz 30 163--171 .3 6,91 6.68 64.3 63.9 11.0 11.2 1.4427 .9438 125.6 125.9
Trialkyl o-phosphonates were prepared by heating the ate (accurately weighed) was refluxed for 1 hr. with exactly

alkyl a-bromo ester with a 1009 molar excess of trialkyl
phosphite at 160-190° in an atmosphere of nitrogen. The
alkyl bromide formed was swept out and collected in a Dry
Ice trap. The reaction was stopped when the weight of
alkyl bromide became constant (usually 4-5 hr.). Gen-
erally, 909, of the calculated amount of alkyl bromide was
obtained. The entire reaction mixture was then fractionally
distilled to obtain the pure a-phosphonates (Tables I and
11).

Hydrolysis Studies. (a) Dilute Acid.—The procedure
described previously for the hydrolysis of acyloxyethyiphos-
phonates was employed.® The trialkyl a-phosphonates
were extremely resistant to hydrolysis under conditions
which gave complete hydrolysis of the acyloxyethylphos-
phonates (or ethyllaurate) at the carboxylicester. (b) Con-
centrated Acid.—Three triethyl a-phosphonates were re-
fluxed for 18-24 hr. with a large excess of 20-35%, hydro-
chloric acid. The reaction mixture was transferred to an
evaporating dish and evaporated to dryness. The crude
residues from the hydrolysis of triethyl a-phosphonostearate
and -laurate were hard, brittle solids, m.p. 125-130°; the
residue from triethyl a~phosphonobutyrate was a hygro-
scopic semi-solid. The neutralization equivalents found
(thymolphthalein indicator) were, respectively, 129, 101
and 58 (calculated for the tribasic acids, R—CH--CO:H,

HO—f-OH

122, 94 and 56). Thus, essentially complete hydrolysis
occurred. (c) Dilute Alkali.—In a kinetic study it was
shown that one equivalent of base was consumed in about
1 hr. The following hydrolysis-isolation procedure was,
therefore, employed to obtain the a-diethylphosphonocar-
boxylic acid: approximately 0.5-1 g. of triethyl ¢-phosphon-

25 ml. of 0.2 N KOH in aldehyde-free 95%, ethanol. The
excess alkali was back titrated with 0.1 N HCl1 (phenol-
phthalein indicator) which permitted calculation of the sa-
ponification egquivalent of the w-phosphonate, if desired.
A few ml. of concentrated HC] was then added and the re-
action mixture was evaporated to dryness. The residue
was washed several times with ethyl ether and the combined
ether solutions were filtered. Evaporation of the ether from
the filtrate vielded the a-diethylphosphonocarboxylic acid, on
which the neutralization equivalent was then determined.
The saponification equivalents of the triethvl a-phosphon-
ates and the neutralization equivalents of the q-diethyl-
phosphonocarboxylic acids prepared from them are given
in Table III.

TaBLE 111

SAPONIFICATION EQUIVALENT OF TRIETHYL «-PHOSPHO-
NATES ANXD NEUTRALIZATION EQUIVALENT OF a-DIETHYL-
PHOSPHONOMONOCARBOXYLIC ACIDS ISOLATED

Neut. equiv. of

Sapon. equiv. isolated acid

a-Phosphonate Caled. Found aled. Found
Butyrate 228 247
Caproate 280 200° 252 230-240
Pelargonate 394 297
Laurate 364 356~362 336 344
Myristate 364 366
Palmitate 421 413-426 302 396
Stearate 449 428-437 420 417

2 (0.1 N KOH in 839, aldehyde-free ethanol was used.
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Sulfenyl Carboxylates

By RoBERT E. PurNaM aND WiILLiaAM H. SHARKEY
RECEIVED JUNE 27, 1957

The synthesis of a iumber of sulfenyl carboxylates is described. These compounds are, in general, quite unstable, and
preliminary evidence indicates that they decompose to give free radicals in a manner similar to peroxides.

Although amides, esters and acid halides of sul-
fenic acids have been known for a number of
years,! the only example of a sulfenyl carboxylate
that has been reported is 2,4-dinitrobenzenesul-

(1) N. Kharasch, S. J. Potempa and H. L. Wehrmeister, Chem.
Rev., 39, 269 (1946).

fenyl acetate. This compound recently has been
described by Havlik and Kharasch? and found to
add to cyclohexene in the same fashion as sulfenyl
halides. The reaction of 2,4-dinitrobenzenesul-
fenyl acetate with the sodium salt of 2-nitropro-

(2) A.J. Havlik and N. Kharasch, Tuis Journar, T8, 1207 (1956).
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TABLE I
SuLrENYL CARBOXYLATES

Dec. 20, 1957
Carboxylate Yield, %

2,4-Dinitrobenzenesulfenyl acetate 86
2,4-Dinitrobenzenesulfenyl benzoate 75
Trichloromethanesulfenyl benzoate 92
1-Anthraquinonesulfenyl acetate 52°
2-Nitrobenzenesulfenyl acetate 61°
4-Nitrobenzenesulfenyl acetate 63°

d

Benzenesulfenyl benzoate
Pentachlorobenzenesulfenyl benzoate

@ 47%, yield of disulfide as by-product.
4 Could not be determined because of rapid decomposition.

d

pane to form 2,4-dinitrophenyl 2’-nitro-2’-propyl
sulfide also has been disclosed.?

Since sulfenyl carboxylates may be considered
to be mixed anhydrides of sulfenic and carboxylic
acids, they might be expected to undergo many of
the reactions of anhydrides. In addition, the pres-
ence of a sulfur-oxygen bond suggests that these
compounds may undergo radical reactions in a
fashion similar to peroxides and disulfides. Ac-
cordingly, a study of the preparation and proper-
ties of a number of sulfenyl carboxylates was made
in this Laboratory.

The carboxylates investigated (see Table I)
were prepared by a modification of the method em-
ployed by Havlik and Kharasch? in the synthesis
of 2,4-dinitrobenzenesulfenyl acetate. A finely
divided silver carboxylate was stirred at room tem-
perature with a solution of the appropriate sul-
fenyl halide in methylene or ethylene chloride.
The sulfenyl carboxylates formed rapidly and, in
the most favorable examples, were obtained in
yields of 75-929, (compounds 1, 2 and 3, Table I).

The most striking property of this class of com-
pounds is the tendency of its members to undergo
spontaneous decomposition. Of the compounds
prepared, only 2,4-dinitrobenzenesulfenyl benzoate
proved to be stable indefinitely at room tempera-
ture. The thermal stability of the carboxylates
seemed to be proportional to the electron-with-
drawing ability of the groups attached to sulfur.
Thus, 2,4-dinitrobenzenesulfenyl acetate and ben-
zoate and trichloromethanesulfenyl benzoate were
all stable enough to allow purification and identi-
fication. On the other hand, l-anthraquinone-,
2-nitrobenzene- and 4-nitrobenzenesulfenyl ace-
tates, although stable at —20°, decomposed so
rapidly at room temperature that elemental anal-
yses could not be obtained. Benzenesulfenyl
and pentachlorobenzenesulfenyl benzoates were
the least stable of the carboxylates prepared.
These compounds decomposed at an appreciable
rate even at —20°. The carboxylates were found
to exhibit a characteristic infrared absorption
band in the region 1710-1780 cm. !, and this band
was used to identify those compounds for which
analytical data could not be obtained. It is in-

(3) J. L. Cameron and N, Kharasch, U. S. Patent 2,671,113, March
2, 1954.

Carbonyl band

Analyses, 7 in infrared,
M.p., °C. Caled. Found cm, ~1
85-90 d. c387.21 37.40 1780
H 2.34 2.60
82 d. C47.75 48.13 1720
H 2.52 2.68
N 8.73 8.66
28-30° C35.38 35.01 1770
H 1.85 2.04
139-145d. ... L8 1710
95-100d4d.  ..... b 1775
90-95d.  ..... P 1775
...... d e Vb 1775
...... d e b 1725

¢ After recrystallization from ether at —80°.

teresting that 1700-1800 cm.—! is the region in
which carboxylic anhydrides exhibit strong car-
bonyl absorption in the infrared.

The nature of the decomposition of sulfenyl car-
boxylates is not known with certainty. The two
most likely modes of decomposition are dispropor-
tionation to a sulfenic anhydride and a carboxylic
anhydride (1) and homolytic cleavage of the
~S-O—bond to form free radicals (2).

2RSO(’|:R’ —_— R’IC‘O‘C;IR’ + RSOSR (or RSJS[R) (1)
’ 00
RSOCR’ ——> RS- + R’(J“TO- —> RSSR 4 R'CO:H (2)
$ 0 R’—R'_:- CO

Preliminary evidence points to path 2 as the mech-
anism of decomposition. During the determina-
tion of the infrared spectra of benzenesulfenyl
benzoate and pentachlorobenzenesulfenyl benzoate,
it was noted that the carbonyl band of the car-
boxylate gradually disappeared and was replaced
by a band characteristic of the carboxylic acid
from which the carboxylate was derived. From
the resulting mixtures it was possible to isolate the
disulfides and carboxylic acids which would be ex-
pected according to path 2. In addition, pyrolysis
of 1-anthraquinonesulfenyl acetate iz vacuo at 150°
led to bis-(l-anthraquinonyl) disulfide and acetic
acid as the only identifiable products. It is prob-
able that compounds of the type R-R and CO, were
also produced but they were not identified.

As is the case with sulfenyl halides,?4® sulfenyl
carboxylates are rapidly decomposed by aqueous
base giving complex mixtures of disulfides, sulfenic
anhydrides and salts of sulfinic acids. Sulfeny!
carboxylates have two potential sites for attack by
nucleophilic reagents, at the sulfur atom and at the
carbonyl group. Attack at either position by
aqueous base would yield a sulfenic acid which
would then undergo further reactions. Reaction
with other nucleophilic agents, such as alcoholates,
would be expected to give a sulfenic ester or a car-
boxylic ester, either of which would be sufficiently
stable for isolation.

Investigation of this reaction has shown the pri-
mary site of attack to be the carbonyl group.

(4) A. Burawoy and A, Chadhuri, J. Chem. Soc., 653 (1936).
(5) R. N. Haszeldine and J. M. Kidd, ¢bid., 2901 (1955).
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RSO~ + R”O{C\R’ <——— RSOCR’ <—— RSOR"
o ) R'CO,-

Thus, addition of a sclution of 2,4-dinitrobenzene-
sulfenyl acetate in methylene chloride to methanolic
potassium hydroxide at —80° gave as the major
products methyl acetate and a deep violet solid,
which is thought to be the potassium salt of the
hitherto unknown 2,4-dinitrobenzenesulfenic acid.
Because of its instability this salt could not be iso-
lated in pure form but analytical data on the crude,
dry material corresponded to an empirical formula
of 2[(NOg):CeH;SOK }-CH3;0K-3CH;0H. The prop-
erties of the material support this structure.
The deep violet color is similar to that of the pre-
viously described salts of l-anthraquinonesulfenic
and 2-nitrobenzenesulfenic acids.5” When dis-
solved in deoxygenated water and acidified, the
material lost its deep violet color and bis-(2,4-
dinitrophenyl) disulfide precipitated from the
solution. A disulfide is one of the products to be
expected from reactions in which sulfenic acids are
intermediates, .45

As mentioned previously, Kharasch? has de-
scribed the addition of 2,4-dinitrobenzenesulfenyl
acetate to cyclohexene to give a product of type I.

I O

This reaction has been confirmed in this Labora-
tory, and, in addition, l-anthraquinonesulfenyl
acetate was added to cyclohexene to give a product
(R = 1-CyH:0,, R’ = CHj) identical to that of
Jenny® who prepared it by reaction of silver acetate
with 1-(2’-bromocyclohexvlmercapto)-anthraquin-
one.

A Drief study® also was made of the behavior of
sulfenyl carboxylates as photoinitiators for the
polymerization of methyl methacrylate. As might
be expected those carboxylates having nitro groups
proved to be efficient polymerization inhibitors.
However, both trichloromethanesulfenyl benzoate
and benzenesulfenyl benzoate initiated the poly-
merization of methyl methacrylate when exposed
to ultraviolet light, being considerably less active
than 2-methoxy-2-phenylacetophenone’® and di-
benzoyl disulfide.’* It is interesting in this respect
that esters of several sulfenic acids recently have
been reported to be effective photoinitiators.!?

Experimental!?

2,4-Dinitrobenzenesulfenyl Acetate.—7The following pro-
cedure is typical of that employed in the preparation of sul-
fenyl carboxvlates. Temperatures as low as —20° were
used successfully in the case of less stable members of the
series.

(1) K. Fries, Ber., 45, 2065 (1912).

(7) 1. Zincke and F, Baeumer, Aun., 391, 67 (1912).

(8) W. Jenny, Helv. Chim. Acta, 36, 1278 (1953).

(9) We are indebted to Dr. H. B. Stevenson of this Laboratory for
examining sulfenyl carboxylates as photoinitiators.

(10) M. M. Renfrew, U. S. Patent 2,448 828, Sept. 7, 1948.

(11) L. M. Richards, U. S. Patent 2,460,105, Jan. 25, 1949,

(12) G. H. Birum and R. J. Kern, U. . Patent 2,768,777, Nov. 6,
1956.

(13) Al melting points are uncorrected.
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To a solution of 11.8 g. (0.05 mole) of 2,4-dinitroben-
zenesulfeny! chloride in 200 ml. of methylene chloride was
added 16.7 g. (0.1 mole) of silver acetate. The slurry was
stirred at 28° in the dark for 18 hr. The silver saits were
removed by filtration and the filtrate was evaporated to
dryness in vacuo (without heating). In this way there was
obtained 11.1 g. (869;) of 2,4-dinitrobenzenesulfenyl ace-
tate as a bright yellow solid which decomposed without melt-
ing at 85-90°. An infrared spectrum of the compound
showed an “‘anhydride’” carbonyl absorption band at 1780
cm. ",

Anal, Caled. for CgHN:06S:
Found: C, 37.40; H, 2.60.

Pentachlorobenzenesulfenyl Chloride.—A slow stream of
chilorine (dried by H,80,) was passed through a solution of
25 g. (0.09 mole) of pentachlorobenzenethiol in 500 ml. of
refluxing carbon tetrachloride containing a few crystals of
iodine for 5 hr. During this time a bright red color de-
veloped. Evaporation of the solvent in vacuo gave 26 g.
(929%) of pentachlorobenzenesulfenyl chloride as a bright
orange solid, m.p. 99-101°. One recrystallization from
carbon tetrachloride gave long orange needles, m.p. 103~
104°.

Anal. Caled. for CeCleS: 8, 10.12. Found: S, 10.07.

This compound was used in the preparation of penta-~
chlorebenzenesulfenyl benzoate (Table I).
1-(2’-Acetoxycyclohexylmercapto)-anthraquinone.—7To a
solution of 1 g. of l-anthraquinone sulfenyl acetate in 30
ml. of glacial acetic acid was added 5 ml. of cyclohexene.
The mixture was refluxed for 10 minutes and poured onto
200 g. of ice. The orange-yellow precipitate was removed
by filtration. Recrystallization from absolute ethyl alco-
hol gave 1-(2’-acetoxycyclohexylmercapto)-anthraquinone
as orange-yellow needles, m.p. 162-163°. A mixed melting
point with an authentic sample prepared by the method of
Jenny® (m.p. 163-165°) showed no depression (162-163°).

Decomposition of I1-Anthraquinonesulfenyl Acetate by
Heat.—In a flask equipped with a thermometer extending
nearly to the bottom was placed 5 g. of l-anthraguinone-
sulfenyl acetate. The flask was evacuated and heated
gradually to 150°. At about 130° a distinct color change
from orange to vellow-green occurred. Volatile products
were collected in a trap cooled to —70°. The reaction ves-
sel was heated at 150° for 3 hr. The residue in the flask
weighed 4.25 g. and proved to be mainly bis-(1-anthra-
quinonyl) disulfide as shown by identity of its infrared
spectrum with that of an authentic sample. From the —70°
trap there was obtained 0.6 g. of a liquid which was chiefly
acetic acid (neutralization cquivalent caleuluted 60, found
63.5).

Methanolysis of 2,4-Dinitrobenzenesulfenyl Acetate.—
To a solution of 7.8 g. (0.03 mole) of 2,4~dinitrobenzenesul-
fenyl acetate in 300 ml. of methylene chloride, cooled to
—70° and kept under a blanket of nitrogen, wus added
dropwise a solution of 1.6 g. (0.03 mole) of potassiuim hy-
droxide in 15 ml. of anhydrous methanol. During the addi-
tion (about 15 minutes) the mixture was stirred vigorously
und stirring was continted for 30 minutes longer. By this
time a large quantity of deep violet solid had precipitated.
The mixture was filtered carefully under nitrogen at —50°.
After washing with ether and vacuum drying, there was ob-
tained 6.3 g. of a deep violet powder. The filtrate had a
strong odor of methyl acetate. and an infrared spectrum con-
firmed the presence of appreciable quantities of thisester. No
attempt was made to isolate the ester quantitatively because
of the large volume of methylene chloride present.

Analysis of the violet solid after drying showed it to have
an empirical formula of 2CeH;NSO;K-CH;0K-3CH;OH.
Culed. for 2CaH;N.SO;K-CH,OK-3CH;0H: C,
TFound: C, 28.12; I,

C, 37.21; H, 2.34.

Anal,
28.48; H, 3.14; N, 8.30; S, 9.50.
2.66; N, 8.26; 3, 9.55.

When the salt was allowed to stand in air it rapidly de-
composed, losing its violet color in the process,  Similarly,
it proved to be quite unstable in ordinary distilled water.
However, a solution in deoxygenated water was stable for
several hours. TFor this reason an attempt was made to
isolate the free sulfenic acid by acidification of its salt in a
completely deoxygenated system.

To 1 g. of crude potassium salt dissolved in 200 ml. of
deoxygenated water was added 0.5 N HCI (made up in de-
oxygenated water) until no further color change was appar-
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ent. The cloudy, orange-yellow solution was cooled to 0°
and filtered. In this way there was obtained 0.3 g. of bis-
(2,4-dinitrophenyl) disulfide as a yellow powder (structure
shown by identity of its infrared spectrum with that of an
authentic sample). The filtrate was extracted with ether,
and the ether layer dried over anhydrous sodium sulfate.

a,a- AND v,y-DIMETHYLALLYL CHLORIDES WITH THIOUREAS
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Evaporation of the solvent yielded 0.24 g. of a brownish
acidic solid that could not be identified positively. No
evidence for the presence of 2,4-dinitrobenzenesulfenic acid
was obtained.

WILMINGTON 98, DEL.
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Allylic Rearrangements.

XXXIX. The Reaction of a,a-Dimethylallyl Chloride and-

v,v-Dimethylallyl Chloride with Thiourea and Substituted Thioureas!

By J. M. RuLg, L. J. Wik, T. I. WRIGLEY aND WILLIaM G. YOUNG
RECEIVED JuLy 19, 1957

The reactions of «,a-dimethylallyl chloride and +,y-dimethylallyl chloride with thiourea in acetone both follow second-

order kinetics.
goes a normal SN2 displacement.
cases.
primary or the tertiary allylic chloride.

Introduction

Two mechanisms of bimolecular nucleophilic sub-
stitution are available to allylic compounds, the
normal displacement, SN2, and the abnormal dis-
placement Sn2’. Several examples of the latter
process are known and have been reviewed recently
in detail.? For example, it has been shown by de la
Mare? that nucleophilic attack on «,a-dimethylallyl
chloride (I) by thiophenolate ion yielded only the
product due to an abnormal SN2’ displacement.
Allylic halides are known* to react with thiourea to
form thiouronium halide salts which can be hydro-
lyzed to thiols by aqueous alkali. The purpose of
the present work was to examine the reaction of
pentenylallylic chlorides with various thioureas.

Results

When a,a-dimethylallyl chloride (I) was treated
with thiourea in acetone at 25° an abnormal SN2’
displacement resulted and «,vy-dimethylallyliso-
thiouronium chloride (II) was obtained in 809,
vield. This salt was also the sole product from the
reaction of +,y-dimethylallyl chloride (III) with
thiourea, and after ozonization and suitable de-
composition of the resulting ozonide it afforded
acetone in high yield.

o
CH,=CHCCI] —>

CH,
I
CH, NH,;*

N 7
C=CHCH:SC
CH,

CH;
AN
C=CHCH,CI

NH, CH;
II 11T

Similarly, treatment of a,a-dimethylallyl chlo-
ride (I) with N,N’-diphenylthiourea (IV) gave only
the abnormal product «,y-dimethylallyl-N,N’-

(1) This work was supported in part by a grant from the National
Science Foundation.

(2) R. H. DeWolfe and W. G. Young, Chem. Revs., 56, 753 (1956).

(3) P. B. D. de la Mare and C. A, Vernon, J. Chem. Soc., 3555
(1953).

(4) A. Luttringhaus, H. B. Konig and B, Bottcher, Anxn., 660, 201
(1947).

Clm <

The tertiary allylic chloride undergoes an abnormal Sx2’ displacement while the primary chloride under-
The same product 7,vy-dimethylallylisothiouronium chloride, was obtained in both
sym-Diphenylthiourea behaved similarly, but fully substituted thioureas did not undergo reaction with either the

diphenylisothiouronium chloride (V) which was also
isolated from the reaction of the primary chloride
IIT with IV. No reaction was detected between
N,N’-dibutylethylenethiourea and e,a-dimethyl-
allyl chloride (I). In order to lower the activation
energy the primary chloride III was substituted
for I, but still no reaction was observed. Simi-
larly, neither N,N,N’,N’-tetramethylthiourea (VI)
nor N,N’-dibenzoylthiocarbanilide (VII) would re-
act with y,v-dimethylallyl chloride (III) in acetone.

A kinetic study of the reaction of the primary
and tertiary allylic halides I and III with thiourea,
followed by alcoholic base titration of the acidic
compornents present , indicated both reactions to be
second order. Rate constants were calculated
from the integrated form of the usual second-order
rate expression,® as given in equation 1.

2,303 b —x)a

T man R i s 3

Where x is the amount of allylic halide reacted in

moles/1., & is the initial concentration of thiourea

in moles/l., ¢ is the initial concentration of allylic

halide in moles/l. and ¢ is the time, in minutes,

elapsed from zero time. The rate was followed by

titration with alcoholic sodium methoxide of the

acidic isothiouronium salts formed. Rate con-
stants are listed in Table 1.

1

TABLE I
SECOND-ORDER RATE CONSTANTS FOR THE REACTION OF
«,-DIMETHYLALLYL CHLORIDE AND +,y-DIMETHYLALLYL
CHLORIDE WITH THIOUREA IN ACETONE

Temp.,
Isomer RCle Thiourea® °C. k2b
Tertiary 0.03341 0.06595 44.96 1.54 £0.03 X 1073
Tertiary .00341 .06595 74.70 1.93 =+ .18 X 1072
Primary .01995 .07030 44.96 3.18 % .15 X 10~
Primary .01995 .07030 74.70 2.01 =% .17 X 107!

@ Units of concentration are moles/l. °® Units of k; are

(mole/1.) ! (min.) 2,

As the second-order rate constants are known at
two different temperatures, it is now possible to cal-
culate the experimental energy of activation, E®,

(5) S. Glasstone, K. J. Laidler and H. Eyring, ‘“The Theory of
Rate Processes,” McGraw-Hill Book Co., Inc., New York, N. Y., 1941.



