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Introduction

The kinetics of the decomposition of the diazo bodies in water solution
have been studied rather extensively by various investigators, viz., Hausser
and Muller,? Hantzsch® and Cain and Nicoll.*

More recently Pray,’ Yamamoto® and Blumberger’” have continued in-
vestigations on these same decompositions. An examination of the data
of these various individuals will show that the addition of those substances
which hydrolyze alkaline give larger velocity constants bt that there is a
diminished evolution of nitrogen. This is claimed to be due to the so-
called coupling reactions which are supposed to take place in the presence
of hydroxyl ion in preference to the simple decomposition. Blumberger
states that there is a maximum in the curve of reaction rate plotted against
hydroxyl ion increase.

It is the purpose of the present paper to show that the decreased evolu-
tion of nitrogen is not due to the so-called coupling reactions and that the
maximum in the curve of reaction rate against hydroxyl ion is not attribut-
able simply to this ion.

Materials and Apparatus.—Ordinary aniline was redistilled several times; only

that portion which boiled constantly at 183.5 ° was taken for the subsequent experiments.
The other chemicals were of C. P. grade and no further attempts at purification were made.

1 This paper is constructed from a thesis submitted by Bartholdt C. Hadler to the
Faculty of Holy Cross College in partial fulfilment of the requirements for the degree of
Master of Science.

2 Hausser and Muller, Bull. soc. chim., [3] 7, 721 (1892); Com:pt. rend., 114, 549,
669, 760, 1438; Bull. soc. chim., [9] 353 (1893).

s Hantzsch, Ber., 33, 2517 ff. (1900).

4 Cain and Nicoll, J. Chem. Soc., 81, 1412 (1901); 83, 206, 470 (1903); Ber., 38,
2511 (1905).

5 Pray, J. Phys. Chem., 30, 1417, 1477 (1926).

¢ Vamamoto, J. Soc. Chem. Ind. Japan, 32, 352 (1929).

7 Blumberger, Rec. trav. chim., 49, 276 (1930).
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The reaction vessel consisted of a large test-tube about 15 cm. long and 2.5 cm. in
diameter to which had been sealed a capillary side arm. The latter communicated with
the water-jacketed gas-measuring buret which was maintained at the same temperature
as the thermostat by circulating water from the latter through the former. The aniline
hydrochloride was diazotized below 5° and upon completion of this process the solution
was placed in the reaction vessel. After adding that substance whose effect we wished
to investigate, a mercury-sealed stirrer was fitted into place and rotated at a constant
speed. The gas-measuring buret could be adjusted and read accurately to within 0.1
cc., which, in the early stages of the reaction, leads to an error of 3 or 49%,. All of the
experiments were conducted at 30 = 0.01°. The volume of nitrogen evolved was re-
corded at thirty-minute intervals. These gas volumes were reduced to standard con-
ditions and the reaction velocity constants were calculated according to the graphical
method of Guggenheim,? which is supposed to overcome uncertainties in the value of 4
in the ordinary unimolecular equation.

Experimental
The following experiment is selected as being typical of this decom-
position. In this table, as in all following tables, the first column contains
the time in minutes; the second column, the corrected amount of nitrogen
evolved; the third column, the value of 9v—12o; the fourth column, the logie
of v—uo; the fifth column, the same value as read from the graph; and
the last column gives the value of 0.4343 K X 10°.

TABLE 1
EXPERIMENTAL RESULTS
Nitrogen

Time evolved ?—20 log 9—w Caled. 0.4343 K X 104

30 4.0 4.0 0.602 0.607

60 7.3 3.3 .519 .536

90 10.4 3.1 .491 .465

120 13.1 2.7 .431 .393 23.8
150 15.3 2.2 .342 .323

180 17.0 1.7 .230 .250
210 18.4 1.4 .146 .178

The value 23.8 was obtained from the straight-line plot of log, v—w
against the time. This value agrees very well with the value 24.0 as found
by Pray for this same decomposition.?

It has been stated by Pray and others that any substance which exerts
a dehydrating effect will retard the velocity of decomposition. He ob-
served this in his study of the effect of sulfuric acid on this decomposition.
We give in the following table the effect of sulfuric acid on this decomposi-
tion mainly because we will need the constant for subsequeat discussion.
The sulfuric acid was added to the diazotized aniline hydrochloride in the
molar ratio of fifteen to one.

The tabulated data show definitely that there is a decrease in the reaction
velocity constant in the presence of sulfuric acid. Blumberger attributes

8 Guggenheim, Phil. Mag., 2, 538 (1926).
9 Pray, Ref. 5, p. 1481.
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TasLE 1II
RESULTS IN PRESENCE OF SULFURIC ACID
Nitrogen
Time evolved 970 log 9—w Caled. 0.4343 K X 104
60 6.6 6.6
90 9.6 3.0 0.477 0.477
120 12.1 2.5 .398 417
150 14.4 2.3 .362 .357
180 16.3 1.9 .279 .296 20.1
210 18.1 1.8 .255 .235
240 19.5 1.4 .146 175
270 20.8 1.3 .114 .115

this decrease to the formation of a CeHsN»SO4 ion. If this is true it seems
strange that Pray did not observe the decrease on the addition of potassium
sulfate. We cannot, therefore, attribute this decrease simply to the forma-
tion of a sulfate ion, and it appears that the dehydrating effect is the proper
cause of the decrease.

It is known that the diazonium salt is amphoteric. Consequently
there is an equilibrium relation as follows

C6H5N3+ -+ 20H~ = CeH;N0O~ + H.0

Also large quantities of the C¢HsN»O jon cannot exist in the presence of
sodium or potassium ion, for the solubility product is exceeded and pre-
cipitation takes place. We should expect, therefore, that if certain salts
which hydrolyze alkaline or if alkalies are added to the diazo compound,
this precipitate of diazotate will follow with a consequent effect on the
decomposition rate of the diazo body. Varying amounts of salts or alkalies
added will have differing effects according to the above equilibrium. On
the other hand, acid or neutral salts should not affect the reaction rate.
This can easily be seen by an examination of the data of Pray.

In the following table we give the effect of monosodium dihydrogen
phosphate. Since this substance hydrolyzes acidic, we would not, accord-
ing to the above argument, expect any effect on the reaction rate. The
data show this to be the case.

TasBLE III
RESULTS WITH MONOSODIUM PHOSPHATE
Nitrogen
Time evolved ?—% log v—% Caled. 0.4343 K X 104
30 3.5 3.5
60 7.1 3.6 0.556 0.560
90 10.3 3.2 .505 .492
120 13.0 2.7 .431 .420
150 15.2 2.2 .342 .351 23.3
180 17.2 2.0 .301 .279
210 18.7 1.5 .176 .210 -
240 20.1 1.4 .146 .140
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A comparison of this table with Table I will show an almost exact
similarity in the amounts of nitrogen liberated at the various points of time.
Of necessity then the constants agree with one another very well. There-
fore, in spite of the fact that the molar ratio of salt added to the diazo
salt is in this case nine to one, there appears no effect on the decomposition
rate.

Although secondary sodium phosphate hydrolyzes faintly basic, yet in
sufficient quantity (in this case, nine moles of phosphate to one of diazo
compound) the PH of the diazo solution can be changed enough to cause
an apparent increase in the reaction rate, as the following table shows.

TABLE IV
RESULTS WITH SECONDARY SODIUM PHOSPHATE
Nitrogen
Time evolved v—m log v—m Caled. 0.4343 K X 104
30 3.8 3.8 0.580 0.575
60 6.1 2.3 .362 .397
90 7.9 1.8 .255 .219 59.9
120 9.0 1.1 .041 .040

The amount of nitrogen liberated in this experiment after a lapse of
twenty-four hours was less than half of that obtained in the simple de-
composition. This confirms Pray’s observation but we do not believe it to
. be due to the so-called coupling reactions. When the phosphate is added
to the diazo solution, a brown precipitate appears. This occurs im-
mediately, and so cannot be attributed to the formation of hydroxyazoben-
zene, for at the beginning of the reaction there is no phenol present with
which the diazo compound might combine. Such behavior is explained.
according to the previous argument.

Concerning the increase in the reaction rate, for which no one has
offered an adequate explanation, may we propose that it is a heterogeneous
reaction and so catalyzed by the precipitate of the diazotate. We believe
this to be so, for one of us has carried out preliminary experiments on this
decomposition in the presence of silica gel and suchar and has found the
rate to be approximately tripled in the presence of these substances. These
experiments are now in the process of completion and we expect to report
them in the future. 4

The addition of hydrogen ion, according to the above-mentioned equi-
librium, should cause a shift to the left and a consequent dissolution of the
precipitated diazotate. Normal decomposition would be expected to
ensue. This is found to be the case, as the following experiments show.
Sodium succinate was added to the diazo solution in the molar ratio of
nine to one. Precipitation occurred as with the phosphate. We followed
the decomposition of this heterogeneous system for two hours and then
added sufficient sulfuric acid to redissolve the precipitate.
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TaBLE V
RESULTS WITH SODIUM SUCCINATE
Nitrogen
Time evolved v9—% logo—m Caled. 0.4343 K X 10

30 1.3 1.3 0.114

60 2.7 1.4 .146

90 3.9 1.2 .079
120 5.2 1.3 .114

30 2.5 2.5 .398 0.416

60 4.9 2.4 .380 .356

90 6.9 2.0 .301 .296 20.1
120 8.6 1.7 .230 .237
150 10.1 1.5 .176 .176
180 11.4 1.3 114 .114

The first part of this table shows again decreased nitrogen evolution.
The rate appears to be constant within experimental error. The second
part of the table shows definitely that the precipitated diazotate will go
back into solution and decompose in regular fashion. The constant for
this portion of the table is exactly the same as that of Table II.

In the following experiment we added sodium hydroxide in the molar
ratio of forty to one in an attempt to reduce the decomposition of the diazo
solution to a minimum. After one and one-half hours we added sufficient
sulfuric acid to redissolve the precipitate.

TaBLE VI

RESULTS OF EXPERIMENT
Nitrogen

Time evolved v—190 logov—u Calcd. 0.4343 K X 104
90 0.8
30 5.4 5.4 - 0.732 0.725
60 8.4 3.0 .477 .625
90 11.5 3.1 .491 .521 33.6
120 13.3 2.8 .447 .421

It will be observed in this experiment that the sodium diazotate decom-
poses at a very slow rate, for after ninety minutes’ time we obtained only
0.8 cc. The constant obtained from these data shows that the reaction is
proceeding at a faster rate than the decomposition in Table IL. This is
due very likely to the large amount of nitrogen liberated in the early stages
of the reaction on account of the heat evolved in the neutralization of the
alkali. These data show again that the precipitated diazotate can be
redissolved and that the resulting decomposition is in order with the simple
decomposition.

As a final test the following experiment was performed. In order to
overcome the heat effect of the previous experiment, we prepared some
solid sodium diazotate by adding sodium hydroxide to the diazo compound
around zero degrees. This we filtered off and washed with cold water
until it was free from sodium hydroxide. We dried this in a vacuum
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desiccator over sulfuric acid. Thirty-two grams of this dried diazotate
was suspended in 20 cc. of distilled water and placed in the reaction vessel.
We noted the decomposition of this heterogeneous mixture and after two
hours’ time sufficient dilute hydrochloric acid was added to cause solution.

TasBLE VII
EXPERIMENTAL RESULTS
Nitrogen
Time evolved 2—w log v—m Caled. 0.4343 K X 104

120 1.9 1.9

60 10.4 10.4

90 14.9 4.5 0.653 0.673
120 18.9 4.0 .602 .578 30.1
150 - 21.7 2.8 .447 .487
180 24 .4 2.7 .431 .396

The constant of this experiment is in fair agreement with those of Tables
I and III, and the data again show that the diazotate which is precipitated
in alkaline solution can be redissolved, forming the diazo salt which de-
composes normally.

What the decomposing entity is we do not know. The facts at hand will
not admit of any ion as the deciding factor. We do know, however,
that in the simple decomposition hydrogen ion is formed. This being so,
the equilibrium above will shift to the left as the reaction proceeds, or,
what amounts to the same thing, the amount of substance undergoing
decomposition in solution is increased. Under these conditions the
value of 4 in the simple unimolecular equation is not known accurately
and if sufficient time is allowed to elapse all of the diazo compound would
be expected to decompose. The arbitrary method of selecting say twenty-
four hours or of taking readings until an apparently constant value occurs
cannot give the correct value of 4 in the presence of alkalies or of substances
which hydrolyze alkaline. Consequently the real reaction rates, under
these circumstances, can be obtained only by some method which elimi-
nates such an uncertain value. This has been accomplished in the present
paper by selecting the method of Guggenheim.

Summary

1. The simple decomposition of diazobenzene has been repeated.

2. The decomposition in the presence of sulfuric acid shows that the
rate is decreased. This is not due, however, simply to the formation of a
diazosulfate ion.

3. The decomposition has also been studied in the presence of alkah
and of substances which hydrolyze alkaline.

4. Ithas been shown that if the Pu of the solution is in the nelghborhood
of 7 or greater, a precipitate will form. This precipitate is an alkali
diazotate.
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5. This precipitate can be redissolved upon the addition of acids and
the resulting diazo compound will follow the normal decomposition.

6. The solid diazotate has been prepared and its decomposition noted.
The addition of acid to this solid causes it to redissolve and decompose
normally.

WORCESTER, MASSACHUSETTS

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF HARVARD UNIVERSITY]
ABSORPTION SPECTRA IN SOLUTION AT LOW TEMPERATURES

By L. B. ARNOLD, JR., AND G. B. KISTIAROWSKY

RECEIVED OCTOBER 5, 1931 PuBLISHED May 7, 1932
Introduction

Extended and systematic work on light absorption of carbon com-
pounds in solution has been concerned mainly with the identification and
quantitative study of rather broad absorption regions. FEach of these
can be assigned to a definite electronic transition in the molecule, at least
in cases where information on the absorption spectra in the gaseous state
is available. The main achievement of this work is the evidence that
certain absorption regions, located mostly in the near and middle ultra-
violet, can be identified with definite atomic groups like the carbonyl,
double bond, benzene ring, etc. Evidence has also been accumulated
indicating that, if more than one such light absorbing group is present
in a large molecule, the resulting spectrum can be represented in the first
approximation as a sum of the component spectra. A more detailed study,
by the usual method of quantitative measurement of the light absorption
coefficients, has revealed, however, that the summation rule holds only
very approximately and that in general the rest of the mclecule exerts
an influence on the absorption by a given part of it. Such an effect, as
has been pointed out frequently, is altogether analogous to the alterations
in the chemical properties of a group produced by the rest of the molecule,
that are so common in organic chemistry.

The study of the spectral changes in solution is thus of considerable
interest, at least in the domain of large and complicated molecules where
neither the Raman spectra nor the absorption spectra in the vapor phase
are sufficiently simple to offer a promise of a more rapid and direct solu-
tion of the problem. An attempt at a closer theoretical treatment of the
absorption coeflicient data for homologous molecules is complicated,
however, by the circumstance that this experimental method records
simultaneously the effects of two essentially different phenomena. In
addition to alterations in the energy of electronic levels as well as to more
or less mechanical changes in vibrational frequencies of an atomic group,
resulting in a shift and modification of bands comprising an absorption
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region, the light absorption coefficients are affected by changes in elec-
tronic transition probabilities. This latter phenomenon is much less
accessible to theoretical treatment and so long as the effects of the two
are not separated, an uncertainty is attached to speculations based on the
study of the absorption coefficients describing only the large scale struc-
ture of absorption spectra. The difficulty is removed, in principle at
least, by a study, not of the intensity of absorption, but of the locations
of the vibrational bands within the absorption region due to the atomic
group investigated and their alterations produced by changes in the struc-
ture of the rest of the molecule. The scarcity of work in this direction
is due undoubtedly to the diffuseness and frequently to the complete ab-
sence of any finer structure in the absorption spectra of organic molecules
in solution.

The existing literature indicates that the presence or absence of finer
structure is typical of large cle¢ es of organic compounds and is not ““acci-
dental.” :

Hartley! has already pointed out that only aromatic hydrocarbons
possess finer structure in their spectra, while aliphatic compounds show
only continuous absorption. Stark? denied this conclusion and showed
that some aliphatic hydrocarbons had banded spectra. However, the
bands which he finds are of an altogether different appearance from those
of aromatic hydrocarbons and comprise, judging from their width, many
vibrational transitions, each probably representing a definite electronic
level. Thus, on the whole, Stark’s objections do not disprove the conclu-
sion of Hartley, but show that it needs modification. The present con-
tribution is concerned with this modification and amplification; it also
deals with the problem of the mutual influence of two parts of a molecule
as a function of their distance apart.

In an attempt to improve experimental conditions use was made of the
old and well-known observation that low temperatures tend to sharpen
and bring out the finer details in the spectra of solids and liquids.> Further
improvement was expected and obtained by the use of an inert and non-
polar solvent, since the influence of the latter on the spectra of solutes
is known to be considerable in some cases.*

Experimental Details

The experimental set-up consisted of a quartz hydrogen discharge® (E, Fig. 1) as a
source of continuous ultraviolet light, a Dewar flask with quartz windows and a small

1 Hartley and Dobbie, J. Chem. Soc., 77, 846 (1900); 39, 153 (1881).

2 Stark and Lipp, Z. physik. Chem., 86, 43 (1913).

3 For recent work see particularly Kronenberger, Z. Physik, 63, 494 (1930); Co-
nant and Crawford, Proc. Nat. Acad. Sci., 16, 652 (1930).

4 Klingstedt, Compt. rend., 176, 1550 (1923).

8 Kistiakowsky, J. Opt. Soc. Am., 2, 549 (1931).
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Hilger quartz spectrograph (F). The construction of the flask will be seen from Fig. 1.
(A) are four quartz to Pyrex graded seals, (B) are polished quartz windows sealed to the
ends of these and (C) is the absorption

cell of quartz, 4 cm. long, placed in line /',O//
“with the windows. Cooling was ac- 5
complished by means of liquid nitro- r\\_—— A

gen, whose level was kept somewhat
below the absorption cell. A small
electric heater (D) placed in the
bottom of the flask generated a steady
stream of dry nitrogen which kept the
absorption cell cool and prevented
frost from forming on it and on the
inner windows. Exposures were made

on Hammer Special plates sensitized 4

with vaseline. The wave length de- ; %_‘ L ¢ | [:Z
terminations were made by compari- —

son with the copper arc spectrum. ok

Solutions were made by dissolving a
weighed amount of the substance in
pentane, transparent within the limits
of the set-up, and introducing a small
known amount of this solution into
liquid propane. This procedure was
adopted because solutions in the
pentane showed a strong tendency to
freeze on cooling. Fig. 1.
In the following a short résumé

is given of the more essential points in the preparation and purification of the com-
pounds and solvents used.

C

Purification of Solvents

Propane.—Gaseous propane from a commercial cylinder was passed successively
through spiral wash bottles containing 159, fuming sulfuric acid, concentrated sulfuric
acid, saturated permanganate solution containing 109 sodium carbonate, dilute po-
tassium hydroxide solution, and a drying tower filled with sticks of solid potassium
hydroxide. It was condensed by solid carbon dioxide.

Pentane.—Shell Pentane Solvent was shaken with saturated potassium perman-
ganate solution containing 109, sodium carbonate until it no longer reduced the per-
manganate solution. It was then successively washed with water, dilute sulfuric acid
and concentrated sulfuric acid. To remove aromatic hydrocarbons the pentane was
shaken for four hours with one-fourth its volume of 159, fuming sulfuric acid. After
this it was successively washed with concentrated sulfuric acid, dilute sulfuric acid, 109,
sodium carbonate solution and finally with distilled water. The pentane was dried over
calcium chloride and distilled over sodium. The material all boiled under 34°. It was
tested spectrographically for transparency and if any bands persisted the fuming sulfuric
acid treatment was repeated. The original material was of such purity that purification
was readily obtained. The solvent used was transparent to 2250 A., which was the
limit of the complete apparatus when empty.

Preparation and Purification of Compounds

Benzene.—Eastman thiophene-free benzene was dried over sodium and distilled
through a five-foot column. The boiling point was 80.4°.
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Al3-Cyclohexadiene.—This was prepared by removing hydrogen bromide from
1,2-dibromocyclohexane with sodium ethylate according to Hoffmann and Damm.®
The product was repeatedly distilled over sodium in a stream of carbon dioxide until the
refractive index? was %20 1.4740 =0.0002 and the boiling point was 80.25-80.75°.

Cyclohexene.—Eastman cyclohexene was repeatedly distilled over sodium through
a silver spiral fractionating column until a constant absorption spectrum was obtained.
The spectrum shows no structure.®

Dimethylbutadiene.—This compound was prepared from pinacol. The product
was redistilled over sodium until its boiling point was 68.8-69.4°.

Benzaldehyde.—Commercial benzaldehyde was purified through the bisulfite de-
rivative. The sample taken boiled at 66° (10 mm.).

Phenylacetaldehyde.—Phenylacetaldehyde diethyl acetal was prepared and hydro-
lyzed to phenylacetaldehyde after the method of Woods and Comley.® The aldehyde
boiled at 195-198° at atmospheric pressure. The semicarbazone melted at 152° and
the oxime at 93-95°. The aldehyde was purified through the bisulfite derivative from
which it was regenerated by steam distillation from a solution made slightly alkaline
with sodium carbonate.

Hydrocinnamic Aldehyde.—Eastman hydrocinnamic aldehyde was purified through
the bisulfite derivative. The sample taken boiled at 106-108° (10 mm.).

Chlorobenzene.—c. P. chlorobenzene was redistilled until its boiling point was
132°.

Benzyl Chloride.—Eastman benzyl chloride was redistilled several times. The
fraction boiling at 176-179° was filtered through activated charcoal, dried over calcium
chloride and distilled again. The sample taken boiled at 178-178.5°.

B-Phenylethyl Chloride, y-Phenylpropyl Chloride, 5-Phenylbutyl Chloride and
w-Phenylheptyl Chloride.—The preparation of these compounds has been described
by Conant and Kirner.l® The samples were generously loaned by Professor J. B. .
Conant.

Results and Discussion

It seemed desirable to investigate the relation between the width of
absorption bands and molecular structure using the simplest and most
similar representatives of the aromatic and aliphatic series. As such,
benzene, cyclohexadiene, cyclohexene and dimethylbutadiene were chosen.
At room temperature benzene possesses fairly sharp bands while cyclo-
hexadiene has only one wide band according to the work of Stark,!* which
we were able to confirm. The other two compounds show only a gradually
increasing absorption toward the short wave lengths. Figure 2 presents
microphotometer records!? of the spectra of the first two compounds at

¢ Hoffmann and Damm, Miit. schles. Kohlenforschungsinst. Kaiser-Wilhelm-Ges.,
2, 97-146 (1927); Chem. Abstracts, 22, 1249 (1928).

7 Hoffmann and Damm® reported n% 1.4755 and Willstitter, Ber., 45, 1464 (1912),
reported #% 1.47439.

8 Stark and Lipp, Z. physik. Chem., 86, 43 (1913).

9 Woods and Comley, J. Soc. Chem. Ind., 42, 429T (1923).

10 Conant and Kirner, THIS JOURNAL, 46, 241 (1924).

11 Stark and Levy, Jakr. Radioakt. Electronik., 10, 179 (1913).

12 We take this opportunity to thank Professor Plaskett of the Harvard Observatory
for permission to use the Moll microphotometer belonging to the Observatory.
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liquid nitrogen temperature. Cyclohexene and dimethylbutadiene are
not shown as no significant changes have been obtained on cooling. The
reproduction brings out clearly the sharpness of the benzene bands!® and
also the resolution of the cyclohexadiene absorption into three bands. The
half width of the bands in the two spectra is, however, strikingly different,
being ca. 130 cm.™! for benzene and about 700 cm.™! for the other com-
pound. This difference seems to be quite general and the literature pre-
sents no evidence, which we could locate, of bands observed with aliphatic
compounds in solution which even approach the narrowness of benzene
bands. The acetaldehyde absorption spectrum, which is resolved into

CeHs

CeHse

'] n 4 " n i A e

43 42 41 40 39 38 37 36 X 10%m.™!
Fig. 2.

seven component bands at liquid air temperature (see Fig. 3, A) has half-
widths of about 400 cm.~!. About the same half-width persists in the
spectra of the carbonyl group attached to the benzene ring (Fig. 3), while
the latter retains the narrow bands practically unchanged in their width
in all derivatives which we investigated. Various publications dealing
with the spectra of aromatic compounds at room temperature indicate
that this behavior is typical of other derivatives of benzene and other
aromatic carbon rings, showing that a significant difference exists be-
tween their spectra and those of aliphatic compounds. This difference,
however, is not the absence of bands, as assumed by Hartley, but their
different half-width.

At 80°K. the rotational energy of molecules is so small that on this

13 Fainter but similarly narrow bands located between the strong ones have been
observed visually on our other photographs of the benzene spectrum (see also Kronen-
berger3).
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account alone vibrational bands should all appear at least as sharp as
those of benzene, particularly so long as only compounds of approximately
the same molecular weight are compared. The unequal width observed
is due therefore to other causes. One of these, probably the most impor-
tant, is that many aliphatic compounds have in the vapor phase only
continuous or diffuse spectra owing to photochemical dissociation and
predissociation. These spectra, of course, cannot show structure in solu-
tion no matter how low the temperature. It is somewhat doubtful,
though, whether this explanation suffices for those cases, like cyclohexa-
diene or the carbonyl group, where vibrational structure is obtained in
the liquid state and where at least the long wave length part of the gaseous
spectrum is discrete.!

DE H, 2879 A.

T

L]

1]

1]

1

'

B . '
l"»('.\ ' D

»

1}

]

1}

DI
l“v:':
\\1,,/«/‘/ ;\,...\ .
N e )Y
43 42 41 40 39 38 37 36 35 3433 32 31 X 103 cm.™!
Fig. 3.

It seems more probable that in solution the fields of the surrounding
molecules cause considerable broadening of the absorption bands by dis-
turbing the electronic levels. The work of Kronenberger?® also points to
this. He found by direct comparison that the bands of benzene in solu-
tion are more diffuse than those of benzene crystals. In the latter case,
owing to the regular spacing of the molecules, the broadening should be
reduced to a minimum. The present work shows that the disturbing
influence of the solvent is much greater with aliphatic compounds whether
they be small atomic groups or even rings with double bonds. Thus the
electronic states in aromatic rings appear to be exceptionally stable against
external influences. Perhaps this can be adduced in favor of the central
bond theory for such molecules, since neither the ring structure, nor the

14V, Henri, “Structure des Molecules,” Paris, 1925.
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conjugated double bond, both being present in cyclohexadiene, show this
phenomenon. At any rate the present experiments indicate that the sharp-
ness of absorption bands in solution can be utilized as a supplementary
method in investigating the structure of large molecules and thus com-
pletely confirm the conclusions reached in a recent communication by
Conant and Kamerling.?

Although the problem of mutual influence of spectra by two groups
in a molecule has already received considerable attention, some new evi-
dence on the subject seemed to be desirable and with this purpose in view
a series of aryl aromatic aldehydes has been chosen together with some
aryl aromatic monochlorides. The choice was guided by the considera-
tion that the carbonyl group and the benzene ring both have well-defined
and not overlapping absorption spectra in an easily accessible spectral
region.

The spectra obtained at low temperatures, although considerably sharper
and showing more fine structure than those reported previously from the
work at room temperature, proved to be insufficiently resolved for an
attempt at vibrational analysis. Accordingly in Table I are reported
only the wave numbers of the observed bands, while Fig. 3 brings out the
salient points and shows the microphotometer records of the spectra of
acetaldehyde (A), benzene (B), phenylacetaldehyde (C) and (C’), hydro-
cinnamic aldehyde (D) and (D’), and phenylheptyl chloride (E). Turn-
ing first to the absorption of the benzene ring it will be seen that the sub-
stitution of a carbonyl group produces profound changes in the vibra-

TaBLE I
WAvE NUMBERS OF OBSERVED BANDS
Half width Half width, Half width,
Bands, cm.™!  cm.T} Bands, cm. ™! cm.™! Bands, cm.™1 cm.”1
Phenylacetaldehyde "Hydrocinnamic aldehyde Phenylbutyl chloride*
30490 500 32010 400 36660
31630 540 33150 330 37110
32770 580 34160 340 37360
33800 35150 . 37880
34590 35970 38290
35000 37260 150 38570
35190 37720 130 38760
35460 200 38150 150 39220
36750 140 38340 100 39430
37340 110 38620 130 39670
37750 210 39060 150 39780
38290 130 30370 130 39980
38690 30490 150 40140
39870 40290 40340
41430 41240 41190

15 Conant and Kamerling, THIS JOURNAL, 53, 3522 (1931).
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Half width

Bands, cm.”! cm.7!

Benzene
37790 120
38410 120
39270 140
40200 140
41200 120
42160 110
42410 110

Cyclohexadiene
37310 620
38910 780
40210 730

Benzaldehyde
26940
27560 170**
28270 220%*
29020 150**
29440 270%*
30550 490*
31660 - 460**
32820 470**
34510 200
34950 150
35290 150
35640 150
36620 100
38340
39700
41000
Acetaldehyde
30500
31510 400
32780
33800 410
34780 510
35710 480
36600 500
37290 350

TaBLe I (Concluded)

Bands, cm.™1

Half width
cm.”1

Propionaldehyde

30490
32070
33210
34250
35160
36190
37270
38380

370
360
350
360
410
370
340
320

Chlorobenzene

36870
37410
37850
38310
38810
39260
39830
40290
40870
41930

Phenylethyl chloride*

37410
37880
38310
38630
38870
39050
39280
39510
39740
40420
40770
41000
41310
42460

Bands, cm. ™1

Vol. 54

Half width
cm. "1

Benzyl chloride*

34630
34870
36890
37400
37610
37790
38310
38570
39280
39430
39830

Phenylpropyl! chloride*

36940
37400
37880
38300
38570
38780
39030
39200
39460
39730
39980
40180
40440
41240

Phenylheptyl chloride

37190
37710
38120
38310
38600
39050
39320
39480
40230
41250

110
150
140
120
130
100
130
100
340
400 (?)

Bands for compounds marked with (*) are computed from comparator measure-
ments and in the case of benzaldehyde half-widths are estimated by comparison with
bands of known half-width on other plates; benzaldehyde bands marked (**) are from a
microphotometer record of this section of the benzaldehyde spectrum. Heptyl aldehyde
shows within the limits of experimental error the same absorption spectrum as pro-
pionaldehyde. The benzaldehyde band marked (*), judging from the microphotometer
record, is comprised of two bands with half-width about 200 cm. 2.
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tional structure, as should have been expected from the altered symmetry
conditions alone. Further changes are produced by interposing one and
two —CHy— groups between the carbonyl group and the ring, but at this
stage the spectrum has reached its final form, as can be noticed by com-
parison with phenylheptyl chloride, both being identical in so far as the
positions of the bands are concerned.

Similar conclusions are reached with respect to the absorption of the
carbonyl group. Considerable alterations in the band positions occur
until two CH, groups have been introduced between the aldehyde group
and the benzene ring (A, C’, D’ in Fig. 3), or—in case of aliphatic alde-
hydes—until the carbon chain is two atoms long. With longer chains
the carbonyl absorption spectrum remains practically unchanged. Thus
the bands belonging to hydrocinnamic, propionic and heptyl aldehydes
have identical positions within the experimental errors of their determina-
tion, but with benzaldehyde the carbonyl spectrum is shifted to the visible
somewhat and the bands are narrower.

Purvis'® pointed out some time ago that the mutual influence of the
groups on their respective spectra decreases as their spacing in the mole-
cule increases. The present work confirms this conclusion and gives it
a more precise illustration in the case of the aromatic aldehydes, which
show that a very short interposed carbon chain suffices to make the vi-
brations and the electronic levels of the two groups quite independent
of each other. Attention may be called to the fact that this distance of
two —CH,— groups nearly coincides with the distance at which two such
groups as carbonyl and halogens cease to affect appreciably their respec-
tive chemical properties in the straight chain compounds. The frequencies
of the Raman lines attributed to vibration of certain atomic linkages also
cease to be appreciably influenced by the size of the remainder of the mole-
cule when the attached carbon chain is longer than two or three atoms.

In conclusion we wish to express our appreciation for the useful sugges-
tions of Professor J. B. Conant, which have added greatly to the success
of this work. We are much indebted to the Cyrus M. Walker Fund of
the American Academy of Arts and Sciences for a grant which enabled us
to purchase a spectrograph used throughout this work.

Summary

1. An apparatus is described for studying the ultraviolet absorption
spectra in solution at low temperatures.

2. It is shown that aromatic rings are characterized by narrow absorp-
tion bands in solution at low temperatures, while the spectra of aliphatic
groups remain diffuse.

6 Purvis, J. Chem. Soc., 99, 2318 (1911); 127, 9 (1925). This phenomenon was
also noticed by Baly and Collie, 4bid., 87, 1332 (1905)
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3. The mutual influence of the spectra of two such groups as the car-
bonyl and benzene rings extends through carbon chains not more than
two atoms long. At greater distances in the molecule the spectra be-
come entirely independent of each other.

CAMBRIDGE, MASSACHUSETTS
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DETERMINATION OF POTASSIUM IN THE PRESENCE
OF SODIUM

By G. FREDERICK SMITH AND A. C. SHEAD!
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Introduction

The separation and determination of potassium in the presence of sodium
and lithium are most commonly carried out following the semi-extraction
process of Fresenius.? Chloroplatinic acid is used to convert the aqueous
solution of the mixed chlorides to the corresponding chloroplatinates,
followed by the extraction of sodium and lithium chloroplatinates with
ethyl alcohol to produce 80-85%, of the latter. Many advantages result
from the use of lithium chloroplatinate in place of chloroplatinic acid in
the separation of potassium from sodium by the Fresenius process as shown
by the present authors.? Very distinct improvements in the perchlorate
method in the separation of potassium from sodium have been developed
as a result of previously published research from this Laboratory* which
seem to justify claims of superiority for the perchloric acid method over
the chloroplatinate separation. In addition the use of perchloric acid
facilitates the separation of sodium from lithium.

The present paper demonstrates the advantage resulting from the
simultaneous application of both perchloric and chloroplatinic acids to the
separation and determination of potassium in the presence of sodium.
Four distinct advantages result from this method of attack. Only enough
chloroplatinic acid is employed to convert the potassium present to potas-

1 Holder of “The J. T. Baker Chemical Company Fellowship in Analytical Chem-
istry” for the year 1930-1931. Submitted in partial fulfilment of the requirements for
the Ph.D. degree in the Graduate School of the University of Illinois by the junior
author.

2 Fresenius, Z. anal. Chem., 15, 224 (1876); 16, 63 (1877); 21, 234 (1882).

¥ Smith and Shead, THIS JOURNAL, 53, 947 (1931).

4 Smith, ibid., 45, 2073 (1923); 47, 762 (1925). Smith and Ross, ibid., 47, 774
(1925); 47, 1020 (1925).

5 Willard and Smith, ¢bid., 44, 2816 (1922).
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sium chloroplatinate. Following the Fresenius process the sodium must
be converted to sodium chloroplatinate to take advantage of its solubility
in alcohol. Since the ratio of chloroplatinic acid to sodium chloride,
H,PtCls:6H,0/2NaCl, is approximately 4.8, the saving in platinum is
apparent. A second improvement is that the process is completely a
precipitation process and not, as with the Fresenius scheme, a semi-extrac-
tion method. Occlusion of sodium salts by the precipitated potassium
chloroplatinate is therefore minimized. A third improvement results from
the weighing of a mixture of potassium and sodium perchlorates in place
of the corresponding chlorides. Lastly, as already shown,? the precipitated
potassium chloroplatinate is stable after drying at 300-350°. Any error
resulting from the occlusion of solvent by the potassium chloroplatinate
is thus eliminated and the time required for its drying greatly reduced.

—
—

10

Solubility, grams per liter.

= N Wkt DN 00O

10 20 30 40 50 60 70 8 90 100
Weight per cent. of ethanol in water.

Fig. 1.—The solubility of K.PtCls and KClO; in alcohol-water solutions.

The Method

The process in brief is as follows.

The mixture of potassium and sodium chlorides obtained following the application
of the J. Lawrence Smith method for decomposing an insoluble silicate (or a mixture of
potassium and sodium nitrates) is converted to perchlorates by evaporation to dryness
in a platinum dish or crucible with an excess of 70-72% perchloric acid. A 30-cc. Pyrex
beaker may be used for the evaporation. The mixed perchlorates of potassium and so-
dium are dissolved by heating with a few cubic centimeters of water and again evapo-
rated to dryness and heated for fifteen to thirty minutes at 850°, cooled and weighed.
Anhydrous sodium perchlorate is faintly hygroscopic and the container plus the sample
should be weighed covered.

The mixture of potassium and sodium perchlorates is dissolved in hot water (5 cc.
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is sufficient for all ordinary samples) and 5 cc. of 959 or stronger ethanol is added and the
solution warmed to just below the boiling point. Small portions of a 109 solution of
chloroplatinic acid dissolved in ethanol are added until potassium chloroplatinate begins
to precipitate. After digesting for a minute at just below the boiling point, the slow
addition of precipitant is continued until all the potassium present is precipitated and the
supernatant liquid is colored slightly yellow. Enough ethanol is added to make an 80—
85% concentration of alcohol (not less than 30 cc. of alcohol in case 5 cc. of water was
used) and the solution is digested for five minutes on an electric hot-plate with stirring
at just below the boiling temperature. The precipitate and solution are cooled to room
temperature, filtered, washed with 859, or stronger alcohol and the filtrate set aside for
recovery of the slight excess of platinum used or for the direct determination of sodium.
The filtering crucible and precipitate are dried for five minutes at 100-130° to remove the
alcohol and finally for fifteen minutes at 300-350°, cooled and weighed. The potassium
chloride originally present is calculated using the theoretical factor 2KCl/K;PtCls =
0.3067.

Solubilities Involved in the Perchlorato-Chloroplatinate Process.—
Five cubic centimeters of water at 25° dissolves more than 10 g. of sodium
perchlorate. The addition of alcohol in equal proportion does not greatly
diminish this solubility. Lithium perchlorate is less soluble in water
(2.98 g. in 5 cc.) but is much more soluble in ethyl alcohol than is sodium
perchlorate. The comparative solubilities of potassium perchlorate and
potassium chloroplatinate in various strengths of aqueous ethanol are
given in Table I taken from the data of M. Pierrot.

TABLE I

THE COMPARISON IN SOLUBILITY OF POTASSIUM PERCHLORATE AND Potassium CHLORO-
PLATINATE IN VARIOUS CONCENTRATIONS OF AQUEOUS ETHANOL AT 14°

Concentration of ethanol, 9, by weight of alcohol

7.1 8.7 13.2 159 27.3 42.

Material 0.0 . 2.4 58.5 94.7 100
Solubility g./1000 cc.

KCl10, 12.4 9.2 7.8 5.7 39 26 0.15 0.071°

K.PtCls 9.3 4.2 26 1.4 05 0.2 0.02 0.018

® Solubility determinations in absolute alcohol: KClO, by Willard and Smith,
THIS JOURNAL, 45, 286 (1923). Solubility of K,PtCls calculated from accepted solu-
bility data, 1 part of KoPtCl to 42,600 parts of ethanol.

From an examination of Table I it will be observed that the solubility of
potassium chloroplatinate in water is very highly suppressed with in-
creasing addition of ethyl alcohol as compared to the diminution in the
solubility of potassium perchlorate under the same conditions. For
solutions of equal parts of ethyl alcohol and water, 32.5 mg. of potassium
perchlorate dissolves in 10 cc. This amount is increased approximately
ten-fold at the boiling point of such solutions.

Potassium chloroplatinate is so slightly soluble in a 509, solution of
ethyl alcohol in water (4 mg. in 10 cc.) that this concentration was chosen
for the first addition of chloroplatinic acid. Tt was found that the tem-
perature coefficient of inc¢rease in solubility of potassium chloroplatinate

¢ Pierrot, Compt. rend., 172, 1041 (1921).
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with increase in temperature is very slight. No need for excess of chloro-
platinic acid for its common ion effect in reducing the solubility of potas-
sium chloroplatinate is shown by the data. The addition of alcohol serves
as an effective substitute when above 80%.

Preparation of Materials for Use in Testing the Accuracy of the Per-
chlorato—Chloroplatinate Process

Perchloric Acid.—Chemically pure 70-729, material distilled sn vacuo and supplied
by the G. Frederick Smith Chemical Company of Columbus, Ohio.

Potassium Chloride.—A portion of the same stock previously described? and
demonstrated to be 1009, pure. The fused product only was employed to eliminate the
possibility of occluded moisture.

Sodium Chloride.—Samples were taken from a stock used in previous investigations
published from this Laboratory. It had been repeatedly crystallized from water solu-
tion by the addition of gaseous hydrochloric acid with intermediate filtrations using cen-
trifugal drainage. This preparation had been carried out by Dr. T. R. Ball, at present
at Washington University, St. Louis, and was fused before weighings to eliminate the
possibility of occluded moisture.

Chloroplatinic Acid.—Purchased from two different laboratory chemical supply
houses and used as received.

Ethyl Alcohol.—Anhydrous alcohol as purchased in the market.

The Stability of Chloroplatinic Acid in Hot Alcoholic Solution.—The
platinum in a hot alcoholic solution of chloroplatinic acid might be reduced
to a lower stage of valence or to metallic platinum especially in the presence
of reducing agents such as traces of aldehydes commonly present in alcohol.
This possibility in the present method is practically eliminated for two
reasons: first, the negligible increase in solubility of potassium chloro-
platinate in hot as compared to cold alcohol solutions and second, the use
of such a slight excess of chloroplatinic acid the latter being unnecessary
either to convert sodium perchlorate to sodium chloroplatinate or for the
common ion effect of excess precipitant. Samples of commercial anhydrous
ethyl alcohol or the more common 95%, alcohol either untreated or dried
with lime followed by metallic calcium serve equally as well for this method.
No determinations were lost because of the reduction of the chloro-
platinic acid. Qualitative tests in all these types of alcohol showed traces
of aldehyde or similar reducing agents.

Filtrates from the precipitation of potassium chloroplatinate containing
sodium perchlorate, a slight excess of chloroplatinic acid and perchloric
acid, when diluted further with water and allowed to digest for periods of
thirty to sixty minutes at steam-bath temperature, precipitate their
platinum completely as platinum black, a reduction conveniently em-
ployed in the direct determination of sodium. The filtrate from the
potassium separation is so treated, the platinum filtered and washed and
the sodium perchlorate determined by conversion to sulfate or by pre-
cipitation as sodium chloride following the method of Willard and Smith,®
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Smith and Ross* or by direct weight as sodium perchlorate as described
in the next section.

The Conversion and Determination of Sodium Chloride as Sodium
Perchlorate and its Stability at 350°.—By comparison of the two con-
version factors, Na;0/2NaCl (0.5303) and Na,O/2NaClO, (0.2531), weigh-
ing sodium as perchlorate instead of chloride is seen to carry a distinct
advantage. Conditions for the correct determination of potassium as
perchlorate have been clearly demonstrated by Smith and Ross.t To
avoid a contamination of potassium perchlorate by either occluded per-
chloric acid or moisture it must be dried at 350°. If sodium perchlorate
can be shown to be stable at 350°, and suitable for weighing in this form,
the mixture of sodium and potassium chlorides, frequently weighed after
drying at 500°, can be weighed more satisfactorily in the form of per-
chlorate. This becomes more important since it is recognized that weigh-
ing mixtures of sodium and potassium chlorides following drying below
their fusion temperature does not eliminate moisture. At the melting
point these chlorides are too volatile to permit this treatment without
prohibitive loss in weight. It is obvious that an indirect determination of
sodium by difference is unsatisfactory for precise work. This practice is,
however, commonly &pplied since the potassium determination is more
important than that of sodium. - The following experiments in the con-
version of sodium chloride to perchlorate for final welghmg are, therefore,
described.

Weighed samples of pure sodium chloride were placed in a 1 30-ce. Pyrex
beaker, dissolved in water and a small excess of pure 70-72%, perchloric
acid added. The samples were evaporated dry and the excess perchloric
acid expelled. After heating during two and one-half hours in an electric
muffle at 350°, the samples were cooled in a desiccator and weighed. In
the latter operation a small watch-glass was used as a beaker cover. The
results are shown in Table II. Sodium perchlorate crystallized from solu-
tion above 30° in the form of the anhydrous salt. A monohydrate is
obtained by crystallizing from solution below 25°. The transition point

TABLE I1

THE CONVERSION OF SopIUM CHLORIDE TO PERCHLORATE WITH DRYING AT 350°
NaCl NaClOs NaClOs Error in NaCl NaClOs NaClOq Error in
taken, g. found, g. caled.,, g NaClOy, g. taken, g. found, g. caled., g. NaClOy, g.
0.2013 0.4217 0.4217 0.0000 0.2496 0.5234 0.5228 +40.0006
.3098 .6493 .6490 + .0003 .3993 .8375 .8365 + .0010
.3371 .7069 .7062 4 .0007 .0804 .1688 .1684 -+ .0004
.3376  .7074 .7072 4+ .0002 .0428 .0899 .0898 + .0001
L1985 .4160 .4158 4 .0002 L0979  .2045 .2051 — .0006
.3941 .8285 .8286 + .0002 L1367  .2863 .2864 — .0001
.3460 .7258 .7248 4+ .0010 .2293  .4805  .4804 4+ .0001
Av. 4 .0002
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lies between these limits. It is easy, therefore, to favor the formation of
the anhydrous salt and thus avoid its subsequent dehydration. The time
of drying at 350° was purposely and unnecessarily extended to completely
test the stability of sodium perchlorate. The melting point of sodium
perchlorate is 482°.

The Determination of Potassium Chloride Using the Perchlorato-Chloroplatinate
Process.—Samples of fused c. p. potassium chloride were weighed and dissolved in
a few cc. of hot water in a 150-cc. beaker and converted to perchlorates by evapora-
tion to dryness following the addition of 2 cc. of 70% perchloric acid. The samples
were again dissolved by the addition of a few cc. of hot water and a second time
evaporated dry and heated finally over a wire gauze to remove the last trace of
occluded perchloric acid. The potassium perchlorate was then dissolved in a known
volume of 509 ethyl alcohol, warming on the hot-plate nearly to the boiling point to
limit the volume of solvent required. The samples were then precipitated as potassium
chloroplatinate by the addition of reagent in several portions, with intermediate diges-
tion for a minute on the hot-plate at just below the boiling point. The alcohol used to
dissolve the chloroplatinic acid was sufficient to make a final alcohol concentration
greater than 80%. Excess of precipitant is easily recognized by the appearance of a
yellow color in the solution being precipitated. After five minutes’ digestion during pre-
cipitation, the solutions and precipitates are cooled to room temperature and filtered
using a platinum Monroe filtering crucible or a sintered quartz or glass filtering medium.
The precipitates were washed with absolute alcohol and dried for twelve hours at 135°
and finally for ‘?f‘??minutes at 350°, cooled, dried and weighed after each treatment.
The chloropla#hic adid was added in weighed amount calculated to give a 109, excess
and the excess platinum finally determined in the filtrates from the potassium separation
as previously described. The results of these analyses in the absence of sodium are
given in Table III.

TasLE III

THE PRECIPITATION OF POTASSIUM CHLOROPLATINATE FROM PERCHLORATE SOLUTION
UsiNG CHLOROPLATINIC AcID AND ETHYL ALCOHOL

KCl0s Ptin
soln. H:PtCle filtrate Potassium Filtrate Loss in wt. of
KCl in 50% 6H:0 Acid  chloroplatinate and K2PtCls, KCt
taken, alcohol, used, Metal, calcd., 135°, 350°, washings, 135°—350° found, Error,
g. cc. g. g. g. g. g. cc. mg. % g. mg.

0.07775 8 0.35 0.0315 0.0836 0.25075 0.2504 42.5 0.35 0.14 0.07685 —0.8

.1347 8 .55 .0254 .0674 .43965 .43895 43.6 0.65 .15 .1347 .0
.30455 16 1.2 .0495 .1311 .99195 .99175 66.2 1.20 .12 .30435 - .2
L1216 8 0.5 .0143 .0379 .39775 .3971 48.8 0.75 .19 L1219 4 .3
.1887 14 .85 .0741 .1963 .6155 .6151  54.1 .60 .10 .1888 + .1
Mean solubility of K2PtCls, 0.84 mg. /100 cc. Av. 51 ce. 0.14% —0.12

It will be seen from the results of Table III that using a perchlorate
solution, chloroplatinic acid precipitates potassium chloroplatinate equal
in purity to that produced by lithium chloroplatinate in chloride solutions
of potassium.? The precipitated potassium chloroplatinate in the former
case differs from the latter only in the formation of free perchloric acid
in place of hydrochloric acid. The presence of hydrochloric acid is also
thus proved to cause impure precipitates of potassium chloroplatinate by
the original Fresenius method. Potassium chloroplatinate is not free from
moisture after drying at 135° for twelve hours. Results obtained by dry-
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ing for fifteen minutes at 350°, or to constant weight, show that precipitates
dried at the lower temperature contain an average of 0.12%, occluded sol-
vent. Using chloroplatinic acid as above described, determinations of
potassium, sodium and lithium from the same sample can be obtained,
which is not true using lithium chloroplatinate. A distinctive feature
incorporated in the present method lies in the fact that absolute alcohol
can be employed to transfer and wash precipitates of potassium chloro-
platinate. This is not possible by the Fresenius method because of the
formation of sodium chloride from sodium chloroplatinate. Assuming an
average case with 50 cc. of filtrate and washings, only 0.14 mg. of potassium
chloride remains unprecipitated, corresponding to 0.08 mg. of potassium
oxide. Drying precipitates of K;PtCls obtained by this method at 135°
instead of 350° gives high results almost exactly compensating for the loss
of potassium due to solubility.

The Separation of Potassium in Presence of Sodium from Solutions
of their Perchlorates Using Chloroplatinic Acid.—Samples of mixtures
of weighed portions of potassium and sodium chlorides were converted to
perchlorates and prepared for the determination of potassium in exactly
the same manner as described in connection with Table III. Potassium
chloroplatinate was precipitated in the same manner usin 2109, excess of
chloroplatinic acid and the precipitates filtered and washgmith absolute
alcohol and dried for five minutes at 135° and for fifteen minutes at 350°.
Results are given in Table IV, calculated from the weight of K;PtClg using
the factor 0.3067 (theoretical).

TaABLE IV

THE SEPARATION OF POTASSIUM FROM SODIUM IN ALCOHOLIC PERCHLORATE SoLuTION
UsiNg CHLOROPLATINIC ACID

Xc NaCl KCl1 Filtrate Error,
taken, taken, K.PtCls, found, and washings, KCl,
8. g. g. g. g. mg.
0.13475 0.2018 0.43725 0.1342 38 —0.55
.1095 .1086 .3572 .1096 42 + .1
.0633 . 3846 .2065 .0634 64 - .1
.0522 .2238 .1635 .0502 44 - .2
.02850 .1495 .0936 .0287 43 + .2
.0037 .0083 .0113 .0035 .. - .2
.01625 .0174 .05215 .0160 .. — .25
.0279 .0228 .08965 .0275 .. - .4
.0609 .0333 .1954 .0599 .. —-1.0
. 08635 .1342 .2799 .0858 .. —0.55
.05085 .2293 .1643 .0504 — .45
.0333 .0979 .1109 .0340 + .7
.0089 .0429 .0289 .0089 .. .0
.0170 .0045 .0558 .0171 .. + .1
.02135 .1985 .07045 .0216 + .25

Av.
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It is seen from the results of Table IV that the separation of potassium
chloroplatinate in the presence of sodium gives as accurate a potassium
determination as obtained in Table III in the absence of sodium. The
method is accurate to an average of approximately 0.15% in both cases.
It is interesting to note that for the combined determinations of Table IV,
less than 3 g. of HPtClg6H,O was required, whereas, if the original
Fresenius method had been used, approximately 12 g. would have been
necessary. The method is very rapid as compared to the original Fresenius
process both because of the method of precipitation and the short time
(twenty minutes) required to dry the precipitated K,;PtClg. The pre-
cipitate is obtained as finely divided, light lemon-yellow colored crystals,
which filter with ease and are very easily transferred from precipitating
beaker to filtering crucible.

The Determination of Small Amounts of Potassium in Presence of
Large Amounts of Sodium.—The present method requiring no con-
version of sodium chloride to sodium chloroplatinate immediately suggests
its application to the determination of small amounts of potassium in
the presence of large amounts of sodium. This determination is generally
possibly only in two operations. For example, the potassium present is
concentrated ¥y first precipitating as cobaltinitrite, K;NaCo(NOy)e,
followed by solution in hydrochloric acid and conversion to perchlorate.”
The present method was therefore examined in the determination of less
than 0.5%, of potassium in sodium chloride. The results obtained indicated
the need for further investigation of this subject for reasons indicated by the
following equation

2K Cl0; + H,PtCls + x NaClO, <—> K:PtCls + 2H* + (x + 2) C1Os~ + = Na*

As the amount of sodium perchlorate increases, the increase of perchlorate
jons reaches sufficient magnitude to direct the reaction from right to left
rather than the reverse and either the KoPtCls does not form at all or
there is obtained a mixed precipitate of K;PtCl; and KClO,. Successful
separations of 5 mg. of potassium chloride in the presence of 2000 mg. of
sodium chloride were attempted. More data are being collected on this
subject. No difficulty in applying the present method is encountered
as long as the ratio of potassium chloride to sodium chloride is 19%,, using
a one-gram sample or less of the mixed chlorides. The attempt to follow
out the present procedure (slightly modified in some instances) gave results
shown in Table V.

Results given in Table V are seen to be satisfactory only in the case of
the first two determinations. The adjustment of the present method to
analyses in the range used in this table is now being investigated. No
violent reactions were met with in the study of this method. Owing to the
relatively high concentration of water present in all solutions of the per-

7 Bennett, Analyst, 41, 165 (1916).
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TABLE V

THE DETERMINATION OF SMALL AMOUNTS OF POTASSIUM PRESENT WITH LARGE AMOUNTS
OF SoDIUM
5 cc. 70% HCIO, used to convert chlorides to perchlorates. 0.12 g. of H,PtCle-6H,0
used for each precipitation.

Hot solvent used to dissolve
mixed perchlorates

KCl NaCl H:0 + C:HsOH (Anhyd.), K:PtCls, KC1 Error,
taken, g. taken, g. cc. cc. g. caled,, g. KCl, mg.
0.00935 1.2819 3 45 0.02965 0.0091 —-0.25

.0053 1.4592 2 35 .01685 .0052 —-0.1

.0158 1.4611 . 60 .00975 .00605 —-3.0

.0189 1.9165 7 42 .04675 .0144 —4.5

.00545 1.9038 5 55 .01235 .0038 -1.7

. 0044 2.1821 2 35 .00735 .0023 —-2.1

.00465 2.0017 2 35 .01395 .0043 —0.35

.00125 1.2832 2 35 .00305 .0095 -0.3

chlorates in alcohol, no explosion is possible. Converting mixtures of
sodium and potassium chlorides or nitrates to perchlorates by evaporation
with perchloric acid to dryness is perfectly safe. This method should,
therefore, not fail of application because of prejudice from this source.

Summary

1. Potassium and sodium in the form of their perchlorate solution in
50% ethyl alcohol and water mixture may be precipitated by the addition
of an alcoholic solution of chloroplatinic acid and the potassium quantita-
tively separated in the form of potassium chloroplatinate.

2. Since sodium perchlorate is soluble in alcohol, only enough chloro-
platinic acid is required to react with the potassium, thus effecting a saving
in cost.

3. The method gives precipitates of theoretical composition stable
upon drying at 350°.

4. Stronger alcoholic solutions may be used by this method than are
possible starting with the mixed alkali chlorides. Anhydrous alcohol can
be used to wash the precipitate.

5. Sodium and potassium can be weighed with advantage as mixed
perchlorates after heating at 350°.

6. This is a precipitation process, not a semi-extraction method, and,
therefore, more efficient.

7. Platinum is recovered from the filtrates by simply digesting for
thirty to sixty minutes at 80-90°. The direct determination of sodium is
thus facilitated.

URBANA, ILLINOIS
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The experimental investigation of chemical equilibria presents many
difficulties. For gaseous equilibria nearly all of these are avoided when
spectroscopic data are available for such determinations. Since the
energy levels of molecules are independent of temperature the trouble-
some matters of temperature control and accurate measurements are
eliminated. Moreover, even the higher energy levels may be excited for
observation under conditions where the gas remains at conservative
temperatures. Questions as to whether equilibrium has been reached,
or if reached been shifted by quenching, do not enter. The energy levels
of gas molecules at moderate pressures are independent of equilibrium con-
ditions and in fact are usually best investigated under conditions where the
gases exist separately.

The necessary equations and an example of their application have been
given previously.!

F° — E§

- —gRInM—gRInT-I—RInP—C——RlnR—Ran (1)

where F° = H°—TS° and the various symbols have their usual sig-
nificance, the superscript referring to the standard state. E, is the energy
of the molecules when all are in the lowest level (I = 0°K.). Q =
P e~ “*T the summation being taken over all energy levels that are
occupied by appreciable numbers of molecules. p is the a priori prob-
ability of the level concerned. The values of all constants used are those
given by the “International Critical Tables.” R = 1.9869 calories per
mole per degree. C + RIn R = —7.267 calories per mole per degree.

The amount of calculation involved in the evaluation of Q by means of
summing the individual Boltzmann terms is very considerable except for
the lighter molecules and low temperatures. Thus one of the principal
purposes of this paper is to discuss an approximation method by which Q
may be evaluated without loss in accuracy.

The rotational levels of a diatomic molecule are usually represented with
a high degree of accuracy by the expression

¢ = Bm? 4+ Dm* 4+ Fm® 4 ... (2)
where m = j + !/, and j is the rotational quantum number. The terms
Dm?*, Fm?, etc., arise from the fact that molecules are not rigid. The effect
of these terms becomes considerable at large values of 7.

p=2/+1=2m

1 (a) Giauque, THIS JOURNAL, 52, 4808 (1930);  (b) ibid., 52, 4816.(1930).
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Then
Q = I29mel—hc(Bm? 4+ Dmt + Fms +...)|/kT
= X2me—Bhcm?/kT.¢— Dhcmd/kT.c— Fhcm$/kT , . .

4 4
= 32me— Bhcm?/kT [1 - Dhem + 1/, Dhcm ) :l

kT
[1 _ chm + 1, icm“) ]

Dhem*  Fhem® | | Dhcm
T Er T )

ch;n4> (icms) + 1/, icm6> :' 3)

As a first approximation integration may be substituted for summation,
thus
2Dhc

Qe—&lhc/kT = fw2me—thmz/kT am — fm mbe— Bhem?/kT dpy —
0 o kT

[ o 5 e
0

= X2me— Bhcm?/kT [1 —_

f 2DF( ) mile=Bhemt/kT dm. ... (4)
0

The factor e~ “*/*T which accompanies Q is due to the fact that the
integrals assume zero m as the reference point of energy whereas the
reference point which we are to use is one in which m = 1/,. This is done
since we believe it is preferable to confine our calculations to observable
states.

Integrating

Qe—ehc/kT = _]?_7: [1 —_ 2;2 (%Z) — 31%3 (%),
4'D2 DF (kT\?
2134( ) +5 5 (EE‘) e :l (5&)

However, as is well known, the substitution of an integral for the summa-
tion of discrete terms introduces a small error. A treatment of this problem
for the case of rigid diatosmic molecules has been given by Mulholland?
and by Sutherland.?

They find

Bhc
— Bhem?/kT =
Z2me= Bhem?/ Bha [1 * o7 ] (6)

Investigation of the other integrals which are substituted for summations
in Equation 4 shows that no appreciable error is introduced by this
procedure. For example, it may be shown that

2
Bhem?/kT = 5¢—~ Bhem?/kT 4+ — = — 7
=2mbe cm?/| ﬁ 2mbe cm?/ dm |:32 B ( ) + == 1032 + ( )

in which the correction term may be shown to be negligible.

2 Mulholland, Proc. Camb. Philos. Soc., 24, 280 (1928).
3 Sutherland, ¢bid., 26, 402 (1930).
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The effect of the correction (B/12) (kc/kT) is small compared to the
effect of molecular stretching. Applying the above correction to Equation
5a we obtain

T B (ke D (kT FORT\® . 41 D% (RT\?
—ehc /T = ———— — =) - e ) — 2= Joldbani Sbbdiadl
Qe—he/ th[H’m i) “¥Em\c) "B hc) T35 (hc) + 5!

DEGETY T (o

This equation leads to values of Q which are more accurate than our
requirement of 0.001 calorie per degree per mole in F/T. Equation 5a
may be used to obtain the first and second derivatives of Q which are
required for the calculation of energy and entropy and for heat capacity,
respectively.

Sutherland used Q and its derivative, from Equation 6, to compute
the entropy of nitric oxide by a formula which will be mentioned later.
His calculation, which was made only for the boiling point temperature
where the assumption of rigidity is a fair approximation, gave a result
different by 0.03 E. U. from that obtained by Johnston and Giauque,*
who used the more accurate summation method. Since we could see no
reason why Sutherland’s method should not be accurate, a recalculation
was made using his method and assumption and we find agreement with
the value of Johnston and Giauque.

A comparison of the results of actual summations, which had previously
been made, and values from the application of Equation 5a to hydrogen
chloride is given in Table I, which also shows the relative importance of the
corrections.

TABLE 1
CoMmPARISON OF Q VALUES FOR HCI®® BY SUMMATION AND APPROXIMATION METHODS
hoem = 1/y kT Bhc¢ D kT
—_— k2 bnac LRI _ Q approx. >
T & T X B % (1 * R T B etC') w1/  mo=1fs

1000 1.00374 X 66.825 (1 + 0.00125 + 0.00684) = 67.618 67.618
2000 1.00187 X 133.651 (1 4 0.00062 + 0.01386) = 135.84 135.85

Before proceeding to the calculation of the free energy it is necessary
to consider the manner in which such calculations are affected by the
existence of isotopic molecules. It has long been recognized that the
thermodynamic consequences of isotopes affect the reactants and products
concerned in a chemical reaction at or above ordinary temperature in
such a way as virtually to cancel the free energy effect. Nevertheless,
it has seemed worth while to present figures showing the actual magnituc -
of such effects. Usually, accurate band spectra data apply to the pre-
dominant isotopic molecule. However, this is sufficient since the cor-
responding levels for the others may be easily and accurately calculated
from those of the predominant one. The method of making this calcula-

4 Johnston and Giauque, THIS JOURNAL, 51, 3194 (1929).
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tion has been carefully considered by Mulliken.* Since the law of force
binding the molecule is independent of the particular isotope considered,
it may be shown that the constant B in Equation 2 is inversely proportional

to the reduced mass u where ;1; = 7!% + -jll—g * Dvariesasu~%and Fasu=3. In
the case of vibrational levels where
& = (v + Yo, + (v + 1/2)? xews + (v + 1/2)? yow, (8)

u~* occurs in each term to the same power as (v + 1/;). Thus the first

term varies as p~ %, the second as »7L, ete.

The Free Energy of Diatomic Chlorine.—For the Cl, molecule the
calculation of the Q function was made for the Cl,%—% molecule and the
values for the Q’s of CL,%¥~%" and C1,¥~% were then obtained by the applica-
tion of correction factors based on the above equations. We shall not
give the details of the above calculation as it should not be necessary
to duplicate it for other cases when the negligible extent to which isotopic
differences affect the distribution of atoms is made apparent.

The molecular constants of the chlorine molecule are given in Table II.
They were taken from the work of Elliott.®

B, and D, may be represented by the expressions

By = Be + o(v + 1/s)
Dy = De + B(v + 1/2)

In computing the isotope effect o varies as u~"* and g8 varies as ut

TABLE 11

CONSTANTS IN THE ENERGY EQUATION OF THE CHLORINE 35-85 MOLECULE IN Cu.~!
Normal State:
e, = 564.9(v + 1/2)—4.0(v + 1/,)?
0.2438—1.7 X 10~%v + 1/3)

v

Dy = —1.815 X 1077—3.1 X 10~%v + !/5)
Fo = —9.4 X 10714
First Electronic Level:

e = 17657.7

e = 261.1(v + 1/2)—5.42(v + 1/2)?
v By v By v By
0 0.1625 5 0.1470 10 0.1297
1 .1594 6 .1437 11 .1254
2 .1563 7 .1408 12 .1209
3 .1532 8 .1375 13 .1166
4 L1501 9 .1341

The values given in heavy type have been observed; the others were calculated.

The electronic level at 17657.7 cm. ! has been classified as a *r level by
Mulliken.”
With \ type doubling there are six electronic series of rotation-vibration
§ Mulliken, Phys. Rev., 25, 119 (1925).

8 Elliott, Proc. Roy. Soc. (London), [A] 127, 638 (1930).
” Mulliken, Phys. Rev., 36, 699, 1440 (1930); 37, 1412 (1931).
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levels. Some small doubt remains concerning the *r classification but the
matter is of almost negligible importance in the present calculations since
at 3000°K. the total contribution to (F°—E§)/T is only 0.010 and is but
0.002 calorie per degree per mole at 2500°K. In considering the isotope
effect we will make use of the reaction
C1235'35 + C1237"‘37 = 2C1236~37

From Equation 8 the zero point vibrational energy for each of the three
molecules can be calculated. They were found to be 800.46, 778.56 and
789.60 cm. !, respectively. While the absolute accuracy of these values
is not as great as the figures indicate, the relative accuracy is significant
and thus the value of AE; = 0.18 cm.™! is reliable. Similarly, in ob-
taining the value of (F°—E,)/T particular attention was paid to relative
accuracy, thus giving a more reliable value of A(F°—F 5)/T than can be
obtained from our tables, to be given later.

The value of A(F°—Eg)/T for 298.1°K. is —2.7549. Combining this
with AE, /T we find
_ [Cly%—37]2

[CL%—%][CL,37~%7]
from the equation AF°/T = —R In K = —2.7549 + 0.0006, Kas1 =
3.9997. 1If the isotopes of chlorine were without preference as to the type
of diatomic molecule formed, the value of K would be exactly 4. It may be
of interest to note that at the absolute zero all of the chlorine atoms would
be combined into molecules of Cl,*~% and CL¥~%¥ type since R In K =
— AE;/O = — = for the above reaction. By the methods given above
one could readily compute the manner in which the equilibrium would
shift with decreasing temperature to approach this interesting condition.
However, a knowledge of the nuclear spin of CI¥" would be necessary.

Since the calculated value of K agrees with 4 within the limits of ac-
curacy of our tables it is evident that we need not consider the effect
further. .

In making the above calculation the effect of nuclear spin has been
neglected since it has been proved by Gibson and Heitler® that cancellation
of this effect occurs in such cases.

In preparing the tables to be given below we have therefore not in-
cluded in the free energy the effect due to the mixing of isotopes nor the
effect due to the nuclear spins which the isotopes may possess. Before
proceeding further there is a point which will need special discussion. The
CL,%~%7 molecules have twice as many states as the CL¥®~% or CL*~¥
molecules and in considering the reaction CL,¥~% + Cl¥—3 = 2CL%~%
we have recognized this fact in computing the AF/T given above. How-
ever, in calculating the equilibrium constant we have taken the standard
‘state of each of the three kinds of molecules as that of unit fugacity. While

8 Gibson and Heitler, Z. Physik, 49, 465 (1928).

K
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this was desirable for our investigation of the isotope effect, we wish to
place the final calculations on the basis of a standard state which consists
of the existing mixture of isotopic chlorine molecules in the ideal gas state
at a total pressure of one atmosphere. This is in order to be consistent
with ordinary thermodynamic procedure. In other words, we are going
to agree to ignore the existence of isotopic molecules. Having done this
we have imposed the requirement that we must not use any molecular
quantum states which owe their origin to the presence of isotopes. We
have in mind the fact mentioned above, that Cl,3%—% has twice the number
of rotational states possessed by the homopolar chlorine molecules. The
Q obtained by summing over all states of the Cl,%—% molecule must be
divided by 2 before computing the contribution which this molecule makes
to the total Q of the mixture.

The necessity of the above procedure may be made clearer by considering
the reactions

ClL,%-% = 2C1% (a)
CL%~% = CI% 4 CI¥ (b)
CL¥=% = 2C1w (c)

Neglecting the small effects due to the different masses it is evident that
the equilibrium constant K, = K. = 2 K;, due to the double statistical
weight of CL*~%. In this calculation the standard state of each gas is
the ideal gas at unit pressure. However, although K}, is but one-half of
K, or K, it may be seen that the three chlorine molecules will dissociate
to the same extent. If we consider a total pressure of Cl atoms amounting
to one atmosphere in each case, the partial pressures of C1% and Cl1¥ in
case b will be one-half atmosphere each. This factor of two just balances
the double statistical weight of the Cl,%~% molecules. In other words,
the increased entropy due to the double number of states in Cl3-%,
namely, R In 2, is just balanced by the entropy of mixing of the two different
species of atoms resulting from its dissociation. Thus if the existence of the
isotopic mixture is to be ignored, it is evident that the double weight of
C1;% 3" must also be ignored. Similar consideration shows that in mole-
cules which have a number of equivalent positions occupied by a given
element, all statistical weight should be neglected which is created by the
presence of two or more isotopes occupying otherwise equivalent positions.

It seems necessary to compare the self-consistent results of the above
procedure with those obtained in the ordinary application of the third
law of thermodynamics. We may state at once that they are con-
sistent and may be combined with them. In fact, the above method of
calculation is practically dictated by this consideration of convenience.
As an example let us consider the Cl,3~37 molecule in the solid state.
The figure axis of the molecule will point in some direction specified by the
crystal structure. However, the crystal will show no appreciable prefer-
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ence as to which isotope is on a given end of the figure axis. This factor
of two which is ignored by heat capacity measurements to the lowest
available temperatures is just that which is concerned in the double
statistical weight of the gas molecule which is to be ignored in our calcula-
tions. It has previously been pointed out® that in accordance with the
third law, the positions of the various isotopes in the crystal become ordered
so as to remove the uncertainty referred to above as the absolute zero is
approached under equilibrium conditions. However, while this point is
of theoretical interest in connection with the exact truth of the third law,
it was also pointed out that the required conditions of sufficiently low tem-
perature and attainment of equilibrium are not present in the ordinary
application of this law.

The above considerations may be applied with the same results to more
complicated molecules in the solid state.

There are, however, two respects in which we shall not ignore the isotope
effect. - First, the several isotopic molecules have slightly different molec-
ular constants and the value of a given thermodynamic property for the
substance as a whole will be obtained by adding the contributions of the
several molecules, each in proportion to its abundance. Second, the double
statistical weight of the Cly%~% molecule is considered in obtaining the
relative abundance of these molecules for computing the above average.

In this connection it is very interesting to compare the ordinary method
of calculating abundance which assumes that each atom has equal chance
with the method of observing the number of molecular states in determining
the statistical weight of each kind of molecule. The chance of withdrawing
two CI% atoms in succession from a mixture of the isotopic atoms is equal
to Ny, where Neyss is its mole fraction. The chance of obtaining a C1%*
and a CI¥ atom in two successive draws is 2 X NcpsNcyr since there is
equal chance for each order of drawing C1%, C1¥ or C1¥, CI*. When the
statistical weight is calculated from the number of observed states of the
molecules it is seen that the double weight of the Clz**~%" molecule com-
pared to Cly%~% is given by the double number of rotational states. Were
it not for the fact that the nuclear spin of chlorine causes all of the energy
levels to have some representatives, the C1,%~% bands would have only
one-half as many lines as the Cly%~% bands. This phenomenon has been
observed in the case of 05171 and O,¥18. .

In the case of chlorine the relative percentages of isotopes 35 and 37
are 75.9 and 24.19, respectively. These values are obtained from the
atomic weight 35.457 combined with the values 34.975 and 36.972 for the
individual isotopes. These latter values were obtained from the work of
Aston and are corrected on the basis of Mecke and Childs’*® determination

% Giauque and Johnston, THIS JOURNAL, 50, 3221 (1928).
10 Mecke and Childs, Z. Physik, 68, 362 (1931).
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of the relative abundance of the oxygen isotopes. From the above figures
it is found that chlorine gas is 57.6%, CL,¥-%, 36.6%, CL%~¥ and 5.89,
01237—87_

The values of (F°—E,)/T are given in Table IV. As mentioned above,
the value of Qcyu- has been reduced by a factor of two.

The Free Energy of Hydrogen Chloride

The free energy of hydrogen chloride was calculated in the manner
used for chlorine except that the summation method was used to 2000°K.
This was done only for comparing the two methods of calculation as pre-
viously discussed.

The constants used for hydrogen chloride are those given by Kemble.!!
These have been expressed in terms of the more recent nomenclature and
are collected in Table III.

TasLE 111
CoNSTANTS IN THE ENERGY EQUATION oF HCI3 1N Cm.—!
By = 10.6080 — 0.3281(v + /2) + 0.01195(v + 1/,)?
D, —0.000533 + 0.0000121(» + 1/5)
F, =1.46 X 10-8
e = 2094.33(v + 1/;) —53.58(v 4 1/.)?

o

From the above data the free energy values for hydrogen chloride were
calculated. As in the case of chlorine the effects of nuclear spin and
isotopic mixing have been neglected but the free energies of the two isotopic
molecules were calculated and have been given their proportionate weight
in obtaining the final values. The free energy values for the two kinds of
hydrogen chloride and the mixture are given in Table IV.

The Reaction !/ H; + !/; Cl; = HCL.—We are now prepared to con-
sider the reaction 1/ Hy + !/, Cl, = HCI. Combining the free energy
values for chlorine and hydrogen chloride given in Table IV with the free
energy of hydrogen™ the A(F° — E;)/T for the above reaction is found.
The (F° — E;)/T values used for hydrogen are those obtained when the
nuclear spin is ignored since this has also been done in the preparation of
the present tables.

In Table V the values of A(F° — E,)/T are given along with values of
AF°/T and their resulting equilibrium constants.

In making these calculations the AE, used was obtained by combining
the free energy of the reaction at 25° with the value of A(F° — EJ)/T
at this temperature. This free energy has been given by Randall and
Young!? as AFys; = —22,741 calories. Since this value has been ob-
tained from electromotive force measurements, the resulting value of
AE; = —21,984 calories per mole is very reliable.

11 Kemble, J. Opt. Soc. Am., 12, 1 (1926).
12 Randall and Young, THis JOURNAL, 50, 989 (1928).
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The equilibrium constants given in Table V are not sufficient to give the
extent to which hydrogen chloride will dissociate at high temperatures
where the reaction is complicated by the dissociation of chlorine and of
hydrogen. The dissociation constant for hydrogen has been previously
given'® while that of chlorine may be calculated. For this we shall need
the free energy of atomic chlorine which we shall now obtain.

The Free Energy of Atomic Chlorine.—The only electronic levels of
the chlorine atom which need be considered for the present calculation
are the 2Py, zero state and the *P, level which Kiess and DeBruin!®
have found to be 881 cm.~! above.

In Table V the values of (F° — Eg)/T are given for the isotopic mixture
of atomic chlorine gas. As in the case of molecular chlorine and hydrogen
chloride these values do not include the effect of nuclear spin or of isotopic
mixing. ‘

The Dissociation of Chlorine.—From the data in Table IV the
A(F° — Eg)/T’s for the reaction Cly = 2Cl are obtained and given in
Table V. These values, when combined with AE, /T, give AF°/T, which
is also given in Table V.

The value of AE® has been taken from Elliott’s® revision of Kuhn’s'*
determination of this quantity from the band spectrum of chlorine. The
value 56,900 calories per mole is in good agreement with the value 57,000
given by Wohl and Kadow® on the basis of explosion experiments.

If the accepted value AE; = 56,900 calories per mole is altered by fur-
ther investigation a very simple calculation will permit revision of the
values given for AF°/T and K in Table V.

Lowenstein'® has measured the dissociation of hydrogen chloride by
passing this gas through a platinum tube and observing the equilibrium
pressure of hydrogen which diffused through the wall. His one observa-
tion at 1810°K. gave 0.2749, dissociation. However, this value was
calculated without making a correction for the dissociation of chlorine or of
hydrogen. Lowenstein found an equilibrium pressure of 1.03 mm. of
hydrogen when the total pressure was 751.2 mm. At 1810°K. and a total
pressure of 1.03 mm. of hydrogen, the pressure of diatomic hydrogen is
1.018 mm. and that of atomic hydrogen 0.0115 mm., a very small correction.
However, the error made by neglecting the dissociation of chlorine is more
serious. Instead of 1.03 mm. pressure of Cls, calculation shows this pressure
to be 0.044 mm. and the pressure of monatomic chlorine to be 1.96 mm.

From the above corrections to Lowenstein’s values we calculate Kigige =
[HC1]/[H:]"* [CL]”* =.3.54 X 103, whereas by interpolation in Table IV

13 Kiess and DeBruin, Bur. Standards J. Res., 2, 1117 (1929).
14 Kuhn, Z. Physik, 39, 77 (1926).

15 Wohl and Kadow, Z. physik. Chem., 118, 460 (1925).

16 T wenstein, ibid., 54, 715 (1906).
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TaBLE IV
(F°—E})/T ForR CHLORINE AND HYDROGEN CHLORIDE GASEs

—(F° — Eg)/T calories per degree per mole
Clg35—37 — C[537-37 — CI: equil. HCI37 — HCI1 C1
T, °K. Clp35-35 Clp35-35  Cly35-35 mixture HCI3ss HCI3s mixture mixture

250 44.508 0.141 0.282 44.666 36.447 0.164 36.487 33.555
208.1 45.881 .144 .288 45.951  37.695 .164 37.734  34.437
300 45.928 .144 .288 45.997 37.738 .164 37.778  34.468
350 47.072 .146 .291 47.141  38.806 .164 38.847  35.246
400 48.078 .147 .294 48.148 39.732 .164 39.771  35.924
450 48.978 .148 .297 49.049 40.549 .164 40.589  36.527
500 49.793 .150 .299 49.865 41.281 .164 41.321 37.070
550 50.538 .150 .801 50.611 41.943 .164 41.983 37.563
600 51.225 .151 .303 51.298 42.548 .164 42.588 38.015
650 51.863 .152 .305 51.936 43.106 .164 43.146  38.432
700 52.458 .153 .306 52.531 43.623 .164 43.663 38.820
750 53.016 .153 .308 53.089 44.106 .164 44.145  39.182
800 53.540 .154 .309 53.614  44.557 .164 44.597 39,521
850 54.036 .155 .310 54.110 44.983 .164 45.023 39.840
900 54.506 .155 311 54.580 45.385 .164 45.425  40.141
950 54.953 .156 .312 55.027 45.767 .164 45.807 40.426
1000 55.378 .156 .313 55.453 46.131 .164 46.171  40.687
1050 55.784 157 .314 55.859  46.477 .164 46.517  40.955
1100 56.173 .157 .314 56.248  46.809 .164 46.849  41.201
1150 56.546 .187 . .315 56.621 47.127 .164 47.167 41.435
1200 56.904 .158 .316 56.979  47.432 .164 47.472  41.659
1250 57.249 .158 .316 57.324  47.727 .164 47.766  41.875
1300 57.581 .158 .317 57.656 48.011 .164 48.051 42.082
1400 58.210 .159 .318 58.286  48.550 .164 48.500 42.473
1500 58.800 .159 .319 58.876 49.056 .164 49.096 42.836
1600 59.353 .160 .320 59.430 49.532 .164 49.572 43.175
1700 59.875 .160 .321 59.952  49.983 .164 50.023 43.494
1800 60.369 .161 .321 60.446  50.411 .164 50.451 43.794
1900 60.839 .161 .322 60.916  50.819 .164 50.859 44.078
2000 61.285 .161 .322 61.363 51.208 .164 51.248 44.346
2100 61.711 .161 .323 61.789 51.580 .164 51.619 44.601
2200 62.119 .162 .323 62.196  51.936 .165 51.976 44.844
2300 62.510 .162 .324 62.587 52.279 .165 52.319 45.076
2400 62.885 .162 .324 62.962  52.609 .165 52.649 45.298
2500 63.246 .162 .324 63.324 52.928 .165 52.968 45.510
2600 63.594 .162 .325 63.672 53.238 .165 53.276 45.714
2700 63.930 .162 .325 64.009 53.534 .165 53.573 45.910
2800 64.256 .163 .325 64.334 53.820 .165 53.860 46.098
2900 64.571 .163 .326 64.649  54.096 .165 54.137 46.280
3000 64.878 .163 .326 64.956 54.364 .165 54.404 46.456

The values given in heavy type are calculated by means of Equations 1 and 5b.
The others were obtained by interpolating differences between the directly calculated
(F°—Eq)/T’s and approximate values calculated by assuming a constant moment of
inertia and harmonic oscillation. The values obtained by combination of the inter-
polated differences with approximate values calculated for the intermediate temperatures
gave results of practically the same reliability as those calculated directly.
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Frer ENERGY CHANGES IN THE REACTION 1/,H,; + 1/2Cly = HCl AND THE DISSOCIATION
oF CHLORINE

T, °K.

250

208.

300
350
400
450
500
550
600
650
700
750
800
850
900
950
1000
1050
1100
1150
1200
1250
1300
1400
1500
1600
1700
1800
1900
2000
2100
2200
2300
2400
2500
2600
2700
2800
2900
3000

1

EQ)/T

2.532
2.541
2.539
2.511
2.478
2.442
2.405
2.367
2.330
2.203
2.257
2.221
2.188
.156
125
.095
068
.041
016
.992
.968
.947
.928
.890
.855
.822
792
.766
744
.723
704
.687
.668
.651
.633
.616
.598
.582
.564
1.546

HD—IHHHHHHHHHHHHHHHHHHNMNNMN

—(AF°/T)

90.
76.
75.
65.
57.
51.
46.
42.
38.
36.
33.
31.
29.
28.
26.
25.
24.
22.
22.
21
20.
19.
18
17
16.
15.
14.
13.
13.
12.
12.
11.
11.
10.
10.
10.

9.

9.

9.

8.

1/3Hs + 1/2Clz = HCl
__A(F"._.

468
288
819
322

438

295
373
338
970
115
663
533
668
020
552
236
052
978
001

.109

288
534

.839
.593

511
562
724
979
315
715
173
680
226
811
427
071
740
433
145
874

K H=C1y
[H.]"/* [CL,]"/

4.730 X 10

1.368 X 10

1.808 X 103

4.064 X 103

6.015 X 102

1.902 X 102

8.702 X 10

— A(F°—
E)/T
22.444
22.923
22.939
23.351
23.700
24.005
24.275
24.515
24.732
24.928
25.109
25.275
25.428
25.570
25.702
25.825
25.941
26.051
26.154
26.249
26.339
26.426
26.508
26.660
26.796
26.920
27.036
27.142
27.240
27.329
27.413
27.492
27.565
27.634
27.696
27.756
27.811
27.862
27.911
27.956

Clz = 2Cl1
AF°/T
205.156
167.953
166.728
139.220
118.550
102.439
89.525
78.940
70.101
62.610
56.177
50.592
45.697
41.371
37.520
34.070
30.959
28.139
25.573
23.229
21.078
19.094
17.261
13.983
11.137

8.643
6.435
4.469
2.707
1.121
—0.318
—1.628
—2.826
—3.926
—4.936
—5.871
—6.737
—7.541
—8.290
—8.989

K = [Cl1]#/Cl

1.95 X 10737

2.70 X 10—%

1.71 X 1077

3.68 X 10-3

5.69 X 107

11.99

92.21

we find the reliable value 1.099 X 10.3 The disagreement of the two values
In order to bring agreement it would be necessary

is very surprising.

to assume a value for the heat of dissociation of chlorine which is about
15,000 cal./mole greater than the reliable one which we have used above.
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It appears necessary to conclude that Léwenstein’s single observation was
subject to some very large error.
The Heat of Formation of Hydrogen Chloride.—From the equation™
d Sepe—e/kT
SooeriT |
(9)
A very reliable value for the heat of formation of gaseous hydrogen chloride
from hydrogen and chlorine may be obtained. This calculation could be
made for any temperature but we shall obtain only the value for AH
which seems of the greatest utility.
For the equilibrium mixture of ortho and para hydrogen the value

of g RT + RT? %—Q is™ 2023.20 calories per mole at 298.1°K. For chlorine

the value of 5 RT + RT* 3120 — 5193 69 calories per mole at 208.1°K.

This value was obtained by properly weighting the individual contribu-
tions of the three isotopic molecules as mentioned above. The effect of
ortho and para states could be ignored in this calculation due to the essen-
tial establishment of the high temperature limiting equilibrium even at
temperatures far below 298.1°K. The corresponding effect in hydrogen'®
was only 0.01 calorie per mole at 298.1°K. For hydrogen chloride

InQ7 _ o 5
1 ]_ AE0+A[§RT+N

AH® = AE; + A[;RT—!—RT’ a

5 dinQ _
-2-RT + RT? ar = 2064.30
Thus for the reaction !/;H; + 1/,Cl: = HCl, AH = —21,984 —44 =

—22,028 calories per mole. The only appreciable inaccuracy in this
value is the same as that in the free energy change given by Randall and
Young.'? This is probably reliable to == 10 calories per mole.

It is of interest to note that both Thomsen and Berthelot found AH =
— 22,000 calories per mole for the above reaction.

The Entropy of Hydrogen Chloride and of Chlorine.—From the equa-
tion
dIn Qw

daT

S=§R1nM+gRlnT~—RlnP—2.300+R1nQ+RT (10)

2
the entropies of HCI1%® and HCI¥ were calculated.

At 298.1°K. and a pressure of one atmosphere HCI®, Sy, = 44.619
calories per degree per mole. HCI¥, Sys; = 44.783 E. U. Thus for the
existing mixture HCI, Sws. = 44.658 E. U. This value does not include
the entropy of isotopic mixing nor that due to nuclear spin. The value
obtained for Sys.1, HCl from low temperature heat capacity measurements?”
is 44.5 E. U.

For chlorine Clg% =%, Sys, = 53.235 E. U.; ClL%~¥, Sys; = 53.389 E. U.
(one-half of states used on account of isotope effect) ; Cla¥ ", Sys; = 53.543
E.U. Thus Cly, Sws1 = 53.310 E. U. This value may be compared with

7 Giauque and Wiebe, THIS JOURNAL, 50, 101 (1928).
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one calculated by combining the temperature coefficient of the cell Ag +
1/,Cl, = AgCl, determined by Gerke!® with the entropies of silver chloride
and silver obtained from the third law of thermodynamics. A very ac-
curate value of the entropy of silver chloride has recently been made avail-
able through the work of Eastman and Milner” soon to be published.
AgCl, Sypsi = 22.97 = 0.07 E. U. Combining this with a preliminary
determination of the entropy of silver by P. F. Meads and one of us, that
is, Ag, Spes.1 = 10.01 E. U. and AS = —13.73 E. U., Ss., Cla is found to be
53.38 E. U., which compares very well with the spectroscopic value of
53.310 E. U.

In the above calculations we have gone into considerable detail in in-
vestigating the isotope effect. We have had in mind from the beginning
that while the presentation of such an example was desirable, the main
object was to eliminate the necessity of such detail in future calculations.

It is therefore suggested that in considering the thermodynamic proper-
ties of substances which consist of two or more isotopic molecules, the
following procedure be adopted. Instead of using the several energy levels
of the various isotopic molecules an average set of energy levels may be
constructed by giving the proper weight to each isotopic molecule present.
When the levels can be represented by equations, the above procedure re-
quires only the computation of an average set of constants.

This procedure assumes that the isotopes have reached their limiting
high temperature equilibrium. That this is reached with sufficient
accuracy for calculations to 0.001 calorie per degree per mole, far below
ordinary temperatures, has been demonstrated above.

Summary

An approximation method which permits the calculation of free energy
from the energy levels of diatomic molecules without the necessity of
summing the Boltzmann factors for the individual rotational energy levels
has been given. The method considers the effects of molecular distortion
due to rotation of the non-rigid molecules, without loss in accuracy.

The manner in which the presence of various isotopic molecules affects
such calculations is discussed. It is shown that equilibrium in the reaction
C1,3-3 4 CL¥—¥ = 2C1,%~¥ is entirely to the left at 0°K.

"The values of (F° — Ej)/T for Cly%-3, CL,%~%, CL,¥~% and the equi-
librium mixture have been tabulated for ready interpolation from 250°K.
to 3000°K.

- Similar tables have been prepared for HCI%, HCI¥ and for CI%*, CI¥
and their respective existing mixtures.

The values of AF®/T for the reaction 1/;H; + 1/;Cl; = HCI have been

18 Gerke, THIS JOURNAL, 44, 1684 (1922).
18 Personal communication.
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presented so that values over the range 250 to 3000°K. may be easily
obtained by interpolation.

The AF®/T for Cl; = 2Cl has been tabulated to 3000°K.

The change in heat content for the reaction 1/;H; + 1/.Cly = HCI has
been accurately determined from the electromotive force of the hydrogen—
chlorine cell and spectroscopic data. The value found was AHgg; =
—22,028 calories per mole.

The entropies of hydrogen chloride and of chlorine have been calculated.

HCI3%, Sys.1 = 44.619 E. U.

HCI%, Spsq = 44.783 E. U.

HCl(mixture)s S29s.1 = 44.658 E. U.

Clzzs—a.s. Szga.l = 53.235 E. U.

Cl,%-%, S5, = 53.389 E. U.

Cly¥ =9, Spesq = 53.543 E. U.

Cl, (equilibrium mixture), Szes1 = 53.310 E. U.

The entropy effect of nuclear spin (unknown for C1%) has purposely been
omitted from the above values so that they may be used in combination
with those obtained from low temperature heat capacity measurements.
The entropy of mixing in the isotopic solutions and the entropy due to the
presence of two isotopes in the same molecule have been eliminated for the
same reason.

It is suggested that thermodynamic properties of substances which
consist of two or more isotopic molecules be based on an average set of
energy levels, computed by weighting the several values in proportion to
the abundance of the respective molecules. The effect of the reduction in
the number of levels by molecular symmetry on the above method has
been discussed.

BERKELEY, CALIFORNIA

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, WASHINGTON SQUARE COLLEGE,
NEW YORK UNIVERSITY]

THE RATE OF SOLUTION OF ZINC IN ACIDS

By CeciL V. Kinc AND M. M. BRAVERMAN
RECEIVED NOVEMBER 10, 1931 PUBLISHED MAY 7, 1932
The classical theory for the rate of solution of solids in aqueous solutions,

developed by Noyes and Whitney,! Nernst? and Brunner,® postulates
that the rate of chemical reaction in such cases is very high compared
to the rate at which the active component of the solution can reach the
solid surface by diffusion; hence the observed rate of dissolution will be
that of diffusion to the surface through the products as they diffuse away.

1 Noyes and Whitney, Z. physik. Chem., 23, 689 (1897).

2 Nernst, ¢bid., 47, 562 (1904).

3 Brunner, ibid., 47, 56 (1904).
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This theory can by no means be as generally applicable to heterogeneous
reactions as was supposed by the originators. We may assume with Van
Name and Hill* that at least three types of heterogeneous reaction will be
encountered: (1) the chemical reaction is very much faster than the
diffusion rate, and the observed rate will be controlled by the latter; (2)
the chemical reaction is very slow compared to the diffusion rate and the
observed rate will be controlled by the former; (3) the diffusion rate
constant and the reaction velocity constant are comparable in magnitude
and the observed rate will be a function of both. In addition to these
three types, many complications may appear, as ‘local elements’” in the
case of impure metals, solubility of the solid in pure water to an extent com-
parable to the concentration of the active component in the solution, forma-
tion of films at the surface by the reaction, etc.

In the case of metallic oxides, hydroxides and carbonates dissolving in
acids, we should expect the chemical reaction to be so fast that the observed
rate of solution would be controlled by the diffusion process. In the case of
metals dissolving in acids, however, it is possible that the chemical reaction
may be slower than the diffusion process. Experiments in such systems
could be used advantageously in investigating the nature of acids by
determining whether, as heretofore supposed, only the hydrogen ion
reacts directly with the metal or whether other acid molecules or ions also
enter directly in the reaction.

Bronsted, Lowry, Dawson and their co-workers have shown that in a
number of homogeneous reactions not only the H;O+ and OH~ ions are
active as catalysts, but also other acid and basic molecules. The chief
criteria of such a catalysis are: (1) lack of proportionality of the rate to
the hydrogen-ion concentration as one goes from strong to weak acids;
(2) proportionality of the rate to the concentration of other acid molecules
in solutions in which the hydrogen-ion concentration is buffered; (3)
for an homologous series of acids, log k4 (rate constant) shows a linear rela-
tion to log K (acid dissociation constant).

The idea that undissociated acids may react with metals is not new;
Kahlenberg and his co-workers carried out many experiments designed
to show that this as well as other types of reaction can take place in the
absence of ions. For example, Patten® found that N/10 hydrochloric acid
in dry chloroform dissolves zinc faster than N/10 hydrochloric acid in water
(until the reaction products choke the surface), in spite of the fact that the
former solution has an exceedingly low electrical conductivity. However
no attempt was made to show that other acids than the H;O™ ion react
directly with metals in aqueous solution until Kilpatrick and Rushton,®

4 Van Name and Hill, Am. J. Sci., 42, 307 (1916).

s Patten, J. Phys. Chem., 7, 153 (1903).
¢ Kilpatrick and Rushton, zbid., 34, 2180 (1930).



1746 CECIL V. KING AND M. M. BRAVERMAN Vol. 54

in a detailed study of the rate of solution of magnesium in monobasic
acids,” applied the criteria of the above theory and showed that they were
reasonably well fulfilled. The authors thus imply that the chemical
reaction is much slower than the diffusion process and that they have
measured the rate of the former. The mechanism is thus represented,
for example in acetic acid, by the equations

Mg 4+ 2H,0+* —> Mg*+ 4 2H,0 + H;

Mg + 2HAc —> Mg*+ + 2Ac— + H,

Bronsted and Kane have applied the same theory to the rate of solution
of sodium from sodium amalgam by acids.® This reaction is complicated
by the necessity of diffusion of sodium as well as of acid to the amalgam
surface, and probably by adsorption of sodium in the amalgam surface.?®
The authors have, however, carefully considered the possible influence of
diffusion on the observed solution rates; and conclude that this factor is
all-important with the stronger acids, but that with acids of dissociation
constant less than 107 the chemical reaction rates are sufficiently lower
than the diffusion rates to be entirely responsible for the observed velocities.

Five observed facts have, in general, been accepted as criteria of the
validity of the diffusion rate theory: (1) a number of different solids
dissolve at nearly the same rate, while chemical reaction rates are seldom
so nearly the same for such widely different substances; (2) the rate of
stirring the solution or rotating the specimen has a very large influence on
the observed rates, which is not typical of chemical processes; (3) the
rate of solution is usually nearly inversely proportional to the viscosity of
the solution; (4) the rates observed with different acids follow, in general,
the diffusion coefficients of the acids rather than their acid strengths,
although strict proportionality to diffusion coefficients obtained under
entirely different experimental conditions cannot be expected; (5) the
temperature coefficient of these heterogeneous reactions is usually 1.1 to
1.5 per 10° rise, while chemical reaction rates seldom have temperature
coefficients less than 2. Neither Kilpatrick and Rushton nor Brénsted
and Kane present experimental work to test the application of these five
points in detail, and we feel that detailed study especially of (2), (3) and
(5) will be necessary before their point of view can be accepted. Our own
work shows that satisfactory formal agreement with the three criteria of the
extended acid-base catalysis theory is not sufficient.

Experimental

For the experimental work presented here the rate of solution of zinc in
acid solutions containing potassium nitrate as a depolarizer was chosen for
7 Kilpatrick, J. Chem. Ed., 8, 1567 (1931).
8 Bronsted and Kane, THIS JOURNAL, 53, 3624 (1931).
9 See Meyer, Z. physik. Chem., 70, 315 (1910), for the peculiar mterfacw.l tension
relation of sodium amalgam and solutions.
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most of the experiments. It is to be expected that zinc will react chemi-
cally more slowly than the more active magnesium and sodium, although
just how much effect an efficient depolarizer has on the inherent “‘activity”’
is problematical.

When hydrogen is allowed to form on the surface of the metal, undoubt-
edly the purity of the metal has considerable influence on the rate, es-
pecially for metals “whose solution tension is outweighed by the overvolt-
age of hydrogen.”%® It has been shown that many oxidizing agents greatly
hasten the solution of such metals, especially when they eliminate hy-
drogen evolution entirely, even though they have no specific action on the
metals themselves.!! Potassium nitrate was chosen as a depolarizer,
since it has no specific action, eliminates hydrogen evolution entirely,
forms no insoluble coating on the surface of the metal, has little effect
on the rate of solution of magnesium but increases that of zinc to nearly
the same value as that of magnesium, and can be replaced by certain other
depolarizers with almost identical results. Also it appears to reduce the
effect of impurities in the zinc to a minimum.

' CH.AG.
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0.004 0.008 0.012 0.016 0.02
Cual, M.

Fig. 1.—Rate of solution of zine in hydrochloric and
acetic acids at 22°, 1600 r. p. m., no oxidizing agent.

Square plates, disks, or cylinders of the ¢. p. metal were attached to a
bakelite shaft with bakelite nuts and rubber washers which prevented
the solution from coming in contact with definite areas, in the case of the
cylinders the entire end surfaces. Undoubtedly cylinders are most satis-
factory for this type of experiment, since all points on the exposed surface
will have the same linear speed through the solution; but the other speci-
mens were satisfactory for the comparative experiments in which they were
used. With the depolarizers present, there was no induction period and

1 Centnerszwer, Z. physik. Chem., 137A, 352 (1928).

1 Pullinger, J. Chem. Soc., 57, 815 (1890); Weeren, Ber., 24, 1785 (1891); Prins,
Proc. K. Akad. Amsterdam, 23, 1449 (1921).
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the reactions were unimolecular, or nearly so.
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The loss in weight of the

specimen during four or five minute intervals was taken as a measure of

6

>
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[
E:)
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Pt

Milligrams of zinc dissolved per sq. cm,
in five minutes
)
3

—

.

0.01
Cra, M.

0.005

Fig. 2.—Rate of solution of zinc in hydrochloric
acid at 23°: upper curve, 2800 r. p. m.;
1600 r. p. m. O, @, 0.05 M KNOs;

KNOs; +, 0.04 M I’IgOz.

constant rate of hydrogen elimination.

0.015

0.02

lower curve,
0,01 M

the rate constant; during this
time the change in surface
area was inappreciable and
the decrease in acid concen-
tration was only a few per
cent. The volume of acid
solution used and the tem-
peratures are given with the
tables and figures. The speci-
mens were polished with fine
emery paper before each run.

1. Comparison of Differ-
ent Acids.—Figure 1 shows
the results obtained with hy-
drochloric and acetic acids
with no oxidizing agents pres-
ent. The rate of solution is
nearly independent of the
acid concentration and prob-
ably controlled by a nearly

In a number of dilute acid and

buffer solutions, with and without added inert salts, there was no signifi-

cant dependence of this initial
rate on the hydrogen-ion or
total acid concentration.
There is probably an induc-
tion period in such solutions
and they have little quantita-
tive significance.

Figure 2 summarizes the
experiments with hydro-
chloric acid with added po-
tassium nitrate and hydrogen
peroxide, and compares the
rate at two rotational speeds.
The rate is, within experi-
mental error, proportional to
the acid concentration, inde-

> [=2] (o]

Milligrams of zinc dissolved per
sq. cm. in five minutes
)

T T T

0.02 0.04 0.06 0.08 0.10

CHAc; M.

Fig. 3.—Rate of solution of zinc'in acetic acid at
23°,1600 r.p.m.: O, 0.05 M KNOs; 0O, 0.10 M
KNOs; -+, 0.04 M H,0,.

pendent of the particular oxidizing agent and its concentration (of course
within limitations), and has little if any inert salt effect in the kinetic sense.
In Fig. 3 are shown similar results for acetic acid. Again the rate is pro-
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portional to the total acid concentration and not to the hydrogen-ion
concentration; although the hydrogen ion of acetic acid accounts for
some 109, of the total rate, the fact that its concentration was not con-
trolled by using buffer solu-
tions does not obscure the
conclusions to be reached.
Figure 4 gives the results
for formic acid at 1600 and
2800 r. p. m.; this change in
rate of rotation increases the
rate 389, with hydrochloric
acid and 429, with formic
acid. These values were used
as a basis for estimating the . . .
constant at 2800 r. p. m. for 0.02 0.04 0.06  0.08

. . . C .
acetic acid, as this was not Fig. 4—Rate of fct?on' fM ne in fortic acid
measured directly. 18. 4. ate of solution of zine 1n rormic acit at

" . 25°, 0.05 M KNO; present; upper curve, 2800
Figures 5 and 6 give meas-

r. p. m.; lower curve, 1600 r. p. m.
urements with glycolic, tar-
taric and citric acids. The latter two acids show practically the same
rate, greater than the rate with hydrochloric acid at the same molar con-
centration.

Figure 7 summarizes measurements for boric acid and the ammonium
3 . . ion (4. e., solutions of ammonium
chloride). The rates are very
o low, but fairly reproducible.

] These rates are summarized in
Table I and plotted in Fig. 8.
The constants given have the di-
mensions of milligrams of zinc dis-
solved per square centimeter per
five minutes per mole of acid per
liter. The values have been cal-

. culated roughly for the undissoci-
0.02 0.04 0.06 ated acid present only, by assum-

i 5 Rat Cﬂf‘y°°‘;° ;’“' Mf i ool ing that hydrogen ion has the

18. 0. e of solution or zinc in glycolic : :

acid at 23°,2800r. p. m.; 0.05 M KNO; present. Ziﬁf;ig?;ge (:zhélgl'.ailgs'
This is not strictly valid, but will serve our purpose here.

It is quite unlikely that we can attach any significance to the fact that
on this log ka—log K, plot, the points, with the exception of the polybasic
and very weak acids, lie near the straight line indicated. It seems more
probable that the rates are determined largely by the diffusion rates, with

sq. cm. in five minutes.

Milligrams of zinc dissolved per

Milligrams of zinc dissolved per
sq. cm. in five minutes
N
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TaBLE 1

SUMMARY OF RATES OF SOLUTION OF ZINC IN ACIDS

3 X 3 cm. Squares of zinc rotated 2800 r. p. m. in 500 cc. of solution contammg
0.05 M KNOs, 23 = 1°C.

Acid ka Log ka Log ka
H;O+ 287 2.46 1.74
Tartaric 280 2.45 3.04
Citric 290 2.46 1.90
Formic 116 2.06 41.32
Glycolic 112 2.09 4.18
Acetic 97 1.99 5.26
Mono-hydrogen citrate ion 123* 2.09 6.51
Boric 2.0 0.30 10.81
Ammonium ion 1.65 .22 10.75

¢ Calculated from experiments with a cylinder at 4000 r. p. m.

the possible exception of those for boric acid and the ammonium ion.
In these cases the low values may be due to the slowness of the chemical
reaction or more likely to the formation of insoluble reaction products.
The high rates with tartaric and citric acids are probably due to the fact

that when the acid molecules

b g8 e reach the metal surface by
’ g g 6 diffusion they may furnish
£ two and three hydrogen ions,
§ .E o 2 respectively.

o« 8 4 o ] 2. Temperature Coeffi-
2 g cients.—In Figs. 9 and 10
g 9;‘2 are shown the temperature
=Y coefficients, for hydrochloric
= and acetic acids. These were

0.005 0.01 0.015 0.02
Cacid, M.

Fig. 6.—Rate of solution of zinc in citric and tar- thick. ol d haft
taric acids at 23°, 2800 r. p. m.; 0.05 M KNO, -ICK, clamped on a sha
present: @, citricacid; O, tartaric acid. with bakelite nuts and rubber

washers 2 cm. in diameter, at
a speed of 4000 r. p. m. The coefficients are: for acetic acid, kss/kis = 1.28
and kss/kys = 1.26; for hydrochloric acid, kus/kis = 1.29 and kgs/kes = 1.13.
The last value seems low and may be in error for some reason; our main
point is to show that the values are typical of diffusion coefficients and
much too low to be considered typical of chemical reaction rates.

3. Effect of a Common Ion with Acetic Acid.—Figure 11 shows the
effect of adding comparatively small amounts of sodium acetate to acetic
acid. Zinc disks rotating at 4800-5000 r. p. m. were used in these experi-
ments. The effect is similar to that found by Kilpatrick and Rushton with
‘magnesium. In the pure acetic acid we are measuring the rate due to the

measured by rotating zinc
disks 4 cm. in diameter, 2 mm.
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combined diffusion of (1) dissociated acetic acid and (2) undissociated
acid. In the presence of even 0.02 M sodium acetate, we are practically
measuring the rate due to diffusion of undissociated acid alone, and further
additions of the salt have a neg-

ligible effect. It will be noted § '

that the portion of the rate due g

to the hydrogen ion (no sodium §

acetate present) is rather larger g ol |

than would be expected if the 5 &

chemical reactionrate were ;§ g

being measured (see Fig.2). We g i

have no way of deciding from & .| ° ]
. (=) i

these or any other of the experi- B

ments whether undissociated g

acetic acid or only hydrogen ion _.g

can actually react with the zinc. S . \

After some sodium acetate has 0.2 0.4

been added, although dissocia- Cacia, M.

tion is negligible so far as diffu- Fig. 7.—Rate of solution of zinc in boric acid
ghg and ammonium chloride at 23°, 1600 r. p. m.,

sion rates are concerned, the rate 0.05 M KNO; present: @, boric acid: O, am-
of dissociation is undoubtedly monium chloride.
so high that all the acid could
easily dissociate before reaction with no appreciable effect on the observed
rate.

Figure 12 shows the effect of adding hydrochloric acid to a fixed amount
of the acetic acid. The first addition of the strong acid represses the

ionization of the weak one to a

3 ) ' value negligible so far as diffu-

w sion rates are concerned; and

2 / with larger additions the rates
I are additive.

E,: 4, Effect of Rotational

1t 1 Speed.—The effect of increas-

ing the speed of rotation of

® magnesium and zinc cylinders in

G 38 5 4 3 0 o hydrochloric and acetic acids is

Log ka. shown in Figs. 13 and 14. The

Fig. 8.—The data of Table L. rate increases apparently with

some fractional power of the ro-
tational speed (or perhaps better, the linear speed of the surface) up to
about 1000 r. p. m.; above this point with the first power, or nearly so
(in the case of zinc in hydrochloric acid), up to 5600 r. p. m. The rate
has usually been found proportional to a fractional power of the rate of
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stirring the solution or rotating the specimen, although in some cases the
relation is linear;'* but we have seen no results recorded at the higher

g 12 ' '

10}

five minutes.
=3

Milligrams of zinc dissolved per sq. cm

0.005 0.01 0.015 002
CHC[, M.
Fig. 9.—Temperature coefficient of rate of solu-
tion of zinc in hydrochloric acid, 0.05 M KNO.
present, 4000 r. p. m.

speeds used here. The lack
of any tendency for the curves
to flatten must indicate that
the observed solution rates
are still controlled by the
diffusion process. If we ac-
cept the Nernst picture of a
“diffusion layer” surrounding
the solid, the thickness of the
layer can be calculated from
the expression 2 = D/ where
k is the observed solution
rate, D the diffusion coeffi-
cient, and 6 the thickness of
the layer. It isunlikely that
the relation shown in Figs. 13
and 14 can continue until the
diffusion layer becomes only
a few molecules thick; but if

the chemical reaction is not too fast it may be possible to attain such
speeds that diffusion to the surface takes place more rapidly than the

10

Milligrams of zinc dissolved per sq. cm. in
five minutes

CHAc; M. .
Fig. 10.—Temperature coefficient of

0.01 0.02 0.03 0.04 0.05

rate of solution of

zinc in acetic acid, 0.05 M KNO; present, 4000 r. p. m.

chemical reaction. However, frictional heating effects and other distur-

12 Klein, Z. anorg. allgem. Chem., 137, 56 (1924).
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bances apparently unimportant at 5600 r. p. m. with the cylinders used
here, may become so at slightly higher speeds.

8 v y

7\ ° ° N
3 ° ° R

6t

five minutes.
(%1

S

Milligrams of zinc dissolved per sq. cm. in

0.02 0.04 0.06 0.08 0.10
Cxare, M.

Fig. 11.—Effect of repressing the ionization of acetic
acid (0.0122 and 0.0245 M) on its rate of dissolving zinc.
0.05 M KNO; present, 25-26°, 4800-5000 r. p. m., 500
cc. solution.

5. Effect of Viscosity Changes.—From the experimental relation be-
tween viscosity and diffusion rates Dy = constant, where 7 is the viscosity
of the medium, and the relation & = D/3, it is seen that k will be inversely
proportional to the viscosity, assuming § to remain constant. Table II
and Fig. 15 show the effect on the rate of solution of zinc obtained by chang-
ing the viscosity of a hydrochloric acid solution by adding cane sugar,
alcohol and the salts listed. The viscosity values were taken from the

TaBLE II .
Rate of solution of zine at 25° in 1000 cc. of 0.007 M HCI + 0.05 M KNO;, 4000
r. p. m.; diameter of cylinder, 1.94 cm.
Mg. diss./sq. cm.

Additional solute /7 in five min.
. 1 3.58
0.3 M sugar 0.71 2.68

.6 M sugar .55 2.00

.9 M sugar .38 1.45
1.2 M sugar .27 0.94
1.5 M sugar .17 .61
2.0 M NaCl .80 2.81
2.0 M KCl1 1.01 3.67
1.22 M MgSO, 0.43 1.06
2.44 M MgSO4 .17 0.39

24.7 vol. % CHOH .49 1.73
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Landolt-Bérnstein “Tabellen,’” in the case of cane sugar by interpolation.
The effect of 0.007 M hydrochloric acid and 0.05 M potassium nitrate on the
viscosity was neglected.

8 v v v T

(=21

[

Milligrams of zinc dissolved per sq. cm. in
five minutes
(1Y

0.003 0.006 0.009 0.012
Cua, M.

Fig. 12.—Rate of solution of zinc in mixed HCI and
acetic acid: lower curve, HCI alone; upper curve,
0.0122 M acetic acid + HCI; 0.05 M KNO; present,
25-26°, 3800—4000 r. p. m., 500 cc. of solution.

That the inverse proportionality holds rather well is shown in Fig. 15.
The results with magnesium sulfate may be in error because the solutions

2.0

=
5

sq. cm. in five minutes.
=
[}

g
n

Milligrams of magnesium dissolved per

1000 2000 3000 4000 5000 6000
Rate of rotation, r. p. m.

Fig. 18.—Effect of rotational velocity on rate of solu-
tion of a magnesium cylinder 2.16 cm. in diameter, 2.50
cm. long, in 0.0071 M HCI at 25°, 1 liter of solution.
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were not made up very carefully; or possibly HSO,~ ion may be formed in
solutions of these high sulfate ion concentrations (?). The effect of salts
is seen to be not a kinetic one, but merely due to the change in the viscosity
of the solution.

Van Name and Hill!® have measured the effect of alcohol up to 3 M and
sugar up to 1 M on the rate of
solution of cadmium in iodine—
potassium iodide solutions.
The results, when plotted as
in Fig. 15, give a similar rela-
tion.M

Broénsted and Kane® mention
the experiments of Zecchini'®
on the rate of solution of zinc
in hydrochloric acid in a num-
ber of different solvents, and
find it difficult to explain the
rates as those of the chemical
reaction. Zecchini’s results are
rather irregular but, consider-
ing the possible errors of the
experiments, the rates, when
plotted against 1/n for the pure
solvents, do not fall unreason-
ably far from a straight line 1000 2000 3000 4000 5000 6000
passing through the origin. Rate of rotation, r. p. m.

Factors such as the solubility  Fig. 14.—Effect of rotational velocity on rate of
of zinc chloride and the over- solution of a zinc cylinder 2.44 cm. in diameter,
voltage of hydrogen in the par- 1:88 cm. long, in 0.0142 M HCI and 0.0192 M
ticular solvent must be impor- acetic acid at 25°, 0.056 M KNO; present, 500 cc.

tant but, whatever the mechan- of solution.
ism of the actual chemical reaction, the observed rates must be controlled
largely by the diffusion process.

6. Comparison of Different Solids.—Magnesium, zinc and cadmium
dissolve at far different rates in acid solutions containing no oxidizing
agents, and the rate varies greatly with the purity of the metal. However,
with potassium nitrate present, the rates are not widely different, and not
far different from the rate of solution of marble. Table III gives quantita-
tive results for these four substances.

13 Van Name and Hill, Am. J. Sci., [4] 36, 543 (1913).
14 The viscosities of sugar solutions given by Van Name and Hill are apparently

somewhat in error.
15 Zecchini, Gass. chim. ital., 27, 466 (1897).

o]

I

[=2]

ot

HAe 1

w

[

-

Milligrams of zinc dissolved per sq. cm. in five minutes.
>
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TaBLE III

QUANTITATIVE RESULTS

Rates of solution at 25°, 1000 cc. of solution, 4000 r. p. m., 0.05 M KNO; used '
with Mg, Zn, Cd

Milliequivalents diss.

Milliequivalents € i
per sq. cm. in 4 min,

of solid per cc.

Diameter of
cylinder, cm,

0.007MHCI 0.03MHAc
Mg 1.91 145 0.094 0.124
Zn 1.95 220 .086 .128
Zn* 1.95 220 .080 .109
Cd 1.97 154 .076 .094
CaCO;3 1.87 540 .116 .134

® “Spectroscopically pure” zine furnished by the New Jersey Zinc Co., to whom we
wish to express our thanks.

It does not seem plausible that rates so nearly the same can be rates of
chemical reaction for substances so widely different in chemical activity
and in concentration. More probably the differences are due to differences
- in the solubility and diffusion rates of the reaction products and their
effects on the diffusion rates
of the acids. The higher
values for marble in both
acids might be explained by
the disruptive effect of carbon
dioxide bubbles on the “diffu-
sion layer;”’1¢ but it is doubt-
ful whether such bubbles were
formed during four minutes
of rotation in these solutions.
. Furthermore, the correspond-

. - ing values for magnesium in
06 08 similar solutions containing
no potassium nitrate were:

4 T T T v

w

cm. in five minutes.
- [\
L]

Milligrams of zinc dissolved per sq.

0.2 0.4 - 1.0
n0/7.

Fig. 15.—Dependence of the rate of solution of

1.2

zine in hydrochloric acid on the viscosity of the
solution, 25°, 0.05 M KNO; present, 4000 r. p. m.:
O, sugar solutions; @, 1.22 and 2.44 M MgSOq;
0,2 M NaCl; W, 24.7 volume 9, ethyl alcohol;

in 0.007 M HCI, 0.086 milli-
equivalent, somewhat lower
than with nitrate present;
in 0.03 M HAc, 0.134 milli-

A, 2 M KCL equivalent, somewhat higher

than with nitrate present. In this case the solutions became cloudy with
very small hydrogen bubbles; their formation does not have a pronounced
or consistent effect.

Van Name and Hill have proposed another explanation for small differ-
ences in the rate of solution of various metals in acid ferric chloride and
ferric alum solutions.”” If the rates of the chemical reactions are not very

18 See Van Name and Hill, 4m. J. Sci., [4] 36, 543 (1913).
17 Van Name and Hill, 4bid., [4] 42, 307 (1916).
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much higher than the diffusion rates, they may have a noticeable effect on
the solution velocities. The rates for marble, magnesium, zinc and cad-
mium are in the order one should expect if this explanation applies; but,
if this were true, the differences would probably be more pronounced at this
rotational speed.

A rough calculation from the experiments of Bronsted and Kane indi-
cates that under the conditions described in Table III, 0.03 M H,PO,~ ion
would dissolve approximately 0.1 milliequivalent of sodium from an amal-
gam containing 0.14 milliequivalent per cc. (above which value the rate of
solution is independent of the sodium concentration),’® which suggests
that this rate may likewise be controlled by the diffusion rate of the acid.

Summary

The rate of solution of zinc has been measured in a number of different
acids. The simplification of the results obtained in the presence of certain
oxidizing agents has been shown, the effect of acid concentration, rate of
rotation and the temperature coefficient have been studied; and a com-
parison of the rate with those for other metals and marble has been made.

The results have been discussed from the viewpoints of the old ‘““diffusion
rate” theory and the Brénsted-Kilpatrick theory. While the former theory
is not altogether satisfactory without modification, certain results are de-
finitely contradictory to the latter.

It is impossible to decide at present whether other acids than the HsO+
jon react directly with magnesium, zinc, cadmium and marble, since
previous experiments have measured rates controlled largely or entirely
by diffusion rates.

NEw Yorg, N. Y.

18 Fraenkel and Heinz, Z. anorg. allgem. Chem., 133, 153 (1924).
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Introduction

In calculating the “universal constant” in their equation for the activity
coefficient of an electrolyte, Debye and Hiickel! employ D"?, the 3/,
power of the dielectric constant of the solvent. This satisfactorily de-
scribes the variation of activity coefficients with composition of the solvent
so long as all activity coefficients are referred to unity at infinite dilution
in their respective solvents. It is well known, however, that variation in
solvent is also attended by an absolute change in the values of the activity
coefficients (referring them all to one particular solvent), and that this ab-
solute change is sometimes 10 to 100 times greater than the relative change
accounted for by the term D”* in the Debye-Hiickel equation. In this
paper these absolute and relative changes in activity coefficients, hereafter
referred to as primary and secondary medium effects, will be given careful
definition, and a number of fundamentally important equations concerning
them will be derived. The direct calculation of the primary and total
medium effects from e. m. f. data will be illustrated by the interesting case
in which the medium itself, being a weak electrolyte in various concentra-
tions, contributes to the ionic strength and complicates the calculations.
The data were derived from cells containing hydrochloric acid, water,
and acetic acid in various proportions, and from them a new empirical
relation between medium effect and concentration of acetic acid will be
derived, and compared with the relation discovered by Harned and Owen.?

Theoretical

The full generality and scope of the term medium effect was not apparent
from the definition of Harned and Owen. They were concerned with the
primary effect only, and, having found it proportional to the molality of
acetic acid, referred to the proportionality constant as ‘“‘the” medium effect.
To secure the greatest generality, the emphasis must be removed from the
proportionality constant and directed upon the influence of the medium
on the activity coefficients, so that the definition may be free from any
dependence upon empirical relationships.3

In a solution of an electrolyte in the presence of neutral (nom-aqueous)

! Debye and Hiickel, Physik. Z., 24, 185 (1923).
? Harned and Owen, THIS JOURNAL, 52, 5079 (1930).
3 It will be shown later that the proportionality found by Harned and Owen is

probably approximate, even in dilute solution, and it was never considered valid for
high concentrations.
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molecules, the total medium effect is defined as the logarithm of the ratio
of the activity coefficient of the electrolyte in the presence of the neutral mole-
cules and in pure water at the same concentration of electrolyte. The primary
medium effect is the limit to which the tolal effect converges as the electrolyte
concentration approaches zero. The secondary medium effect is always given
by the difference between the total and primary effects.

Throughout this paper all activity coefficients in any medium are
referred to unity at infinite dilution in water, unless written with an
asterisk (v*, y*, etc.), in which case they are referred to infinite dilution in
the medium itself. Subscripts indicate the electrolyte concentration, but
will usually be omitted except in the important case where this is zero.
When the medium is pure water, a superscript zero will be used; thus,
v° = 79,7} = 1,etc. For all concentrations we may write

log ¥ = log Yo + log v* (1)
and, by combining it with the identity
log v = log 7} + log 7° 2

obtain a fundamental relation between total, primary and secondary
medium effects, thus
log v/7° = log Yo/} + log T*/7° (3)
For convenience the primary effect can be written simply log 7o because
7} = 1. Log 7*/7° is the secondary effect and in dilute solutions is
calculable by
log v*/7° = —a+/C + B¢ (4)4
where
« = 352.6 [(1/D)¥2 — (1/D°)¥s] (4a)s
From the definition of total medium effect, it is obvious that its value may
depend upon some or all of the following conditions: (1) nature and (2)
concentration of the neutral molecules, (3) nature and (4) concentration
of the electrolyte, and (5) the concentration units involved in the definitions
of activity coefficient. The effect of varying all of these conditions (except
the first) will be considered in this paper. Because Harned and Owen?
have already discussed the primary medium effect of acetic acid in terms
of “water-molality” units, it was decided to study conditions (2) and (5)
simultaneously by making measurements and calculations in different
units, and comparing the final results by suitable transformation formulas.
Harned and Owen used “molality” for moles per kilo of water, but in the
present paper, dealing with mixed solvents, the term ‘‘water-molality”
is coined for this unit so that ‘“‘molality” can retain its usual meaning—
moles per kilo of solvent.
4 Tt will be shown in a later section that equation 4 is quite accurate for con-
centrations as high as 0.2 normal; ¢f. Fig. 3.

5 Using 0.357 for the universal constant at 25°, and D°® = 78.8; Noyes, THIS
JOURNAL, 46, 1098 (1924); Drude, Ann. Physik, 59, 61 (1896).
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Thus, for the double cell
Ag-AgCl/HCl(,), HAc(c)/H:/HCl()/AgCl-Ag E° — E (5)
the concentrations of hydrochloric acid and acetic acid are in moles per
liter of solution. Using the letter “y” to represent activity coefficients
when the concentrations are expressed in molarities, the e. m. f. is given at
25° by
_ YrYcicuc
E® — E = 0.05915 log Wo (6)
Making ¢ = ¢® to comply with the definition of medium effect, and writing
¥? for yuyc and ¥* for yfyd,, this equation becomes
(E* — E)/0.05915 — log cr/c = 2 log y/y° (7)
The term log cy/c would, of course, be zero if the acetic acid were replaced
by a non-electrolyte, but it will be shown that the ionization of acetic
acid is sufficient to make this term amount to 3 to 10% of the total medium
effect for the cells in which c is as low as 0.0296. Such values are, fortu-
nately, still small enough to permit certain simplifying approximations in
their calculation without introducing appreciable error into the correspond-
ing medium effects. Their calculation will be taken up in some detail.

The ionization constant of acetic acid may be expressed in several con-
centration units. Thus, if M/ and C are (total) water-molality and molarity
of acetic acid, and # and ¢ are water-molality and molarity of hydrochloric
acid, or the ions indicated by subscripts

MEM A 2z  CHCaAc

K =75} — =y 8)
K — Mipe yAC—CAc (
and
¢ = Md—wo)  _ d = wo) )
14+ WM 14+ WM

where d is the density of the solution, and w and W are the molecular
weights in kilograms of hydrochloric and acetic acids, respectively. Writ-
ing the total acetic acid concentration for the concentration of un-ionized
acetic acid, equation 8 may be combined with equation 9 to give
Ya =i (1 + WH)/(d —wc) (10)
and ,
: ca = ¢ + KC/(cuy?) (11)
Equation 11 yields cy if y} is known; but 3} depends upon the medium
effect being sought. Fortunately, if the assumption® be made that 7,
is approximately the same in HCI-HAc and NaCl-HAc solutions of equal
ionic strength and HAc concentration, ¥, (and hence ¥a) may be estimated
¢ This assumption can reasonably be expected to give values of 7, less than 10 to
15% in error when ¢ is as low as 0.02y8, and such an accuracy is more than is required
for this lowest concentration studied. For higher concentrations the error that can

be tolerated in 7, increases very rapidly with the concentration, as a glance at equa-
tions 7 and 11 will show.
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from the curves and data published by Harned and Owen. Thus, the
empirical equation’
log 73 = — V& + (0.75 + 0.055 M) u (12)
allows the calculation of values of log 7% differing from the observed
experimental values by less than 5%, so long as M does not exceed 10, or
u exceed 0.3.
Experimental

The acids used were of the highest purity obtainable commercially.
The freezing point of the acetic acid indicated 0.19, water by comparison
with the tables of Rudorff.2 All solutions were made up by weight (cor-
rected for displaced air) in accurately gaged 500-cc. flasks, and every effort
was made to have all concentrations known to better than 0.19,. Fresh
electrodes were prepared for each cell from silver oxide® and pure chloro-
platinic acid.’® The cells were the simple H-type. Vacuum technique
was not employed in filling them because the acetic acid cells and reference
cells were prepared and measured identically, and only the difference in
their e. m. f.’s enters into medium effect calculations. The hydrogen was
electrolytic from sodium hydroxide solution. The cells attained equi-
librium in two to four hours, after which their potentials were constant
within a few hundredths of a millivolt. The recorded potential is the
average of readings taken over two or three hours at equilibrium, and
corrected to a partial pressure of one atmosphere of hydrogen. To make
these corrections, the excess of each solution not required for filling cells
was used for vapor pressure measurements in a 200-cc. isoteniscope. Con-
trary to the results of earlier investigators,! who found vapor pressures
of the order of 30 mm. for 20 to 759, acetic acid solutions, the results of
these measurements were in rough agreement with Raoult’s law. The
general form of the vapor pressure—composition curves can be represented
by the data in Table I to better than the nearest mm. of mercury.

Table II records the experimental data and various calculated functions.
To express the concentration of acetic acid, its mole fraction in the solvent

7 The family of curves A to F in Fig. 1 of Harned and Owen’s paper may be repre-
sented by straight lines

(log #' — V&) = log k% — 0.75 + (0.055 M) p’

for small ionic strengths._Their slopes were read from a large plot and found to be a
complicated function of 3, which could, however, be simplified to 0.75 + 0.055 I as
a first approximation. Equation 12 is derived by combining this equation with log
kY/K = log k'/k (equation 17, Harned and Owen) and log K = log 7% + log & (de-
finitional), and remembering that p’ is not very different from p in HCl-HAc solutions.

8 Rudorff, Ber., 3, 390 (1870).

9 Electrode Type 2, Harned, THIs JOURNAL, 51, 416 (1929).

1 Harned, ibid., 48, 326 (1926).

1 Rahlbaum, Z. physik. Chem., 13, 51 (1894); Konowalow, Wied. Ann., 14, 34
(1881).
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TaABLE I
VAPOR PRESSURES OF HCI-HAc-H;0 SOLUTIONS AT 25°

Solvent, % HAC......oovn.... 159, 609,

35%
VEPOI’ pressures in mm.

Molarity of HCI = 1.116 21.5 21.0 19.5
Molarity of HC1 = 0.03 to 0.56 22.0 22.0 21.0

(&V, Column 1) was selected because of the straight line relation exhibited in
Fig. 1. In Column 3 are recorded the e. m. f. data for the half-cells com-
prising equation 5. The first e. m. f. in each section of the table is for a

A
A
v/
X7
/ % i Z

1.2

W74
/4
N7/

4

2 log y/y".

0.1 0.2 0.3
N.

Fig. 1.—Variation of total medium effect with mole fraction
of acetic acid. The origins of the five uppermost curves have
been shifted. Normality of hydrochloric acid—O0 ; I = 0.0296;
II = 0.1112; III = 0.2255; IV = 0.5655; V = 1.1160.

cell containing ¢c-molar hydrochloric acid, but no acetic acid. It is there-
fore E°, the e. m. f. of the reference cell, for that particular section. Of
course, ¢ is constant throughout each section and is identical to cy for the
reference cell heading the section. Each e. m. f. is the average for two
similar cells, except the reference values, which are each the average for
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four cells. The difference between any two e. m. f.’s averaged is given as
SE in millivolts. When four e. m. f.’s are averaged, 8E is the greatest
difference between any two. The values of 7} were calculated by equation
12, cu by equation 11, and 2 log y/3° by equation 7. The densities, d,
are included to make possible the transformation of N and ¢ into other
concentration units. The quantities NJ in the last column are given to
demonstrate the extent of the validity of the empirical equation 13, the
values of J being given in parentheses at the top of each section.

TasBLE 11
DATA ON CELLS CONTAINING HYDROCHLORIC ACID IN ACETIC ACID-WATER SOLUTIONS
AT 25°
E
N d 005915 OE a2 ¢ag  Log (ca/e) 2 Log y/¥° NJ
0.0 0.9975 6.9478 0.04 .. 0.02960 0.0 0.0 (5.669)
L0319 1.0110 6.7526 .01 0.709 .03081 .0174 L1778 .1808
.0705 1.0244 6.5158 .09 .712 .03177  .0307 .4013 .3997
.1124  1.0354 6.2773 .0 .719  .03239 .0391 .6314 .6372
.1583 1.0445 6.0154 .01 .728 .03275 .0439 .8885 .8974
2147 1.0523 5.6856 .19 .744 .03288 .0456 1.2166 1.2171
9861 1.0589 5.2651 .09 .764 .03278 .0443 1.6384¢ 1.6221
0.0 0.9990 5.8681 .04 .. .11120 0.0 0.0 (5.542)
,0329 1.0129 5.6831 .15 .577  .11162  .0016 .1834 .1823
.0692 1.0252 5.4810 .0 .595  .11193  .0029 .3842 .3835
J1115 1.0364 5.2517 .05 .604 .11216  .0037 .6127 .6179
.1604 1.0460 4.9798 .10 .653 .11223  .0040 .8843 . 8889
9210 1.0542 4.6429 .08 .702 .11222 .0040 1.2212 1.2248
2843 1.0598 4.2770 .09 .768 .11212 .0036 1.5875 1.5756
0.0 1.0010 5.2822 .10 .. .22550 0.0 0.0 (5.486)
.0329 1.0145 5.1012 .01 .521 .22573  .0004 .1806 .1805
0688 1.0270 4.9008 .16 .556 .22588 .0007 .3807 3774
.1100  1.0378 4.6813 .02 .602 .22597  .0009 .6000 .6035
.1605 1.0477 4.4035 .10 .670 .22600 .0010 .8777 .8805
.2253 1.0564 4.0477 ... 786  .22595 .0009 1.2336 1.2360
2914 1.0623 3.6773 .19 .951 22587 .0007 1.6042 1.5986
0.0 1.0072 4.4784¢ .08 .. .56550 0.0 0.0 (5.483)
0351 1.0215 4.2827 .04 .540 .56559  .0001 .1956 .1925
.0704 1.0330 4.0870 .10 .647 .56563  .0001 .3913 . 3860
.1128 1.0440 3.8608 .13 .775 .56565  .0001 .6175 .6185
.1616 1.0535 3.5999 .07 1.01 .56563 .0001 .8784 . 8861
.2178 1.0610 3.2872 .0 1.42 .56560 .0001 1.1911 1.1942
3143 1.0690 2.7513 .06 2.90 .56555 .0001 1.7270 1.7233
0.0 1.0166 3.8015 .11 1.1160 0.0 0.0 (5.631)
.0331 1.0300 3.6173 .13 1.1160 .0 .1842 .1864
.0817 1.0447 3.3441 .01 1.1160 .0 .4574 .4601
.1127  1.0527 38.1722 .15 1.1160 .0 .6293 .6346
L1622 1.0620 2.8911 .32 1.1160 .0 .9104 .9140
.2244  1.0699 2.5367 .02 1.1160 .0 1.2648 1.2636
.8224 1.0773 1.9739 .11 1.1160 .0 1.8276 1.8155
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Discussion of Results
The family of straight lines obtained by plotting the medium effect
against the mole fraction of acetic acid in the solvent is illustrated in
Fig. 1, and represented mathematically by
2log y/¥* = NJ (13)

J is independent of NV, but varies with ¢ after the manner of an activity co-
efficient. The important primary medium effect is equal to the total
medium effect at infinite dilution of electrolyte, and can therefore be
obtained by extrapolation of 2 log ¥/9°, or its equivalent NJ. Since =1,
equation 13 becomes
2log yo = NJ, (14)

at infinite dilution, and log y, is the primary medium effect. The form of
the extrapolation function can be derived by combining equations 3 and
4, transposing, and rewriting in the proper concentration units, thus

(21log y/9° + 2a +/€) = 2 log 30 + 28¢ (15)

The parameter o varies with N and could be calculated by equation 4a if
the dielectric constant of the medium were known. Unfortunately, this is
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Fig. 2.—Extrapolation to J, for the various values of « as indicated, and
N = 0.1.

not known, but the value of «, giving a straight line (in dilute solution, at
least) when the terms in parenthesis are plotted against ¢, can be deter-
mined by trial. In Fig. 2, equation 15 has been plotted for N = 0.1 and
the several values of « indicated. A straight line is obtained in dilute
solution when a = 0.07, and it extrapolates to Jy, = 5.87. Such a value
of & would demand that the dielectric constant of 279, acetic acid solution
(mole fraction 0.1) be about 72, which is not unreasonable, but as long as
there is no experimental check on this value, « should be regarded as
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purely empirical, for it is quite possible that the dielectric constant is
much lower and the curvature of the uppermost curves is due to suppression
of the “‘ionic radius’ term of the Debye-Hiickel formula used in deriving
equation 4a.

The secondary medium effect has been defined as the difference between
the total and primary medium effects. Since these latter have been shown
to be proportional to N (Equations 13, 14), it follows that the secondary
medium effect, log y*/y°, must also be proportional to N; thus, ¢ being
constant

log y*/y° = Y/2N(J — Jo) (16)
In dilute solutions, the variation of the secondary medium effect with the
concentration of electrolyte, is given by equation 4 rewritten in the proper
units, thus, IV being constant
log y*/y° = —ea /¢ + B¢ 17
In Fig. 3 the experimental values of log 6, calculated for N = 0.1 by equa-
tion 16, are indicated by points on the continuous curve. The dashed

Log y*/y".

AN wd
0.02 \ \\‘0\\-—-—”/;/0//

I 1 l ] |

0.2 0.4 0.6 0.8 1.0
Ve.
Fig. 3.—Variation of secondary medium effect, N being constant and equal
to 0.1: —O—, /2 N (Jo—J); ———, 0.07 — +/c + 0.063c.

- curve represents the values calculated by equation 17, using the values
« = 0.07 and 8 = 0.063 corresponding to the straight line (slope = 2 B)
in Fig. 2. These curves demonstrate that equations 4 and 17 fit the ex-
perimental data quite accurately up toc = 0.2.

Complete weight and density data were recorded in making up the cell
solutions, so that a study could be made of the effect of different concentra-
tion units in plotting the medium effect, in the hope of discovering other
relations similar to equations 13 and 14. No other simple relationship
was found, although combinations of water-molality, molality and molarity
were tried, but the relation of Harned and Owen (equation 17, their paper)
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should be derivable from these data if differences in calculation and defini-
tion of medium effect be taken into consideration, This involved making
the ionic strength (cy) identical on both sides of the cell (equation 5),
thus changing both the value of E° and the sign of log cg/c in equation 7.
The net result of these changes was a series of medium effects almost identi-
cal with those calculated by equation 7.!2 The transformation of all of
these medium effects into water-molality units proved to be a very com-
plicated proceeding and involved so many graphical interpolations that it
was abandoned in view of the fact that transformation of units could not
be expected to improve extrapolation by equation 15. The primary
medium effect, however, may be studied much more directly.

1.2

0.8 /

Log vo.
A}

04 -~

0.0

4 8 12 16 20 24
M.
Fig. 4—Variation of primary medium effect of acetic acid with molality.

Broken line from calculations of Harned and Owen.

The primary medium effects in different concentration units are simply

interrelated at zero jonic strength.
log 3o = log Yo + log d°/d = log Yo + log d°/d + log (1 + WII) (18)

Yo corresponds to 7 in moles per kilogram of solvent, M is the water-
molality of the non-aqueous component of the solvent, and W is its mo-
lecular weight in kilograms. The density of water, d°, appears because the
standard state of y, is 1000 cc. of pure water, and not 1000 g., as for 75 and
Y. This equation is general, being derivable from definitions only. Thus,
at infinite dilution of electrolyte, a0 = moYo = 7igYo = coyo(1/d%) and
6 = md = md/(1 + WM) (¢f. equation 9), which give equation 18 by
simple combination. Using Jo = 5.87 in equation 14, and combining it
with equation 18, log 7, and log 7, may be calculated for any value of N
for which equation 14 is valid (up to about N = 0.25). In Fig. 4, log ¥,
calculated in this way is plotted with the straight line obtained by Harned

12 All values were identical with those in Column 8, Table II, except those for ¢ =
0.0296 and 0.1112, which were slightly higher, J being 5.695 and 5.545, respectively.
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and Owen.!® Tt will be observed that the numerical agreement is fair,
considering the differences involved in the methods of calculation and
their complexity, but the form of the two curves brings out the fact that
2 log 0 = NJj and 2 log Yo = M.JS are not compatible. This means that
one, or perhaps both, of these relations is not strictly true, but this is not
surprising because they are both empirical and deal with fairly concen-
trated solutions of acetic acid. Furthermore, Harned and Owen’s relation
could not be expected to hold for very concentrated solutions because it
would lead to the absurd result that the activity coefficient of hydrochloric
acid is infinite in pure acetic acid.

The results of Akerlof’s'* study of hydrochloric acid and the alkali
chlorides, in water-methyl alcohol solutions, not only permit the verifica-
tion of two important equations interrelating the medium effects in terms
of different electrolytes, but also can be used to demonstrate the general
applicability of equation 15 in the calculation of primary medium effects.
In his paper the electrolyte concentrations are expressed in moles per
kilogram of solvent, and the composition of the solvent is expressed in
per cent. of methyl alcohol by weight. In such units no simplifying rela-
tion corresponding to equation 13 is evident, so the determination of the
primary medium effect, log 7o (written log V. in his notation), necessitated
an extrapolation for each concentration of methyl alcohol studied. Equa-
tion 15 is readily adapted to this purpose. If E’be the totale.m. f. of the
amalgam double cells used by AXkerlsf, or the total e. m. f. (E® — E), of a
hydrochloric acid double cell (similar to equation 5, if the acetic acid be
replaced by methyl alcohol, and ¢ by m), then the total medium effect is
given by

E’ = (0.05915) 2 log v/7° (19)
Combining this equation with equation 15, expressed in appropriate units,
and writing &’ for 0.05915 « and g’ for 0.05915 B, we obtain a very useful
and simple extrapolation function,
(E' + 2a’+/m) = 0.1183 log Yo + 28'm (20)

Extrapolation of Akerlsf’s data by this equation leads to two significant
results. In the case of hydrochloric acid, the extrapolation is very neatly a
straight line when o' is calculated from the known dielectric constants by
equation 4a, and the extrapolated values of log 7, agree closely with log
v, calculated by Akerlsf. In the case of the alkali chlorides, these
theoretical values of a’ appear to be too small, for the extrapolation func-
tion bends upward as the axis is approached, much after the manner of the
13 From their paper (equation 17), ST = 2 log Yuc/7ho, Which becomes SM =
2 log 7o in the present nomenclature at zero ionic strength. Their value of S is 0.047.
14 Akerlof, THis JOURNAL, 52, 2353 (1930).

% Cf. equation 7. The ionization of methyl alcohol is negligible compared with
that of the chlorides, or hydrochloric acid.
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lowermost curves in Fig. 2. This behavior is in accord with Akerlsf’s
findings, for he was unable to fit his data to the Debye-Hiickel equation
without arbitrarily assigning greater values to the “universal constant’’
than those calculable from the dielectric constants.

Medium Effect on Different Electrolytes.—Two approximate equa-
tions interrelating the primary medium effects of a given solvent upon two
similar electrolytes may be derived immediately from equation 20, and
applied to Akerlof’s data' to obtain an idea of the concentration range
throughout which they may be safely used. Writing equation 20 for
each of two electrolytes of the same concentration and medium and sub-
tracting one equation from the other, we obtain an equation in which m
appears only in the term 2 m (8'(;)~8’(y)), which may be neglected when 7
is small, and we may write

E'q) — E') = 0.1183 (log Yoq) — log Vo)) 21
Akerlsf’s data show that the approximation involved in the use of this
equation for concentrations as high as 0.05 in 509, alcohol correspond to an
experimental error of 0.2 to 0.3 millivolt.

Rewriting equation 20 for two electrolytes of the same concentration and
medium and dividing the two equations one by the other, we obtain two
ratios, each containing terms in m. Fortunately, the m-terms appear only
as additions to larger terms, and are therefore negligible by comparison
when m is small, and the ratios may be simply written

E’q log Yo(
This equation has been tested for all possible combinations of the three
alkali chlorides and hydrochloric acid up to m = 0.5 and 509, alcohol,
and found to describe the data with an average uncertainty of about plus
or minus 6%, and individual deviations sometimes twice this figure. Such
a high uncertainty ¢ is unfortunate, but does not prevent the equation from
rendering very important service where complete data are lacking, for
within the same limits of accuracy R,z s independent of both m and the
alcohol concentration. Thus, if complete medium effect data are available
for electrolyte (1), only one additional measurement, E'(y, is required for
the approximate calculation of complete medium effect data for a similar
electrolyte (2) within the limits of concentration and accuracy just specified.

Summary

1. The primary, secondary and total medium effects have been clearly
defined, and equations presented for their calculation from electromotive
force data.

2. Electromotive force measurements have been made upon hydro-
chloric acid solutions containing acetic acid. From these data the total

'8 Due in part to a mathematical magnification of experimental errors.
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medium effect of acetic acid has been directly determined, and full details
of the calculations are included.

3. A simple extrapolation function has been derived, and applied to a
determination of the primary medium effect of acetic acid and to the data
of Akerlof.14

4. Tt has been demonstrated experimentally that the primary, second-
ary, and total medium effects of acetic acid are closely proportional to the
mole fraction of acetic acid in the solvent when the concentration of the
electrolyte is expressed as molarity.

5. Equations relating the primary medium effects in different concentra-
tion units were derived and applied to a comparison of the primary medium
effect obtained in this paper, with that calculated by Harned and Owen?
from data on sodium chloride solutions containing acetic acid.

6. Two useful approximate equations were derived which interrelated
the primary medium effects of a particular medium upon two similar
electrolytes. The importance of these equations, in the calculation of
approximate medium effects from very limited data, has been pointed out,
and the magnitude of the approximations involved has been estimated from
Akerlof’s data.

New HavEN, CONNECTICUT
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THE SPEED OF DECOMPOSITION OF HYDROGEN PEROXIDE
IN THE PRESENCE OF HYDROCHLORIC ACID
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The decomposition of hydrogen peroxide into oxygen and water in the
presence of hydrochloric acid has been studied recently by Livingston and
Bray,! who measured the concentration of peroxide after various time
intervals by titration with permanganate, and also by Maass and Hiebert,?
who followed the reaction by measuring the rate of evolution of oxygen.
Both pairs of investigators worked mainly at 25° and found the reaction
to be unimolecular with respect to the hydrogen peroxide. Maass and
Hiebert, however, obtained velocity coefficients which differed from those
of Livingston and Bray for (presumably) identical conditions and they
also found a well-marked period of acceleration for the more concentrated
solutions. In Fig. 1 some of the values obtained by these workers are
shown in the one graph, values of log k being plotted as ordinates and the
concentration of hydrochloric acid (in g. moles per liter) as abscissas.
Curve I shows some of Livingston and Bray’s results and Curve II some

1 R, S. Livingston and W. C. Bray, THIS JOURNAL, 47, 2069 (1925).
2 0. Maass and P. G. Hiebert, ibid., 46, 200 (1924).
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of those of Maass and Hiebert, both at 25°. The other curves will be
referred to later. ‘

The present author was prompted to study the same reaction since the
inconsistency in these results seemed to be in accord with certain mathe-
matical investigations carried out by him,? in which it is shown that in the
case of consecutive reactions it is possible for experimental reaction velocity
coefficients to have different values according as they are based on measure-
ments of reactants or of resultants. The coefficient by resultant may show
_ an initial acceleration, whereas
3.6 that by reactant shows no dis-

turbance whatever. Certain
/8 types of catalysis, supersatura-
& tion of solution with respect to
2 gaseous resultant, and initial
i changes of temperature due to
j ¢ heat effects on mixing may

also cause similar initial dis-
3.0 g turbances.

B
5 / I\ Accordingly, experiments were
= K ?39 carried out using methods practi-
4.8 V) cally the same as those used by
Q Livingston and Bray and by Maass
7 / and Hiebert. The two methods
i6 {)\)%/ were made as comparable as possible
4 by preparing the reaction mixture,
4 bringing it rapidly to the tempera-
— ) ture of the bath and dividing it
44 ) between the two reaction vessels,
/} which were placed side by side in
the same bath. In preparing these
2 3 4 mixtures commercial 8% hydrogen
Concentration of HCI, g. mole per liter. peroxide and c. p. hydrochloric acid

Fig. 1.—Variation of % with temperature and Were used. The hydrochloric acid

concentration of hydrochloric acid. was freed from a trace of impurity
(probably iron chloride) by letting

it stand for some hours with hydrogen peroxide and then twice distilling, the constant-
boiling fraction alone being used. Since the methods were directly compared and the
values obtained agreed well with those of Livingston and Bray, further purification of
materials was considered unnecessary.

The gas evolution apparatus used by Maass and Hiebert was modified by omitting
the tubes of concentrated sulfuric acid and potassium iodide solution and a simpler
method of calculating the velocity coefficients was employed. ‘Instantaneous” values
of the unimolecular velocity coefficient were obtained by dividing the rate of evolution
of oxygen (in cc. per minute) by the total volume of oxygen (in cc.) yet to be evolved
from the instant of the measurement until complete decomposition of the peroxide. This

3 E. A. Budge, “Reports of the Australasian Association for the Advancement of
Science,” Hobart Meeting, January, 1928, XIX, 147.
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necessitated continuing the reaction to near completion and then estimating the residual
peroxide. This was done either by heating the reaction mixture to near boiling until
the peroxide was decomposed or by titration of an aliquot part of the reaction mixture
by permanganate. To render the measurements involved in this method less tedious;
an automatic bubble countert was developed and used. From the readings of this in-
strument the rate of evolution of oxygen (in bubbles per minute) and also the total vol-
ume of oxygen (in bubbles) up to the instant of measurement were easily obtainable.

Throughout the investigation the concentration of hydrochloric acid in the reaction
mixtures was measured by the Iceland spar method.® In some cases this was checked
by precipitation of silver chloride with concordant results.

The results obtained by the titration method showed a very constant unimolecular
- coefficient which agreed well with those given by Livingston and Bray for corresponding
conditions. The results obtained by
the gas evolution method showed a
well-marked period of acceleration
(lasting from forty to eighty minutes)
and thereafter a constant unimolecu-
lar coefficient, which was practically
identical with that given by the titra-
tion method. This period of accelera-
tion has since been shown to be due
(at least in part) to supersaturation of
the reaction mixture with oxygen.®

Accordingly, a new apparatus for
the gas evolution method was installed
with the object of testing whether
there were any irregularity other than
that due to supersaturation. A dia-
gram of this apparatus is shown in
Fig. 2.

In this apparatus a wide-mouthed
bottle A was used as reaction vessel.
The mouth of this was closed by a
trebly-bored rubber stopper B, which
was firmly clamped in position (the
clamps are not shown in the diagram)
and had its lower surface covered with
vaseline, Thereagentswereaddedto Fig, 2.—Apparatus for measurement of speed
the bottle through tube C, which was of gas evolution (uot to scale).
closed by a well-fitting rubber stopper.

The middle hole of the rubber stopper carried a mercury seal D and allowed the entrance
of the stirrer, which was directly coupled to the shaft of a small motor E. For most of
its length the stirrer was of solid glass rod, but, about 5 cm. from the bottom, a T-shaped
piece of glass tubing was sealed on and this was provided with a small hole at F. This
stirrer, which was rotated at about 1000 r. p. m., proved very efficient in overcoming
supersaturation. On account of centrifugal action, gas from the top of the bottle entered

4 E. A. Budge, THis JOURNAL, 53, 2451 (1931).

5 D. O. Masson, Chem. News, 81, 73 (1900).

8 The author is much indebted to Professor Bray and Mr. B. Makower for sug-
gesting this possibility.
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at the hole F and was discharged in a constant stream of bubbles through the open arms
of the T-piece. Thus not only was the liquid violently agitated but also it was continu-
ally charged with a multitude of small gas bubbles. The third hole in the rubber stopper
B carried a tube G leading to the gas buret H, which was filled with water and connected
to the counterpoised leveling bulb J. The stopcocks K and L facilitated the manipula-
tion of this part of the apparatus.

The apparatus was used as follows. The charge of peroxide was placed in the vessel
A after the stirrer had been adjusted to run steadily without vibration and the appa-
ratus had been placed in position in the bath and proved free from leakage. When
this peroxide had reached the temperature of the bath and while the stirrer was running
at full speed, the necessary hydrochloric acid was added as rapidly as possible by means
of the tube C, which was at once stoppered. On account of the heat of dilution of the -
acid, it was necessary to determine by previous trial what its temperature must be be-
fore addition in order that the tempeérature of the mixture in the bottle should be the
same as that of the bath immediately after the addition. The zero time for the reaction
was taken as the instant when half of the acid had been added and measurements of the
rate of evolution of oxygen were begun as soon as possible. To make one of these
measurements, the stopcocks K and L were opened and J raised until the level of the
water was near the top of the buret. After noting the reading of the buret, the stop-
cock L was closed at a noted instant. As the oxygen accumulated in H, J was lowered
to keep the pressure of the gas roughly that of the air outside. When a suitable volume
of gas had been collected, K was closed at a noted instant and when the two water
menisci were on the same level and the volume of gas was read off. If the readings
are taken quickly, several measurements of the rate of gas evolution can be made in
quick succession without expelling the gas from the buret. While both K and L are
closed, the pressure in the rest of the apparatus rises slightly, but, on opening K again
and lowering J, this excess pressure is relieved and a second reading can be taken. The
volume of gas collected was corrected for pressure and temperature and divided by the
time during which the gas had been collected. This furnished the rate of evolution of
oxygen in cc. per minute; this rate of evolution was considered to measure the speed
of the reaction at the instant midway between the instants of closing stopcocks I and K.
Where several repetitions (usually overlapping one another) were made as described
above, the average of the rates was used for further computation. By opening K and
L and raising J, the gas collected in the buret was expelled and the apparatus made ready
for further rate measurements.

From the values of the speed of reaction at various times thus obtained the
unimolecular reaction velocity coefficient was obtained by plotting the loga-
rithm of the speed (in cc. per minute) against the time (in minutes) from the
zero of the reaction. The points plotted should lie on a straight line if the re-
action is truly unimolecular. The velocity coefficient is obtained by multi-
plying the slope of the line by —2.303. This method is especially convenient
for studying the early stages of the reaction as it does not necessitate continu-
ing the experiment after sufficient readings have been made to determine the
straight line with sufficient accuracy. Also, the method is not affected by
what happens to the reaction mixture between readings, provided that its
temperature remains constant and that the stirrer has been running for a
sufficiently long time before making the reading to overcome supersatura-
tion. This method was subsequently used to recalculate the results of the
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previous gas evolution experiments; the results agreed well with those of
the former method.

The period of acceleration was now very much shorter (from three to
fifteen minutes) and, since it was very variable in duplicate experiments
and was reduced by higher speed of stirring, it is considered to be almost
entirely, if not entirely, due to supersaturation. Inany case, it is too short
to enable sufficiently accurate rate measurements to be made to permit its
use in determining the mechanism of the reaction. Table I gives the con-
densed results of one experiment by this method. The number of the
reading is given in column 1, the time in minutes from the zero of the reaction

TaBLE I

Run G47. June 8, 1931. Temperature of bath, 25.00°. Reaction mixture: 181
ce. of hydrogen peroxide (3%) at 25.0° to which was added 196 cc. of HCl (dilute) at
15.8°, giving a mixture containing 3.282 g. mole of HCl per 1000 g. and 0.44 g. mole of
H,0; per liter at 25.0°.

Time of Speed of reaction
Reading Time, collection, Oxygen, in cc. of Oz per
number minutes minutes ce. minute
1 1.5 0.83 1.01 1.22
2 2.3 2.45 3.04 1.24
3 2.7 3.32 5.16 1.55
4 3.4 4.55 8.78 1.93
5 3.7 5.25 10.73 2.05
6 4.1 6.08 13.21 2.18
7 4.6 6.92 15.57 2.25
8 5.1 8.00 18.08 2.26
9 5.4 8.58 20.26 2.36
10 5.7 9.25° 22.00 2.38
11 6.2 10.22 24.70 2.41
12 6.8 11.43 28.02 2.45
13 7.2 12.18 30.08 2.47
14 7.6 12.97 32.20 2.48
15 8.0 13.80 34.52 2.50
4.50 12.49
16 20.0 5.70 15.93 2.78
6.75 18.79
1.58 4.36
17 31.2 3.03 8.12 2.71
4.12 11.12
4.08 10.96
18 38.3 5.17 13.97 2.70
6.17 16.55
7.00 19.07
4.08 10.55
19 51.6 5.13 13.37 2.60
7.42 19.28
4.67 11.28
20 104.1 6.17 14.91 2.41

8.83 21.07
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TaBLE I (Concluded)
Time of Speed of reaction
Reading Time, collection, Oxygen, in cc. of Os per
number minutes minutes ce. minute
4.95 11.02
21 148.5 - 5.97 13.28 2.22
7.57 16.74
5.33 11.43
22 169.7 6.47 13.98 2.15
7.60 16.33
7.47 .15.43
23 202.7 8.83 18.27 2.07
10.00 20.79
6.30 12.58
24 221.4 8.50 16.86 2.00
9.75 19.56
5.60 10.48
25 259.3 7.25 13.71 1.88
10.33 19.30

to the middle of the collection period in column 2, the duration in minutes
of the collection period in column 3, the volume of the collected oxygen
(in cc., corrected for pressure and temperature) in column 4 and the rate
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Fig. 3.—Graphical evaluation of % from measured
speed of gas evolution.

of evolution of oxygen (in cc.
per minute) in the last column.
The horizontal lines show
when the gas was discharged
from the buret. At the be-
ginning of this experiment the
stitrer was run at low speed;
just before reading number 17
it was speeded up; before 19
it was slowed again; before 22
speeded up; before 24 slowed
down again and between 24
and 25 it was stopped alto-
gether for seventeen minutes
and then run at full speed.
This was to test the efficiency
of the stirrer in overcoming
supersaturation. The plot of
these measurements is shown
in Fig. 3, the logarithm of the
rate of evolution of gas being
plotted as ordinate and the
time from zero as abscissa.
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The constancy of the velocity coefficient by reactant in the early stages of the re-
action was also investigated by a titration method. A measured weight of hydrogen
peroxide solution of known titer was placed in a weighing bottle and hung in the bath.
At zero time a suitable volume of hydrochloric acid of known concentration was added
to the weighing bottle and the weight of acid added was determined by weighing its
containing vessel (a stoppered U-tube) before and after the addition of acid. The
temperature of the acid was so adjusted before addition that the heat of dilution of the
acid just brought the temperature of the mixture to that of the bath. Meanwhile a
large beakerful of dilute sulfuric acid had been tinted to a suitable end-point by per-
manganate. Half of this was reserved for comparison to define the end-point of the ti-
tration and to the other half there was added from a weighed weight buret standard per-
manganate in quantity slightly less than that needed to react with the peroxide in the
weighing bottle. At the expiration of the desired reaction period, the weighing bottle
was removed from the bath and rapidly washed on the outside with distilled water.
The stopper was then removed, the bottle and contents were added to the beaker con-
taining the permanganate solution and the titration then finished so that the tint of the
solution matched the blank. From the weight of permanganate solution required and
the known titer of the peroxide before addition of acid, the fraction of the peroxide re-
maining undecomposed could be calculated. Also the concentration of hydrochloric
acid in the mixture was calculated. By this means a number of results were obtained
for the one reaction period and slightly differing concentrations of acid. The fraction
of the peroxide undecomposed at the end of the reaction period was then interpolated
graphically for some chosen acid concentration. By a repetition of this process for other
reaction periods, ranging from two to forty-five minutes, values were obtained for the
fraction of the peroxide undecomposed for a series of times and all for the one acid con-
centration. The method was very tedious but as far as could be seen the results were
exact. On plotting the logarithm of the fraction of peroxide undecomposed against the
reaction time, a straight line was obtained in each series of experiments. Hence no
measurable irregularity was found in the velocity coefficient as determined by titration
of the peroxide, even in the early stages of the reaction.

Table II contains in condensed form the results of all the present experi-
ments in which there are no known sources of gross inaccuracy. In this
table the distinguishing number of the experiment is given in column 1.
Experiments in which the peroxide was determined by titration are dis-
tinguished by T, those in which the rate of evolution of oxygen was meas-
ured by G, those in which the rate of evolution of oxygen was measured by
bubble counter by B, and two series in which weight titration by per-
manganate was used are distinguished by W. The concentration of hydro-
chloric acid in gram molecules per 1000 g. of reaction mixture is given in
column 2. The approximate initial concentration of hydrogen peroxide in
gram molecules per liter is given in column 3. The total duration of the
experiment is given in column 4 and the value of the unimolecular velocity
coefficient (%) is given in column 5.

In Fig. 1 these results are shown graphed along with those results of
Livingston and Bray! and of Maass and Hiebert? which fall within the
limits of the graph. In this figure, values of log k are plotted as ordinates
and concentration of hydrochloric acid as abscissas. Curve I shows
Livingston and Bray’s results at 25°; Curve II shows Maass and Hiebert’s
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TaBLE 11
CoOLLECTED RESULTS OF EXPERIMENTS ON THE SPEED OF DECOMPOSITION OF HYDROGEN
PEROXIDE IN THE PRESENCE OF HYDROCHLORIC ACID

Concn, Concn. Duration
Expt. of HCl of peroxide of expt. k X 104
Experiments at 25°
G53 1.714 2.62 210 min. 3
T20 2.566 0.93 25 hours 7.2
G20 2.566 .93 26 hours 7.1
G36 2.598 .64 220 min. 7.8
w2 2.75 7 min. 8.1
T21 2.908 .81 24 hours 10.43
B21 2.908 .81 22 hours 10.4
G41 2.911 .56 150 min. 10
T18 3.212 .83 22 hours 14.4
B18 3.212 .83 22 hours 14.1
T19 3.213 .86 27 hours 14.4
B19 3.213 .86 27 hours 14.0
G49 3.28 .43 135 min. 15.6
G47 3.282 .44 260 min. 15.5
T17 3.282 .89 17 hours 15.7
B17 3.282 .89 18 hours 15.5
T16 3.308 .91 20 hours 16.1
B16 3.308 .91 20 hours 16.0
T15 3.425 .91 18 hours 18.2
B15 3.425 .91 16 hours 18.0
W1 3.50 45 min. 18
Experiments at 30°
Hours

T10 2.494 0.90 25 11.9
G10 2.494 .90 25 11.7
T11 2.500 .89 27 12.0
Gl1 2.500 .89 27 11.8
T9 2.607 .59 25 13.8
G9 2.607 .59 26 13.7
T8 2.626 .56 25 13.6
GS8 2.626 .56 * 25 13.7
T5 2.801 .92 25 16.9
G5 2.801 .92 22 16.8
T3 2.810 .93 15 17.55
G3 2.810 .93 19 18
T4 2.828 .94 18 17.95
G4 2.828 .94 18 18
T6 3.045 1.20 22 23.0
T2 3.082 1.28 25 23.5
G2 3.082 1.28 25 23.2
T1 3.102 1.28 26 26
Gl 3.102 1.28 21 24
T13 3.651 0.66 9 40.4
G13 3.651 .66 19 38
T12 3.667 .68 19 40.5

G12 3.667 .68 19 39
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TaBLE II  (Concluded)

Concn, Concn. Duration
Expt. of HCI of peroxide of expt. k X 10¢
Experiments at 35°
G46 2.549 0.31 260 min. 23.5
G44 2.602 .27 330 min. 24.0
G45 2.617 .31 315 min. 24.2

results at 25°: the results of the present investigation are shown in Curves
III (25°), IV (30°) and V (35°). It will be seen that the present results
are in good agreement with those of Livingston and Bray and quite dis-
cordant with those of Maass and Hiebert.

The Temperature Coefficient

Livingston and Bray! state that the temperature coefficient of the reac-
tion is 3.60 for a rise of temperature of 10°. This value is based on their
measurements at 25 and 40°. The method of calculation used by them
appears, however, to be incorrect, in that they have assumed the ratio
of velocity coefficients for two temperatures 10° apart to be two-thirds of
the ratio of coefficients for temperatures 15° apart. A preferable pro-
cedure would seem to be based on the well-known Arrhenius formula

log (ks/lr) = A(1/Th — 1/T7)

Calculation of the constant A in this expression from Livingston and
Bray’s data leads to A = 4500 and the ratio ko : kuse derived from this is
about 3.1. The results of the present investigation also permit of the
calculation of a temperature coefficient. That derived from measurements
at 25° and 30° is 3.1, 4 being 4550. The measurements at 35° are fewer
and less reliable than the others but the value of the temperature coefficient
derived directly from the measurements at 25 and 35° is 3.25, which leads
to A = 4700. The value (3.60) given by Livingston and Bray is there-
fore certainly too high and the true value is in the neighborhood of 3.1.

The author desires to express his sincere thanks to Professor E. J.
Hartung for the generous manner in which he has made available facilities
for carrying on this work and for his very helpful criticism and advice.

Summary

The decomposition of hydrogen peroxide in the presence of hydrochloric
acid has been studied over a moderate range of concentrations at tem-
peratures of 25, 30 and 35°, by methods which have involved measurements

of both the residual peroxide and of the rate of evolution of oxygen.

1. The velocity coefficients obtained agree closely with those of Living-
ston and Bray and disagree with those of Maass and Hiebert.

9. When the concentration of the residual peroxide is measured, the
reaction is strictly unimolecular from the first within the limits of measure-
ment.
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3. When the rate of evolution of oxygen is measured, the reaction is
strictly unimolecular after a very short period of acceleration which is
ascribed to supersaturation.

4. The temperature coefficient of the reaction is about 3.1.

5. A method of weight titration of hydrogen peroxide by permanganate
is described which enabled reaction velocity measurements to be carried
out in the very early stages of the reaction. :

6. A graphical method is described which enables unimolecular velocity
coefficients to be calculated from measurements of the rate of evolution of
gas without any knowledge of the total volume of gas evolved or the exact
concentration of the peroxide.

It is believed that both these methods are new.

MELBOURNE, VICTORIA, AUSTRALIA

[CONTRIBUTION FROM THE RESEARCH LABORATORY OF PHYSICAL CHEMISTRY,
MASSACHUSETTS INSTITUTE OF TECHNOLOGY, No. 279]

ABSORPTION SPECTRA AT HIGH PRESSURES AND AT LOW
TEMPERATURES. THE TRANSPARENCY OF ARGON AND
METHANE!

By B. J. Ei1SEMAN, JR.
RECEIVED NOVEMBER 24, 1931 PUBLISHED MAY 7,-1932

The purpose of this investigation was to study the absorption spectra
of a number of substances whose pressure, volume, and temperature rela-
tions suggested the possibility of molecular aggregation as a factor in the
attempt to account for the physical properties at high concentration and
at low temperature. Since it was not possible to predict the spectral
region of the absorption of the supposed associated or aggregated molecular
species, the spectral region selected was the visible and the quartz ultra-
violet, where absorption may be most readily studied. In this paper we
shall describe the design of apparatus found satisfactory for the purpose
and the results of the studies with argon and methane.

Method.—The light absorption was determined by the method of photographic
spectrophotometry. The relative blackening of the photographic plate served as a
measure of the light transmission through the empty absorption tube and through the
tube filled with fluid.

An Adam Hilger E 1 spectrograph with glass and quartz optical system was used
for photographing the spectra. Exposures were twenty minutes to one hour for slit
widths of 0.01 to 0.02 millimeter.

An under-water spark served as a source of continuous light. However, the usual
aluminum and copper electrodes were replaced advantageously by magnesium electrodes
for the shorter wave lengths. Inlater work we have used the hydrogen discharge tube as

1 The results presented here are to be found in greater detail in the Ph.D. Thesis
of B. J. Eiseman, Jr., Massachusetts Institute of Technology, 1927.
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a source of continuous ultraviolet radiation. For the visible region, a tungsten ribbon
heated with 18 amperes at 6 volts in a nitrogen filled glass bulb was very satisfactory.

The iron spark and iron arc spectra were used for obtaining reference lines for de-
termining the wave lengths.

It is doubtful whether a continuous absorption amounting to less than 10% would
have been detected with the procedure described.

Absorption Tubes.—A fused quartz Dewar tube of special design was used to con-
tain the refrigerant and absorption tube during loading and for the low temperature ab-
sorption measurements. Two tubulations, opposite each other, in the double walls
of the Dewar tube permitted the insertion of an
absorption tube through the body of the Dewar
tube. Figure 1 shows the Dewar tube with the
quartz absorption tube (I), used for the low-
temperature measurements. Two quartz tubes
(T and T’), each with a plane window (W and
W’) fused on at one end, and the other end
open, were fused into another quartz tube (L)
of slightly larger diameter to complete the ab-
sorption tube, in which all three tubes (T, T’
and L) are coaxial. A side tube (C) on the
larger tube connected to the vacuum line and
loading system by means of a quartz—Pyrex
graded seal. The windows (W and W’) were
15 millimeters apart and the bore of the larger
tube (L) was 10 millimeters. The refrigerant was prevented from escaping through
the small clearance space between the tubulations and the absorption tube by packing
moistened asbestos fiber (A) in this space. After the asbestos had dried, rubber tape (R)
was wound around the ends of the tubulations and the projecting arms of the absorption
tube. A stream of dry nitrogen was passed through N at each end of the absorption
tube. In an earlier design tubes T and T’ were replaced by quartz rods. However, the
ultraviolet transmission was not so satisfactory as in the arrangement described above.

. ‘ Steel absorption tubes with fused-
HE quartz windows were used for the ex-

D amination of gases at high pressures.
In Fig. 2 the tube II was of high ten-
£ AN 3 sile strength machine steel. It con-

AlE i Pk sisted of two parts (B and C) which
; M N v couldbescrewedtogether. The

longer section (B) had an outer dia-

E c meter of 11 millimeters and a bore
m\\: S of 7.3 millimeters. The bore was
A = e @ A’ tapered at one end to take one of the
| windows (A’). The other window (A)

D was in a hexagonal cap (C). Analu-

b 16.5cm: | minum washer, D, the cross section of
Fig. 2. which was 1 millimeter square, rend-

ered the tube tight when compressed

between B and C. The assembled tube had a light path of 14.4 centimeters. Connection
to the vacuum and loading system was made through E, which was silver soldered to C.
The truncated cones (A and A’) were of transparent fused quartz, the end faces being
polished plane, parallel to each other and perpendicular to the axis of symmetry of the

Fig. 1.
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steel tube. A and A’ were carefully ground into their respective tapers in the steel tube
by carrying out the preliminary grinding in several replicas of the tapers of the steel tube.
The final light grinding was done in the steel tube tapers. The larger faces of the quartz
cones were about 8 millimeters in diameter, the taper was about 3 ° and the height of the
truncated cone about 1 centimeter. A number of unsuccessful attempts to produce a
tube of this design capable of withstanding a pressure of 500 atmospheres resulted from
nop-uniform contact between the steel and quartz. In these cases the windows were
shattered or so pulverized internally as to become practically opaque upon application
of pressure. Inasmuch as the windows are displaced about 0.5 mm. as the pressure is
raised to 500 atmospheres, it is very essential that the peripheries of the faces be round
chamfered to prevent chipping. The windows were pressed firmly into the steel tapers
covered with molten “picein,” and tested with an oil injector. During the testing most
of the “picein” was extruded, leaving a bright metallic contact surface. The tubes were
vacuum tight and could be evacuated so that the pressure rose to only 0.001 millimeter
of mercury on standing overnight. The steel absorption tube was of sufficiently small
outside diameter to fit into the tubulation of the quartz Dewar tube mentioned above.

Fig. 3.

A special tube (III) was built for studying Beer’s law at high pressures. The
general construction was as described for steel tube II. Figure 3 shows a steel absorp-
tion tube with three quartz windows (A) affording two absorption chambers of the same
internal diameter in tandem. Connection to the vacuum and loading system was made
through T, with steel stopcock $;. The fluid contained in the shorter tube (H) could be
expanded to fill both chambers (H and L) by opening stopcock S,. This afforded a con-
siderable change in density of the fluid accompanied by only a slight change in the
amount of matter in the light path. The sum of the internal lengths of the absorption
chambers was 81.97 centimeters and the internal length of the short absorption chamber
was 16.35 centimeters. The ratio of these lengths was 5.013 and the ratio of the corre-
sponding volumes about 3% less. This tube will be referred to as the double steel tube.

, Argon
Shaver? found that a column of gas at 140 atmospheres’ pressure and 35

centimeters long containing 809, argon and 209} nitrogen was transparent
*W. W. Shaver, Trans. Roy. Soc. Canada, 16, 111, 135 (1922).
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from 7000 to 2150 A. E. Meyers3 believed that his measurements showed a
slight absorption in the ultraviolet due to gaseous argon at low pressure.
Dolezalek,* from a study of the vapor pressures of mixtures of argon and
nitrogen, concluded that liquid argon contained a considerable proportion
Of A2. .

Liquid argon was examined, since any absorption that might be found
would be that of an aggregate and thus of considerable interest.

Procedure.—The argon, supplied in a glass bulb, by the Research
Laboratory of the General Electric Company, was specified to be of a
high purity. It was manipulated in a glass vacuum line by the use of
liquid air at reduced pressure and distilled into the quartz absorption tube
(1) in the tubulated Dewar flask containing liquid air.

Results and Discussion.—Liquid argon at about —180° and 135 cen-
timeters of mercury pressure was examined from 6780 to 2450 A. Argon,
as a glassy solid at about —190° and 20 centimeters of mercury pressure,
was examined from 2490 to 2130 A. No absorption was found. Accord-
ingly, argon exercises no sensible selective absorption in the region ex-
amined, and if there is a general absorption it must be very small. If
aggregates form in appreciable quantity, their absorption does not lie
within this spectral region.

Methane

Glockler® found a length of 54 centimeters at atmospheric pressure
of methane to be transparent to 2400 A. Dennison and Ingram® found a
length of 10 meters of methane at 70 centimeters pressure of mercury to have
one absorption band (8800 to 9000 A.) in the region from 6500 to 9500 A.

For this investigation the methane was prepared by the method of
Keyes, Smith and Joubert” and loaded into the short steel tube amn.
The methane was examined at a pressure of 400 atmospheres at 20°
from 6900 to 2150 A. It was also examined at this concentration, but at a
temperature just above that of the disappearance of the liquid phase,
from 4500 to 3240 A. No absorption was found and the conclusions are
identical with those for argon.

Acknowledgment.—I wish to thank Professor F. G. Keyes under

whose guidance this work was carried out, Dr. R. H. Gerke who suggested
the problem, and Professor Louis Harris for his assistance.

Summary

Apparatus for the examination of the absorption spectra of liquefied

3 E. Meyer, Verhandl. deut. physik. Ges., 2,362 (1904).

4 F. Dolezalek, Z. physik. Chem., 93, 585 (1918-1919).

§ G. Glockler, Proc. Nat. Acad. Sci., 11,74 (1925).

¢ D. D. Dennison and S. B. Ingram, Phys. Rev., 36, 1451 (1930).

7 Keyes, Smith and Joubert, J. Math. Phys., Mass. Inst. Tech., 1, 192 (1922).
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gases at low temperatures and of fluids up to 500 atmospheres in the visible
and quartz ultraviolet has been described.
Argon and methane have been found to be transparent at high concen-
tration in that spectral range.
CAMBRIDGE, MASSACHUSETTS

[CONTRIBUTION FROM THE RESEARCH LABORATORY OF PHYSICAL CHEMISTRY,
MASSACHUSETTS INSTITUTE OF TECHNOLOGY, No. 280]

THE TRANSMISSION OF LIQUID CARBON DIOXIDE

By B. J. Ei1SEMAN, JR., AND Louts HARRIS

REeCEIVED NOVEMBER 24, 1931 PuUBLISHED MAY 7, 1932

Preliminary measurements by one of us! seemed to indicate a con-
tinuous absorption of ultraviolet light by liquid carbon dioxide at room
temperature. These measurements were made with the short steel ab-
sorption tube.? The double steel tube,? in which the product of length
times density was the same through the liquid and gaseous carbon dioxide,
gave the same results. When liquid carbon dioxide filled the short arm
(16.35 cm.), there was absorption below 3000 A.; when this liquid was
expanded to a gas so that the original mass was distributed over a length
of 81.97 cm., no absorption was observed. Upon recondensing this carbon
dioxide to a liquid in the short arm, the absorption reappeared. The
conclusion seemed inevitable that some molecular species, probably (COy),,
was present in large quantity in the liquid carbon dioxide and absorbed
in the ultraviolet. However, after the short arm of the double steel tube
had been flushed with liquid carbon dioxide a number of times and the
carbon dioxide given more careful purification, the results could not be
duplicated. The absorption in the liquid carbon dioxide seemed to be a
strange function of the density and eventually disappeared abruptly
except perhaps for a slight continuous absorption below 2500 A. Liquid
carbon dioxide containing water (introduced intentionally) showed a slight
absorption (beginning around 2650 A.) which disappeared on vaporizing.
(The accuracy of these early measurements was not better than about
10%.) It was necessary to conclude that the absorption in the liquid
was due to some dissolved impurity. Whether the impurity causing the
absorption was picked up in the absorption tube or was present in the gas
originally introduced has not been settled by this work.

Shortly after this phase of the work had been completed, an article
by Harig?® appeared on the ultraviolet absorption of liquid carbon dioxide.
His results were similar to our early experience except that he found

! B.J. Eiseman, Jr., Ph.D. Thesis, M. I. T., 1927.

? B. J. Eiseman, Jr., THIS JOURNAL, 54, 1778 (1932).
3 Harig, Physik. Z., 30, 8 (1929).
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even more absorption in liquid carbon dioxide. A two-millimeter length
of liquid carbon dioxide was sufficient to absorb nearly all radiation below
2600 A. He found no absorption in a 110-cm. layer of gaseous carbon di-
oxide at 60 atmospheres. No matter what the conditions of temperature
or pressure might be, he found absorption as long as liquid carbon dioxide
was present and none through the gaseous carbon dioxide. He concluded
that a polymer (CO;), was present in the liquid carbon dioxide. In the
light of our later experience it seemed very certain that Harig was measur-
ing the absorption of some impurity soluble in liquid carbon dioxide. We
decided to repeat our measurements in such a way as to avoid all contact
of carbon dioxide with grease, oil or any other substances likely to be
dissolved by carbon dioxide and thus try to check our later measurements
independently.

Preparation of Carbon Dioxide.—Carbon dioxide was prepared by heating sodium
bicarbonate. Most of the water was removed by cooling and the last traces of water
removed with phosphorus pentoxide. The carbon dioxide was sublimed very slowly
three times, first and last portions being discarded each time. The carbon dioxide was
stored in large glass bulbs connected to a quartz spiral manometer. Carbon dioxide was
introduced from the bulbs into the absorption tube by breaking a tip in a glass valve.
(All valves were of this type.) The carbon dioxide was never in contact with grease,
cements, or metal.

Apparatus and Manipulation.—The “low temperature” absorption tube® was used
for these measurements. Instead of blowing nitrogen on the windows to prevent frost,
it was found much more advantageous to add two extra quartz windows to the absorption
tube after it had been assembled in the tubulated Dewar tube. The spaces between
these extra windows and the windows of the absorption tube were evacuated. There
was never any tendency for frost to form on the windows although the body of the ab-
sorption tube was kept at —50° for hours. In order to determine the transmission of
the absorption tube empty, the lead from the absorption tube was connected to a trap
in which the carbon dioxide could be frozen. The absorption tube with this trap at-
tached was sealed off from the pumping system and carbon dioxide reservoir after suffi-
cient (calculated from the known volumes and the change in pressure) carbon dioxide
had been loaded into the trap. This arrangement permitted many observations of the
transmission, with the tube full or empty, to be made with one sample of carbon dioxide
without changing the position of the absorption tube. Solid carbon dioxide—alcohol
was the refrigerant used in the tubulated Dewar surrounding the absorption tube, while
liquid air was used for freezing out the carbon dioxide in the adjoining trap. At the
carbon dioxide triple point (—56.6°) the pressure is 5.2 atmospheres and since it was
necessary to make measurements at more elevated temperatures, it was gratifying to
find that the absorption tube would withstand pressures up to 10 atmospheres.

The absorption of liquid carbon dioxide was determined at —51°. Al-
though the length of this absorption tube (1.5 cm.) was about one-tenth
the length we used previously (ten times the length of the tube used by
Harig) the increased density and the lower temperature would certainly
favor the formation of carbon dioxide aggregates.

Spectrograms were made with the tube empty and the tube full using a
Hilger E 315 spectrograph. A hydrogen discharge tube served as a source
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of light. The plates were photometered with the aid of microphotometer
lent by Professor G. R. Harrison. The accuracy of the final measurements
was within a few per cent. No absorption was observed from 6000 to
2150 A.

Note.—The last filling of the double steel tube with carbon dioxide
was in December, 1928. It was left in January, 1929, with liquid carbon
dioxide in the shorter arm. In January, 1931, the amount of liquid was
still the same as when it was left two years earlier.

Conclusions

Liquid carbon dioxide (1.5 cm. layer) at —51° has been found to be
transparent to the visible and quartz ultraviolet. A 16.35-cm. layer of
liquid carbon dioxide at room temperature was also found to be transparent
except perhaps for a slight continuous absorption below 2500 A.

CAMBRIDGE, MASSACHUSETTS

[CONTRIBUTION FROM THE PITTSBURGH EXPERIMENT STATION, U. S. BUREAU OF MINES
AT PITTSBURGH]

THE KINETICS OF GAS EXPLOSIONS. II. THE THERMAL
REACTION BETWEEN OZONE AND HYDROGEN BROMIDE!

By BErRNARD LEWIS? AND W. FEITKNECHT?

REeceIvED NovEMBER 30, 1931 PUBLISHED MAY 7, 1932

It was suggested* that the oxygen atom and an active oxygen molecule
are the carriers in the reaction chains involved in the thermal decomposition
and explosion of ozone sensitized by bromine vapor.#® TIn an attempt
to detect the presence of free oxygen atoms during this reaction, hydrogen
bromide® was added to the mixture, since it is known to react easily with
the former.” It was found, however, that ozone reacts with pure hydro-
gen bromide so rapidly that the chains in the ozone—bromine reaction are
dwarfed in comparison with the fast and long chains in this new ozone-
hydrogen bromide reaction.

! Published by permission of the Director, U. S. Bureau of Mines, (Not subject
to copyright.) Read before the American Chemical Society, Buffalo, Sept., 1931.

* Physical Chemist, U. S. Bureau of Mines, Pittsburgh Experiment Station,
Pittsburgh, Pa.

? Consultant Chemist, U. S. Bureau of Mines, Pittsburgh Experiment Station,
Pittsburgh, Pa.

¢ Part I. Lewis and Feitknecht, THrs JOURNAL, 53, 2910 (1931).

® Lewis and Feitknecht, Z. physik. Chem. Bodenstein-Festband, 113 (1931).
See also Lewis and Schumacher, ibid., 138A, 462 (1928); 6B, 423 (1930); Z. anorg.
Chem., 182, 182 (1929); Z. Electrockem., 35, 651 (1929).

¢ Lewis and Feitknecht, THiS JOURNAL, 53, 3565 (1931). The effect of hydrogen
will be described elsewhere.

7 Harteck and Kopsch, Z. physik. Chem., 12B, 327 (1931).
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Preliminary experiments indicated that when ozone is added to hydrogen
bromide at a pressure of 10 mm. for each gas, an explosion occurs im-
mediately, the hydrogen bromide is oxidized to water vapor and bromine,
and any excess ozone is also destroyed. The same action occurs even at
temperatures of —77 and —104° at slightly increased pressure. Below
the limiting pressure the two gases react at these low temperatures at a
fast but measurable rate.

A detailed and comprehensive kinetic study of this reaction disclosed its
initial heterogeneity, despite its enormous velocity. The facts leading to
the conclusion that the reaction chains start at the walls and then propa-
gate into the gas phase are similar to those given in Part I* of this investi-
gation. Tn this paper we shall therefore omit detailed experiments but
shall point out certain differences and similarities with the ozone-bromine
reaction.

Apparatus and Materials.—The apparatus used was the same as de-
scribed earlier.4® A Pyrex glass cylindrical reaction vessel 3.5 cm. in
diameter and 12 cm. long was used for most experiments. The low-
temperature baths used were carbon dioxide-ether (—77°) and boiling
ethylene (—104°). Pure hydrogen bromide was prepared from resorcinol
and bromine? and was purified by low-temperature distillation. It was
kept in the solid state when not in use. Greaseless, non-corrosive needle
valves were used in the apparatus to by-pass gases. Pure ozone was pre-
pared as before.*®

Experimental Procedure.—The reaction could be followed by measur-
ing the decrease in pressure, since the products, water and bromine, have
negligible vapor pressures at the low temperatures used. Separate experi-
ments indicated that any reaction between water and hydrogen bromide to
form a solid hydrate was negligible.

Usually hydrogen bromide was admitted to the reaction vessel first.
At first the pressure increased, and if the initial pressure was above the
explosion limit an explosion occurred after a lag of about two seconds. Just
below the explosion limit the reaction was complete in ten to twenty seconds
after the initial rise in pressure. At considerably lower pressures lag pe-
riods varying from three to forty seconds were observed.

For the same pressure and composition the rate of reaction was faster
when ozone was admitted first. This probably means that the initial sur-
face adsorption layer, with ozone already adsorbed, favors the initiation of a
larger number of chains.

The Non-explosive Reaction.—With an excess of ozone the decrease in
pressure in the non-explosive reaction corresponds to the amount of hydro-
gen bromide used, whereas with excess hydrogen bromide it is approxi-

s Lewis and Schumacher, Z. Elektrochem., 35, 651 (1929).
® Ephraim and Schirer, Ber., 61, 2164 (1928).
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mately twice as great as the ozone used. This and other data suggest that
the reaction follows approximately® the formula.
2HBr + O; = H;O + Br; 4+ O, (1)

The non-explosive reaction and the lag period preceding it are largely
influenced by the activity of the wall. A large increase in activity is ob-
tained when the reaction products of a preceding reaction are left frozen
out on the wall.!! The activity increases as the thickness of the layer
increases. It reaches a maximum value only after several explosions
(compare Fig. 1), but decreases again when this is followed by several non-
explosive reactions. The increased activity is due to the increased surface
of the frozen reaction products, rather than to a specific chemical effect.
An explosion gives rise to more finely divided products.
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100 % decomposition __#1
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Fig. 1.—Influence of nature of surface on rate of reaction
between hydrogen bromide and ozone.

(e

Reaction rates for similar mixtures in a vessel having different activities
are shown in Fig. 1. It can be shown that the straight-line portion is due
to the lag in freezing out the reaction products and does not represent a
zero order reaction. This is evident from Fig. 2, in which the rate is

10 There are indications that when less ozone than half the hydrogen bromide
pressure is used, somewhat more than two molecules of hydrogen bromide may be
oxidized by one molecule of ozone but the results obtained so far are not quite con-
clusive. On the other hand, with excess ozone at higher pressures and especially at
the higher temperature (—77°) it is possible that a small amount of ozone is decomposed
in addition to that used to oxidize hydrogen bromide in accordance with the above
equation.

11 It is impossible to determine whether any or how much of the products are in
the form of bromide hydrate.
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much smaller for the lower pressures and the curves bend over earlier.
If the reaction rates are compared, they are given very well by the relation
A
~ 2P — b (HBrhue, Oshue. @)
where [ ;. represents the initial pressures. The k for several experi-
ments is given in the last column of Table I.

TaBLE I

THE INITIAL RATE OF THE REACTION BETWEEN HYDROGEN BROMIDE AND OZONE AT
DirFFERENT CONCENTRATIONS

Temperature, —104°. Vessel uncoated. Pressure in mm. of bromonaphthalene
Pressure of Pressure of Abmm. Apmm. )
Br, QOgs, - =
mm. mm, Algec. Atgeo. [HBrlinit. [Oslinit.
80 84 1.43 0.021
80 58 1.25 .026
80 38 0.806 .026
60 48 .805 .028
38 44 .52 .031

The small but gradual change in the constants is due to a number of factors
which can be shown to decrease the constants at the higher pressures.
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Time, seconds.

Fig. 2.—Rate of reaction between hydrogen bromide and ozone
at different pressures in an uncoated vessel.

Relation (2) is valid in a vessel coated with the reaction products in which
the rate of reaction is more than three times as fast as in the uncoated vessel.

From the average of experiments at —77°, k is found to be 0.125, whereas
at —104° the average & is 0.026, both in an uncoated vessel. The tempera-
ture coefficient is therefore 1.79, which corresponds to a heat of activation of
3800 cal. in this temperature range.
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The Effect of Surface and the Influence of Inert Gases on the Non-
explosive Reaction.—In a vessel filled with small tubing the reaction was
so rapid as to be complete in a few seconds at —104°. In vessels of differ-
ent sizes with bare or coated walls, the surface, and therefore the activity,
was not exactly reproducible. Therefore, no simple relationship could be
found between the size of the vessel and the reaction rate. These experi-
ments served, however, to provide additional evidence for the important
role played by the surface in starting the reaction.

g ol T LTI TT] t
- |__{ Pressure of HBr=80 mm. bromnaphthalene __F
= | | Pressure of O3=60 mm. bromnaphthalene L]
5 || Temperature = ~104° C.| \ Lo i |
o | | Vessel coated by reaction LT m—
g products of explosion L L+
g 60 A =1
o
P
E o y=u Ar |t
“6 ‘b;,l L~ ] LT
. ’/
g 40
8 >
/ P T |
B A L+
g /// — U
3
3 20 ]
© VALV ~
Z v 9.15 mm. bromnaphthalene=1 mm. Hg| |
w1
8 IIIIIIII!IIIII
& 7 A HERENEERR RN
4 5 6 7

0 1 2 3
: Time, minutes.

Fig. 3—Influence of 300 millimeters of inert gas on rate of reaction
between hydrogen bromide and ozone.

The rate of reaction decreases markedly with increasing amounts of
inert gases. Table II gives the initial rate of pressure decrease for different
pressures of four inert gases. The inhibiting influence increases in the
order He, A, H,,'2 0;. To obtain a more complete picture of the inert
gas effects, the curves in Fig. 3 are plotted. It is evident that the curve
for argon intersects the curve for hydrogen and that for the latter gas
the reaction is completed much earlier. It must be assumed that the inert
gases influence only that part of the reaction taking place in the gas phase.
It appears that the retarding influence of the inert gases is due to a com-
bined effect of heat capacity and diffusibility. While the monatomic
gases can remove less energy from the chain carriers than hydrogen and
oxygen, the smaller rate of diffusion in argon begins to impede the reaction,
especially at higher pressures, for the reacting gases close to the walls are

12 Extended experiments with hydrogen indicate that it neither takes part in the
reaction nor is acted upon by the reaction products, but that it behaves simply as an
inert gas. See reference 6.
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quickly used up and fresh gases find it more difficult to diffuse through ar-
gon than through hydrogen.
TasLe 11
INFLUENCE OF INERT GASES ON THE REACTION BETWEEN HVYDROGEN BROMIDE AND
OZONE

Temperature, —104°, Vessel coated with reaction products from explosion. Pres-
sure of HBr, 80 mm. of bromonaphthalene. Pressure of Oz, 60 mm. of bromonaphthalene.

- A’J"—L = the initial rate for the following inert gas pressures
Algeo. in mm. of bromonaphthalene
Inert gas 0 100 200 300
He 3.2 . 1.16 0.75
A 3.2 1.75 1.00 .58
H, 3.2 1.47 0.68 .30
O, 3.2 1.52 .50 L12

This marked influence of inert gases is in striking contrast to their slight
effect on the ozone-bromine reaction, provided the explosion limit is not
approached.*

The Explosion Limit.—The explosion limit studied here is what is
usually known as the lower explosion limit. If an upper limit exists it
cannot be measured conveniently. The transition from non-explosive to
explosive reaction is a gradual one. As the pressure is raised, the reaction
rate increases, until at the limit the reaction goes over into a general slow
inflammation. In contrast with this a sharp detonation occurs if the
pressure is raised still more—that is, about 1 mm. It is characterized by a
loud click and instantaneous propagation of the explosion through the fine
capillaries in the line.

The explosion limit depends on the pressures of both hydrogen bromide
and ozone, but the influence of different factors on the explosion limit of
equimolecular mixtures only were studied. The results obtained are
similar to those found in the ozone-bromine reaction and are listed briefly.

1. The limit depends on the activity of the walls.

TaBLE IT1
Explosion limit, mm.
of bromonaphthalene
total pressure
Conditions Temp., °C. equimolecular mixture
Inactive vessel —104 400
After several explosions —104 340
Vessel coated with reaction products from previous
explosion —-104 220
Active vessel (uncoated) —104 340
Active vessel (uncoated) — 77 340
Active vessel (uncoated) 0 160

2. No explosions could be obtained in a vessel filled with small glass
tubing.

3. A hyperbolic relation was found between the explosion limit and the
diameter of cylindrical vessels. Conclusions similar to those in the ozone-
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bromine reaction may be drawn: namely, that it is necessary to build up a
definite critical concentration of reaction carriers before an explosion
results. The results show that the concentration of reaction carriers neces-
sary to bring about an explosion is built up considerably faster in the ozone—~
hydrogen bromide reaction than in the ozone-bromine reaction.

Effect of Inert Gases on Explosion Limit.—Inert gases increase the
explosion limit in the order A, O, He, Hy, which is the same order as in the
ozone—-bromine reaction.

Discussion

The experiments indicate clearly that the initial step in the reaction
occurs at the walls between ozone and hydrogen bromide. Some active
product, which we believe to be the OH radical, is ejected into the gas
phase, where a series of reaction chains develops. The following mecha-
nism is proposed to account for the experimental facts.

(1) HBr 4+ O3 = OH 4 O; + Br — 8 Kcal. Wall reaction
(2) OH -+ HBr = H;O 4 Br + 30 Kcal.

(3a) Hy0* 4 O = O;* 4+ H,0
(b) H;0* 4 HBr = HBr* -+ H,0

Gas phase
() Br+Br+ O; = Bry + O :
(d) Br 4 Br + H313r = ]23r2 +BHBI‘* I reactions
(4a) O0s* + HBr = OH + O + Br

(b) HBr* + Oy = OH + O; 4 Br J

where the * indicates an energy-rich molecule.

From the temperature coefficient of the non-explosive reaction a heat of
activation 0of 4000 cal. is found. This probably applies to the wall reaction 1.
The calculation of the heat of reaction 1 gives —8000 cal. It is quite
reasonable to assume that this value is reduced for the wall reaction to the
4000 cal. found by experiment. Activated Og* or HBr* formed in 3a and
b, cand d, may easily react in the gas phase asin4a and b. The removal of
bromine atoms by the reaction

Br + HBr —> Br, + H
is improbable, since this reaction takes place with difficulty. A schematic
diagram similar to that given in the ozone-bromine reaction'® shows clearly
how branching as well as straight chains may occur. ,

There are certain striking differences and similarities between the ozone—
bromine and the ozone-hydrogen bromide reactions. The slight influence
of inert gases in the non-explosive region on the former reaction and their
large influence in the latter reaction, together with the fact that explosions
are possible in the hydrogen bromide reaction in vessels of smaller diameter
than with the ozone-bromine reaction, indicates that in the ozone—bromine
reaction the number of reactions in a chain are relatively fewer and take
place with difficulty (see also Ref. 4), whereas in the ozone-hydrogen
bromide reaction the chains are long and occur with ease.

13 Ref. 4, p. 2930.
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The order of inert gases in increasing the explosion limit is exactly the
same in the two reactions. On the other hand, the order of inert gases in
their effect on the non-explosive reactions is different. For the explosion
limits, the effectiveness of inert gases lies in their ability to transport to the
wall the heat liberated in the fast reaction—that is, their heat conductivi-
ties. The higher the heat conductivity, the higher the explosion limit.
However, in the non-explosive reaction the effectiveness of inert gases in
decreasing the rate probably lies principally in their ability to deactivate
carriers and terminate chains. There is no way of predicting the order, since
it depends not only on the heat capacity of the inert gas but also on some
specificity involving the transfer of energy from the particular carrier in
each reaction to the inert gas molecule. :

It is interesting that the non-explosive reaction follows the equation

2HBr + 0; = H:0 + Br; + O

without further decomposition of ozone when it is present in excess. This
is probably due to the fact that the energy taken up by ozone in 3a is in-
sufficient to allow it to react with an ordinary ozone molecule (energy of
activation ca. 29,000 cal.) but is sufficient for reaction 4a, which has a
smaller energy of activation. The occurrence of a detonation at higher
pressures and temperatures is probably due to the propagation of ozone
chains.

The Effect of Hydrogen Chloride on the Ozone-Bromine Reaction and
its Reaction with Ozone.—Since hydrogen chloride reacts readily with
oxygen atoms,” this gas was used in an attempt to detect the presence of
oxygen atoms in the decomposition of ozone sensitized by bromine. It was
found that a very small amount, 0.5 mm., was sufficient to slow down the
ozone decomposition very markedly and effectively to prevent an explosion
at relatively high ozone pressures. The action of hydrogen chloride is
obviously the same as that of water vapor—namely, it covers the walls and
prevents the starting of reaction chains therefrom.

Larger amounts of hydrogen chloride undergo a very slow reaction
with ozone at 0 and 25° which takes hours to complete itself in contrast
to the few seconds necessary for the ozone-hydrogen bromide reaction.
Chlorine is one of the products and probably also oxides of chlorine,
which very likely react with the water to form acids. The reaction appears
to be a wall reaction, but no chains are initiated in the gas phase due to
unfavorable energy conditions. An extended study of this reaction was
not thought profitable for our immediate purpose.

Summary
The kinetics of the non-explosive and explosive reactions between

ozone and hydrogen bromide have been studied from 0 to —104°. In-
flammation and detonation have been observed down to —104°. The de-
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pendence of the rate of reaction and the explosion limit on size of vessel,
activity of the wall, inert gases and temperature, have been investigated.
The reaction affords another example in which chains are initiated at the
wall and are propagated thence into the gas phase. 1In the proposed mecha-
nism the OH radical is believed to be the carrier in these reaction chains.

The effect of hydrogen chloride on the hromine sensitized ozone de-
composition and its reaction with ozone have been studied. Very small
amounts of hydrogen chloride prevent explosions in the former, while its
reaction with ozone seems to be confined to a wall reaction.

PITTSBURGH, PENNSYLVANIA
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Introduction

The reaction system comprising hydrogen peroxide, iodine and iodide
ion in neutral and dilute acid solutions has provided the material for a
series of investigations extending over some three-fourths of a century,
and culminating in the intensive work of Abel.! With the last of his
papers on the subject, it seemed that these investigations could be regarded
as complete, and that this reaction system, while apparently similar to the
bromine-bromide system investigated by Bray and Livingston,? was in
reality much more complex. In establishing a mechanism for this complex
system, Abel deduced for the specific rate of the hydrolysis of iodine (into
hypoiodous and hydriodic acids) a value which has proved irreconcilable
with related experimental results.? The iodine—iodide reaction system is
therefore being re-investigated over a wide range of experimental condi-
tions: that part of the investigation dealing with the pure catalytic de-
composition of hydrogen peroxide by the iodine—iodide couple is presented
here.

Rate Measurements at the Steady State.—Within a short time after
hydrogen peroxide is added to a netural solution of iodide ion, a steady
state is reached, in which the main reaction is the catalytic decomposition of
hydrogen peroxide

Hy0: = H,O + 1/,0, (1)

! (a) Abel, Z. physik. Chem., 136, 16 (1928); (b) 1bid., 96, 1 (1920). For a compre-
hensive historical summary of earlier work by Abel and others, the reader is referred
to Ref. 1b.

2 Bray and Livingston, THis JourNAL, 45, 1251 (1923).

# (a) Liebhafsky, Z. physik. Chem., 155, 289 (1931); (b) THis JOURNAL, 53, 2074
(1931).
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The establishing of this steady state is accompanied by an increase in
the rate of oxygen evolution, which is initially zero, to the value deter-
mined at any temperature by the concentrations of the substances reacting
at the steady state. After this rapid initial increase, the rate of oxygen
evolution furnishes a convenient measure of the rate at which the catalysis,
Reaction 1, proceeds. The results of a series of measurements show that
the rate law for this evolution of oxygen* is

do. d(H,0O
+ ._d_t.g = kHzOg or - —(—&%‘2—) = k(HZOZ) (2)

that is, the catalytic decomposition of hydrogen peroxide by the iodine—
jodide couple is always first order with respect to hydrogen peroxide.

The apparatus in Fig. 1 was
patterned after that of Abel.™®
The reaction mixture was stirred
in a one-liter flask, indentations
in which served as baffles. The
evolved oxygen was measured in
a gas buret attached to B; ini-
tial time was taken when the
peroxide, added by inverting the
cup A, hit the solution.

With a 400-cc. reaction mix-
ture and moderate rates of oxy-
gen evolution, the results de-
pended on the rate of stirring
only when this was below 900
r. p. m. When oxygen was
evolved faster than 50 cc. per
minute, as in experiments at
high concentrations of iodide
jon, where approximately half
the peroxide decomposed in the
first minute, accurate results
were not obtained even with stirring above 1500 r. p. m.; irregularities in
such results (¢f. the right-hand side of Fig. 3) were attributed to super-
saturation. For experiments at low (I7), the addition of sand effectively
prevented supersaturation.

For measurements at (I7) below 10~2 M (¢f. the left-hand side of Fig. 3)
an accurate value for the rate of oxygen evolution was obtained before

Fig. 1.—Gas evolution apparatus.

4 Since Equation 2 expresses the rate law for a first-order reaction, the value of %
is independent of mass units, provided the same unit is employed throughout. % has
therefore the same value in both the formulations given above. () demotes “con-
centration of”’ in moles/liter; formulas alone denote quantities.
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(H20;) had sensibly changed, and % was taken as the quotient of this rate
by the concentration of hydrogen peroxide. For experiments at higher
(I7) the following integral method was used in evaluating k. If x repre-
sents the cc. of oxygen evolved in such an experiment at an arbitrary time,
Z, and a represents the value of x when the reaction has gone to completion,
then £/2.301is the slope of the line obtained by plotting @ — x as ordinate on
semi-logarithmic paper against ¢ as abscissa. To illustrate this method of
plotting and to demonstrate that Reaction 1 is first order with respect to
hydrogen peroxide, the results of several experiments are given in Fig. 2.5
Initial time is placed farther to the right for each experiment in order to
prevent crowding.

10 T T I I T T T I

100 = rw

N
50 ANEIN NN AN AN

a — x in cc. of oxygen

2 A

1 ] 1 1 1 1 1 1
Time scale: 1 division = 20 minutes.

Fig. 2.—Typical rate experiments. (The plot is on semi-logarithmic paper.
k values from these experiments are plotted on Curve II, Fig. 4.)

In Fig. 2, two experiments (Nos. 57 and 60) obey perfectly the first
order rate law (Equation 2); the points of No. 61 show a downward, and
those of No. 59 an upward, trend as the reaction nears completion. When
the @ values for these two experiments are properly corrected by the
number of cc. of oxygen corresponding to the distance of the last point
from the solid line, (for No. 61 a is increased by 8 cc., while for No. 59 a
is decreased by 3 cc.) these trends disappear entirely as the broken lines,

5 It may be pointed out here that the validity of Equation 2 is a sufficient proof
that Reaction 1 is the main reaction taking place in the system, for Equation 2 shows
that no substance in the system except hydrogen peroxide undergoes a concentration

change in the course of the reaction, and it is stoichiometrically impossible to have this
condition fulfilled and prodice oxygen from hydrogen peroxide except by Reaction 1.
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which have been plotted using the corrected a values, show. Such correc-
tions eliminated both positive and negative trends, and, in general, left
the value of k practically unaltered. Deviations from Equation 2 were
therefore regarded as due only to errors in the experimentally measured
value of a caused, for example, by a change in room temperature during
the course of an experiment. Measurements were suspended in the slower
experiments when these were approximately three-fourths complete, but
more rapid experiments often showed Equation 2 to be obeyed within
several per cent. of completion.

oo~ I l l l

0.801— ) o T
< 0.69 e R
0.60— ; —

0.40 |— | | | | ]
0 1 2 3 4 5
5 + log (I7).
Fig. 3.—Summary of rate measurements in initially neutral iodide solutions:
e, KI solutions; ©, Nal solutions.

From the results of previous inves’cigations““"s it was expected that in
(nearly) neutral solution the complete differential equation for the rate
at which hydrogen peroxide is catalytically decomposed would be

_ dLP(Ii__s;Oz) = F/(H0,)(I7) @

corresponding to the reaction
C HyOp 4+ I- IO~ 4+ HO (4)

by which hydrogen peroxide is reduced at the steady state. Since omne
mole of hydrogen peroxide is oxidized for every mole thus reduced, then,
for the same concentrations of peroxide and iodide ion, — (d(H0¢)/df) in
Equation 3 will be twice as great as — (d(H;0.)/df) for Reaction 4 at a
distance from the steady state. It follows, therefore, that &’ will be twice
k1, the specific rate constant for Reaction4; or
) ' B o= Rk
CETET A
The rate at which hydrogen peroxide is reduced at the steady state by iodide
ion may now be writtemas - . " -

- é@dzt&) = B(H0:)(I7) ®

¢ (a) Among others, Walton, Z. physik. Chem., 47, 185 (1904); (b) Noyes, ibid., 18,
118 (1895). T

(8)
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The £, values plotted in Fig. 3 against log (I-) + 5 as abscissa were
obtained at 25° from measurements on a series of initially neutral reaction
mixtures; the constancy of %, means that Reaction 4 is subject to practi-
cally zero salt effect when (I-) is below 0.1 M and the ionic strength of the
reaction system is at a minimum. That this is no longer true when foreign
salts are present will be apparent from the %; values given in a later section
(¢f. Fig. 4). The value &, = 0.69 is in almost perfect agreement with the
value 1.34/2 = 0.67, which was obtained by Walton (Ref. 6a, Table 6)
from similar experiments over a much smaller concentration range. The

0.90
0.80
<
0.70
L]
0.60 *
02 0.4 0.6 0.8 1.0 1.2 14

1
w2,

Fig. 4 —Variation of %, with ionic strength in the presence of Sérensen
phosphate buffer. (Added salt: O, NaClO, (Curve I); @, Na,SO, (Curve
IT); ¢, KI, and ¢, phosphate buffer only. W is the ipitial point for Curves
I and II, and corresponds to a reaction mixture in which gg+ = 1.01(10—7)
and (I7) = 0.0215).

value given by Abel for a reaction system containing acetate ion is some-
what higher (Ref. 1b, page 26, has k, = 1.57/2 = 0.78), probably mainly
because the degree of dissociation of potassium jodide as obtained from
conductivity measurements was used in its evaluation. N oyes®™ finds, by
following the rate of iodine formation in solutions of varying acid concentra-
tion, that 2, = 0.68 to 0.82. Since this variation of k; isin the form of a
trend with (H*) which may be attributed (as Bray, Z. physik. Chem., 54,
463 (1906) has shown) to a third-order reaction
H:0, + H* 4- I~ = HIO + H,0 )

negligible in our reaction system, N oyes’ value also is in good agreement
with the result of the present investigation. A

- The theory of the hydrogen peroxide catalysis'®"? requires that there be,
in addition to Reaction 4, a compensating reaction in which hydrogen per-
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oxide is oxidized. The simplest one that has been suggested is the oxida-
tion of Hs0s by I0~, a product in Reaction 4

10~ + H0p —> 1~ + H.0; + O, )

Hypoiodite ion will exist in the reaction system at an extremely low concen-
tration, always governed at the steady state by the equilibrium

I, + H,0 ===10~ + I~ + 2H" (8)

From Equations 7 and 8 it is apparent, therefore, that the absolute rate at
which hydrogen peroxide is oxidized at the steady state may be written

_ d(H:00) _ (1)
A

E(TO™)(H02) = k' m (H:0:) 9

In this expression &y’ is the product of ks, the specific rate constant for
Reaction 7, by K’, the equilibrium constant for Reaction 8. Since no
suitable values for the activity coefficients vi- and v1o- are available, Equa-
tion 9 will be written in the convenient form

_d(H:05)
a

— ’ (IZ)
= b Py (9a)

We shall see later that the kinetic interpretation of our results does not
depend upon this approximate formulation of Equation 9.

When the steady state has been reached, the rate at which hydrogen per-
oxide is reduced (Equation 3) is equal to the rate at which it is oxidized
according to Equation 9a if hypoiodite ion alone oxidizes the peroxide.
Subject to this condition, we may write

-y ’ (12)
B(HLO(I7) = k' oy (109 (10)

and b et

2 ~)an~+

i e an
A sufficient constancy of F over a wide range of experimental conditions
may thus serve as a test for the assumption that hydrogen peroxide is
oxidized by hypoiodite ion alone. It may be pointed out here that F has
the form of the steady state function found by Bray and Livingston for
the bromine-bromide catalysis” where the hypohalous acid, and not the
corresponding ion, was involved in both compensating reactions.

Concentration Measurements at the Steady State.—When hydrogen

peroxide is added to an initially neutral solution of iodide ion, the ap-
proach to the steady state is characterized by the oxidation of a small
amount of iodide according to the stoichiometric equation

31— + H,0, = I;~ + 20H~ (12)

consequently, the solution becomes slightly alkaline. The accurate deter-

mination of F is most conveniently accomplished with the use of buffer
7 Cf. Ref 2, p. 1262.
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solutions, for then the activity of hydrogen ion at the steady state can be
calculated with some degree of accuracy. When the initial concentration,
(I, of iodide ion in a reaction mixture at the steady state is known, and
the total amount of oxidized iodide, =(I,), 2(Iy) = (Iz) + (Is~) has been
determined by titration, the value of F may be calculated. In making
this calculation, the equilibrium ‘

I+ L==1, (13)
must be considered; (I)(I7)/(Is~) = 0.00140 at 25° was employed
throughout in calculating (I,) and (I ~). Any change of buffer in the ap-
proach to the steady state is, of course, governed by stoichiometric rela-
tions similar to those in Equation 12; the hydrogen ion activity used
in the calculation of F was always that corresponding to the buffer solution
actually present at the steady state.

For most experiments Z(I,) was determined by titration with thiosulfate
after all of the peroxide had been decomposed. For experiments in which -
this decomposition was very slow, however, it was often necessary to
titrate while peroxide was still present: this could be accomplished satis-
factorily when both (H,0,) and (I-) were so low that no appreciable oxida-
tion of iodide ion took place during titration. Such oxidation could al-
ways be detected by an “‘afterbluing’’ of the solution when the starch end-
point had once been reached. At these low concentrations of hydrogen
peroxide, blank experiments showed no evidence of reaction between the
peroxide and thiosulfate. In general, sufficient (two or more) determina-
tions to ensure a reliable value of Z(I,) were made for each steady state
mixture. '

The results of three series of such experiments are listed in Table I in
which all data except the initial concentrations of iodide ion, (I7);, are for
the steady state. The values of ay-+ for Table Ia were obtained from the

expression

acetate 10(111 + log v (14)

PH = —log ag+ = 4.73 + log m

given by Cohn, Heyroth and Menkin;® the 7 values given by the authors
for buffer solutions M in total acetate and containing no other salt were
employed in the calculation. In Table Ib,¥ values of ag+ were calculated

8 Jones and Kaplan, TaIs JOURNAL, 50, 1485 (1928).

? Cohn, Heyroth and Menkin, (a) 4bid., 50, 696 (1928); (b) ibid., 49, 173 (1927).

1% The experiments in Table Ib were carried out after a similar series, which is not
published, to conserve space, employing Sérensen’s phosphate solutions (see Clark,
“The Determination of Hydrogen Tons,” Williams and Wilkins Co., Baltimore, 1928,
p. 210) had been completed; values of F calculated from the latter varied from 0.8
(10-12) to 1.8 (10~12), and showed a positive trend with increasing (I-). These varia-
tions were probably due in part to uncertainties in the calculated values of ag+, for
with the Sérensen buffer (in which total phosphate is only 1/15 M) large changes in
an+ often took place in the approach to the steady state. o
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from the apparent dissociation constants given by Cohn (Ref. 9b, Table
VI); the effect of added salt on the buffer was again neglected. For ex-
periments with ag+ below 10~* M, the values of F in Table I show no
systematic variation with the concentration of any substance; indeed,
all these values (except the first two in Table Ib, which are inaccurate)

TABLE I
CONCENTRATION MEASUREMENTS AT THE STEADY STATE®
(a) Measurements in Acetic Acid-Acetate Ton Buffer Solution (Total Acetate is 1 M)

P A
@A 0

Expt. ay+(105)  (I7)3(10% (12) (10%) (I7)(10%) (I2) (104 (I2)
88 0.200 3.12 5.65 1.47 4.91 1.8 0.93
92 .234 0.780 0.576 0.622 1.01 2.1 .01
93 .39 .780 .835 .546 1.71 2.7 .86
89 .57 .780 1.060 .486 2.37 3.2 .81
90 1.01 .780 1.495 .372 4.08 3.5 .71
91 1.62 .234 0.352 .145 1.73 3.2 .60
87 2.50 .0780 .084 .059 0.59 [3.7] .50
95 3.80 .390 1.092 J121 5.85 3.6 .40
96 6.00 .390 1.275 .087 7.87 3.5 .30
97 10.3 .390 1.438 .0590 10.1 3.6 .20
110  10.3 .388 1.442 .0580 10.2 3.5 .20
123 10.3 .388 1.424 .0600 9.95 3.8 .20
111 14.4 .388 1.504 .0480 11.25 4.3 .15
124 14.4 .388 1.509 .0475 11.25 4.2 - .15
112,125 22.6 .388 1.603 .0350 12.85 4.9 .10

s Tnaccurate values are enclosed in brackets. All measurements were carried out
at 25°. KI and KI; were considered as completely ionized.

(b) Measurements in Potassium Phosphate Buffer Solutions (Total Phosphate is 0.2 M)

F =
(@at)2(I7)?

Expt.  ag+(107) @09 Z@m) @) @maey  an 10
152  19.0 0.187 0.0052 0.186 0.022 [6]
153 19.0 .124 .0018 .123 .0096 [6]
155 16.3 1.56 1.36 1.29 1.33 3.3
150 2.06 1.56 0.050 1.55 0.041 2.5
159 2.05 . 3.12 .36 3.11 .155 2.6
149 . 1.98 4.68 1.02 4.39 .314 2.4
148 1.82 7.80 3.20 . 6.85 .64 2.4
145 1.71 12.58 9.69 10.66 1.26 2.6
146 1.42 23.40 33.4 18.25 2.54 2.6
151 1.37 15.4 10.0 12.4 1.11 2.6
147 0.694 Iodine added 144.2 49.0 4.11 2.8
. initially :
158 .218 15.4 0.40 - 15.3 0.036 3.1
157 171 31.2 2.17 31.1 .097 2.9
160 ‘114 Todine added 13.89  78.2  _ .248 3.2
... initially

¢
o

156 .0  78.0 .  6.26 - 761 Co115
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remain within a two-fold range while the product (ag+)? (I7)? varies 10!2-
fold: under these experimental conditions, therefore, the assumption that
hypoiodite ion alone oxidizes hydrogen peroxide appears justified.

In interpreting the experiments for which ay+ is greater than 10—4,
we must remember that from No. 89 to No. 123, Table Ia,!! the value F =
3.5 (107!2) has been fairly well maintained despite a variation in the ionic
strength, u., from 0.81 to 0.20. That the increase in the values of F
for the last four experiments might be due to a change in the ionic strength
thus seems extremely improbable; consequently this variation will be
treated as possessing a kinetic significance. The experimental data in
Table Ia may, for the purpose of deducing a mechanism, be represented by
the equation

F = 3.5(10~12) 4 1(10-8)(ag+) (15)
which will give the value of Fin acetate buffer solution when the concentra-
tion of acetate ion is not above 0.8 }/ and no other electrolyte is present at
high concentration. The first term is probably accurate to =59, but
the second must be regarded as an approximate upper limit only. Equa-
tion 15 is to be compared with the equation

F = 1.4(1071%) 4 1.3(10~7)(H*) at p, = 0.4 (16)

which Abel obtained from similar experimental results in the region of
hydrogen-ion concentrations 2(10~%-2(10~7) M. The first six experi-
ments of Table Ia lie in this region of acid concentrations ; the F, values
calculated for these experiments by the substitution of their ay. values
for (H*) in Equation 16 are in substantial agreement with the F values of
Table Ta. For the remaining experiments in the table, however, F, thus
calculated becomes increasingly larger than F as ag+ increases, until for
Experiments 112 and 125 F, is over six times as large as the value F =
4.8(107!2) experimentally obtained.!2

11 Certain of the experiments at the three highest values of ag+ in Table I showed
a pronounced decrease in Z(I,) several hours after the steady state had been reached;
to determine whether this decrease might be justifiably interpreted as an increase in
F with increasing ag+, several reaction mixtures were prepared by adding hydrogen
peroxide to the acetate buffer solution in equilibrium with finely divided iodine. For
these reaction mixtures (I,) = 0.00132 M, and I = (0.00140/0.00132)[2(I,) —
0.00132]. A decrease in Z(I,) therefore means a decrease in (I7); and, since ag+ and
(I.) are constant, a decrease in F as well. Since such decreases were observed, this
disappearance of jodine must be due to a factor not properly a part of the iodine—iodide
system. Subsequent analyses proved the iodine to have been oxidized; it would seem,
therefore, that the oxidation of iodine to iodate ion by hydrogen peroxide proceeds at
lower values of (H*) and with shorter induction periods when acetic, instead of per-
chloric (¢f. Ref. 3b, Table V; these perchloric acid solutions were not buffered) acid is
used. It may be worth pointing out, finally, that the occurrence of this oxidation was
quite erratic, and that Table I contains for every value of ¢+ at least one experiment
in which no such oxidation took place.

12 See Ref. la. Abel calculated (H*) from the dissociation constant for acetic
acid; the concentration of acetate ion in his system was for most experiments 0.4 M.
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To show, as Abel™ has already done, that the second term of Equation
15 may be attributed to the oxidation of hydrogen peroxide by hypoiodous
acid, we need only to trace backward the reasoning by which Equation 11
was obtained. The steady state function corresponding to this term may
obviously be written

, _ (e )(I7)? _ -
F =__(IT'=E=1(1OB) (17)
The concentration of hypoiodous acid at the steady state is governed by
the equilibrium

1, + H,0 == HIO + H+ 4+ I~ (18)
and hence the rate law for the reaction
HIO + H,0; —> H* + 17 + Hy0 + Oq (19)
may be given the form (¢f. Equations 9 and 9a)
- @&%@ — w(HIO)(H;Oy) = Kz'@%%-_-) (H,02) (20)

ke', thus defined is the product of ks, the specific rate constant for Reaction 19
by K, the equilibrium constant for Reaction 18.

The values K = 3(10~13),1* K’ = 6(10724)!* and k; = 0.69 will now be
used to calculate ks, the specific rate of Reaction 7, and the order of magni-
tude of k;. For 25° we obtain

Fky

ke = X = 4(101)
and
Ky = %’ﬂ < 2(10%)

These values of k» and ks, deduced from Equation 15, naturally differ
from those ((10') and 3.3(10%), respectively) similarly deduced by Abel
from Equation 16" Measurements of Reactions 7 and 19 at a distance
from the steady state have been undertaken in this Laboratory in the
hope that these may confirm the value of ks, and establish more accurately
the value of «..

Effect on the Reaction System of Changing the Ionic Strength.—In
Fig. 4 data are given to show the effect on k; of changing u, the ionic
strength expressed in moles/liter, by adding various salts. Curve I
(NaClOs) and Curve IT (NazSOs) both embody the results of two independ-
ent series of experiments on reaction mixtures of the composition given
below Fig. 4, and to which known amounts of the proper salt were suc-

13 Bray and Connolly, THIS JOURNAL, 33, 1485 (1911).

14 K’ is obviously the product of K by the dissociation constant of HIO. The
value

(HH(I07) - -1
oy~ = 107 - 3(1071)

is given by Fiirth, Z. Elektrochem., 28, 57 (1922). We shall take K’ = 3(10-13) X
2(101) = 6(1072%).
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cessively added. Of the potassium iodide points, only those corresponding
to the lower jodide concentrations are thoroughly reliable because of in-
accuracies previously mentioned (¢f. Fig. 3). The points in which only the
phosphate buffer was changed (total phosphate is always 1/15 M) show a
marked salt effect for a relatively small change in y.; in interpreting these
data, it is important to remember that the most basic buffer mixture,
which is almost pure Na,HPO, solution, has a value of ke not very much
greater than the most acid mixture, which is almost pure KH,PO, solution.
The phosphate points therefore represent the superposition of two salt
effects, one for each type of phosphate. All the results of Fig. 4 may be
summarized in the statement that the separate addition of various salts
to the reaction mixture produces on %, effects which are in general small, not
“linear” (¢f. Ref. 16), and quite specific.

14F -
”
¢ .

o« 10 7
-~ s
g | ‘) i
~ *
Y

0.6 -

02

0.2

Fig. 5—~Variation of £’ with ionic strength in the presence of Sérensen
phosphate buffer. (Added salt: O, NaClO, (Curve I); @, Na,SO, (Curve
II); and Q, phosphate buffer only. For composition of reaction mixture
designated by M, the initial point for the curves, see Fig. 4.)

An examination of Fig. 5 will réveal that addition of sodium perchlorate
(Curve I) or sodium sulfate (Curve II) decreases the value of k' as cal-
culated from the values of F and £, for each reaction mixture. It is ap-
parent from Equation 9, which serves to define %/, that this constant is
more complex in nature than i, the specific rate of the simple bimolectlar
Reaction 4. As in Fig. 4, the phosphate points represent the superposition
of two salt effects. No matter what salt is added, the effect on &, is
relatively much greater than the corresponding effect shown in Fig. 4 for
ki; this result might have been expected from the fact that the concentra-
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tion of hypoiodite ion is governed by the equilibria, Reactions 8 and 13,
and by the buffer equilibrium which regulates the activity of hydrogen ion.
The salt effect on ki is thus the resultant of several equilibrium salt
effects,’® which may be large, and a kinetic salt effect, which is probably
small.

Jones and Kaplan have observed (I7) (I,)/(I;~) to be constant for
values of (I™) below 0.3 M in solutions not saturated with iodine, and this
constancy may be regarded as evidence that vr- and v1,- remain propotr-
tional to each other over this concentration range. It seems probable
that this proportionality will be maintained when other salts are added
in moderate amount to dilute solutions of tri-iodide ion—in other words,
that our use of the value (I7) (I5)/(Is~) = 0.00140 at varying ionic strength
is justified, and that Reaction 13 undergoes no salt effect as large as those
in Fig. 5.

To determine whether these effects are due mainly to a salt effect on the
equilibrium

H,PO,~ === HPO,~~ + H*
measurements were made with a glass electrode of the hydrogen-ion ac-
tivity in an equimolal Sérensen phosphate buffer solution to which other
salts had been added. It was found that ag+ was increased when p. was
raised to 1 M by the addition of sodium perchlorate or sodium sulfate; the
increase was greater for the perchlorate, but in both cases it was more
than sufficient to explain any decrease in k' given by Curves I and II.

Finally, we shall consider how far our main conclusions are dependent
on the empirical (and somewhat arbitrary) manner in which we have
~ disposed of activity coefficients in the formulation of F (¢f. Equations 9,
9a and 11). This formulation is convenient for three reasons: it employs
the activity of hydrogen ion,' which, rather than the concentration, is
given by buffer tables; it makes no assumption with regard to vi- and
vio-; and it is applicable to both the buffers employed. This formulation
does assume, however, that substances present in the reaction system, but
not properly a part of the buffer solution, do not affect the value of ag+
given by the buffer tables. We have seen in the case of the phosphate

15 Bronsted has given the name “‘secondary kinetic salt effect’” to the salt effect on
an equilibrium (see, for example, “The Velocity of Ionic Reactions,” Contemporary
Developments in Chemistry, Columbia University Press, 1927). The use of the term
“‘equilibrium salt effect” might serve to distinguish more clearly between this and a true
“Kinetic salt effect,” such as that on k;, which has been called a “primary kinetic salt
effect” by Bronsted.

16 By “activity of hydrogen ion” in a solution is meant the quantity (whose negative
logarithm may be regarded as the Pg of the solution) which may be obtained from a
hydrogen electrode measurement. (In this connection, ¢f. Ref. 9a.) Whether an
individual ion activity has an experimental significance in moderately concentrated

solutions if the kinds and concentrations of other ions are left unspecified is another
question.
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buffer (¢f. Fig. 5) that this assumption is not valid. In the case of the
acetate buffer, however, the added iodide is so small (¢f. Table Ia) that
the value of ag-+ is probably unaffected by its addition. The conclusions
drawn from Table Ia are therefore uncertain only to the extent to which
changing (Ac~) from 0.1 (Nos. 112, 125) to0 0.9 M/ (No. 88) affects v;- and
Y10--

That this effect cannot be large enough to cause a mistake in the kinetic
interpretation of the data is evident from the following considerations. If,
in the thermodynamically exact formulation of F, the buffer equilibrium

HAc===H"* 4 Ac—

is included, Equation 11 becomes
Fopaey = L= 10 — (vra0)? (I7)2(HAc)?
oxae (746-)? 712 (Ac™)*(I)
where Kya. is the dissociation constant of acetic acid. Although the
factor involving the activity coefficients is probably not equal to unity
even in moderately dilute solutions, it is obvious that its value should
change very little when the ionic strength is changed. This consideration
leads to the very simple result that the concentration term, which we
shall call F,, in Equation 11a should be constant! for all experiments in
Table Ia with ag+ below 10~* /. In Table II are listed values of F, cal-
culated for the experiments in Table Ia by use of the value K'gp. = 2.55
(10-%)® for the buffer solution employed in Nos. 112 and 125, Table Ia.

TaBLE IT
RECALCULATION OF MEASUREMENTS IN TABLE Ia*

Expt. 112 124 123 96 95 87 91 90 89 93 92 88
125 111 110
97

(HAc) 90 85 80 70 60 50 40 30 20 15 10 8.8

(Kra0)? (11a)

(Ac) 10 15 20 30 4 5 6 0 3 85 90 91.2
F, 50 42 3.6 34 3.6 3.8 35 4.0 4.0 3.5 3.1 27
F 49 43 36.35 36 37 32 35 32 27 21 18

¢ Average values are given for duplicate experiments.

The constancy of the F, values is all that could be expected; at the
higher acetate-ion concentrations they are more constant than the F
values themselves. The approximate formulation of F in Equation 11

7 Abel [Z. physik. Chem., 122, 49 (1926)] has pointed out that a similar simpli-
fication is possible in a study of the oxidation of iodide by iodate ion in acetic acid—
acetate ion buffer solutions.

18 Ref. 9a, Table II. The apparent dissociation constant is defined by the equation
K'mse = ap+(Ac™)/(HAc); this value, rather than the absolute value Kua. = 1.86
(10-%), must be used if agreement with F as calculated for Nos. 112 and 125, Table Ia,
is to be obtained. The use of the absolute value would not affect the above argument;
for this relates only to the trend in F,, which is unaffected by the value of Kg,. chosen.
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therefore suffices for purposes of establishing a mechanism. A thermo-
dynamically exact formulation of the steady state function cannot be
given, however, until more knowledge is available regarding the activity
coefficients concerned.

Conclusion

A re-investigation of the catalytic decomposition of hydrogen peroxide
by the iodine-iodide couple has confirmed the mechanism previously
assigned to the decomposition at the steady state, and has demonstrated
its validity over a much greater concentration range. Although the
results obtained differ somewhat from those of Abel, these differences
are not great enough to explain why his value for the specific rate of the
iodine hydrolysis is smaller by several powers of ten than the lower limit
deduced for this constant from related reaction systems. Preliminary ex-
periments indicate that the solution of this difficulty may be found in the
investigation of Reactions 7 and 19 at a distance from the steady state.

The author wishes to thank Mr. L. H. Donnally of this Laboratory for
making the glass electrode measurements.

Summary
1. Measurements of the rate at which hydrogen peroxide is decom-

posed at 25° by the iodine-iodide couple yielded the value k1 = 0.69 = 3%
for the specific rate of the reaction

I- + H0, k. to- + mo (4)
over a 10%-fold range of iodide concentrations.
9. Subject to certain restrictions, the steady state function for this
decomposition was found to be
F = 3.5(10712) + 1(10~3%)an+ at 25° (15)
3. By combining rate, steady state, and equilibrium data, the specific
rates at 25° for the reactions

k
I0- + H;0p —> I~ + H,0 + O: %
and
K
HIO + HyOs —> H+ + I~ + H:0 + Os (19)

were computed to be, respectively, k» = 4(101) and x < 2(10%). The
value of ks is much less accurate than that of k.

4. The reaction system has been studied over a series of ionic strength
values produced by the addition of various salts.

5. For values of ag+ below 10~* M, only Reactions 4 and 7 need be
assumed to explain the decomposition of hydrogen peroxide by the iodine—
jodide couple at the steady state. Asag:is increased, Reaction 19 plays
an increasingly important role; at the steady state, however, the absolute
rate of Reaction 4 always equals the combined absolute rates of Reactions
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7 and 19. This mechanism will explain the catalysis below the value of
@g+ at which oxidation of iodine by hydrogen peroxide begins.
BERKELEY,; CALIFORNIA

[CoNTRIBUTION FROM THE MALLINCKRODT CHEMICAL LABORATORY OF HARVARD
UNIVERSITY]

THE PHOTOCHEMICAL DECOMPOSITION OF AMMONIA

By EpwiN O. WGl AND G. B. KISTIAKOWSKY
RECEIVED DECEMBER 9, 1931 PusLisHED MaAy 7, 1932

"The mechanism of the apparently simple photochemical decomposition of
ammonia by ultraviolet light is still far from being settled. The reaction
has been studied by Warburg and by Kuhn in light of wave length 2025~
2140 A. The former? obtained a quantum yield of 0.25, whereas the latter?
found an average of 0.45 molecule of ammonia decomposed per quantum
of light energy absorbed. In the far ultraviolet, 1600-1900 A., the quan-
tum yield reported by Kassel and Noyes! is 0.69 = 0.24. These quantum
yields have been calculated on the assumption that the photochemical
decomposition follows the equation

2NH; = N: + 3H, (1)
However, Bates and Taylor® state that the products of decomposition con-
tain 969, hydrogen and 49, nitrogen and express the view that hydrazine is
formed, some of which may subsequently decompose. Recently, just as
this work was completed, Koenig and Brings® reported hydrazine as a
product of the photochemical decomposition of ammonia by ultraviolet
light. By repeatedly flowing ammonia gas back and forth through a
quartz vessel exposed to the radiation from a zinc spark for fifty hours and
by continuously freezing out the hydrazine, a very minute quantity of the
latter was condensed, sufficient for a qualitative test. Warburg and
Kuhn determined the amount of reaction by measuring the increase in
pressure, so that their low quantum yields might be accounted for by as-
suming that the reaction which occurs is largely

2NH; = N.H, + H, . (2)
instead of equation (1). Kuhn found that on complete decomposition of
ammonia the pressure doubled; this, however, does not prove much since
hydrazine would also decompose under such treatment.

It is evident then that the composition of the gas resulting from the
photolysis of ammonia should be determined under the same conditions

! National Research Fellow in Chemistry.

? E. Warburg, Sitzber. preuss. Akad., 746 (1911); 216 (1912).

8 W. Kuhn, J. chim. phys., 23, 521 (1926); Compt. rend., 177, 956 (1923).

*L. S. Kassel and W. A. Noyes, Jr., THIS JournaL, 49, 2495 (1927).

% J. R. Bates and H. S. Taylor, bid., 49, 2438 (1927). .
8 A. Koenig and T. Brings, Z. physik. Chem., Bodenstein Festband, 595 (1931).
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that obtain during quantum yield measurements. It was the object of
the present work to determine the nature of the gas formed when am-
monia is exposed to ultraviolet light and to obtain the quantum yields for
the reaction at room temperature and at higher temperatures.

Experimental Details

Light Source.—A condensed spark discharge served as the source of ultraviolet
light. The spark gap was an adaptation of one described recently by Forbes and
Brackett.” It consisted of two metallic disks 8 cm. in diameter and 5 mm. thick with
V shaped edges. The disks—made of aluminum, zinc or cadmium—were mounted at
right angles one above the other (Fig. 1) and were driven through reduction gears and in-
sulated shafts by two Telechron clock motors. They revolved at the rate of one rotation
in forty-five minutes, offering to the spark a steady supply of fresh surface and keeping
its location sharply defined. The electrodes were connected, in parallel with a condenser,

w

o

—

Fig. 1.—Apparatus: Z, spark electrodes; D, diaphragms; L,
crystal quartz lenses; C, reaction cell; G, thermopile; P, Pirani
gage; W, Pt wire for NH; decomposition; T, trap; M, McLeod

gage; R, mercury manometer and leveling bulb; A, connection to
the pump and gas storage bulbs.

__'

- ;’L D N DL \i' .
DID{ [ [}Q b Lr’)h

to the poles of a 5 KVA, 10,000 v. transformer. A stream of air was blown across the
spark gap. The arrangement worked very satisfactorily and the only source of com-
plication was the home-made condenser, which heated gradually on continuous opera-
tion and caused a slow but steady decrease of light intensity.

The difficulty in obtaining large quartz prisms sufficiently transparent to wave
lengths in the neighborhood of 2000 A. led to the use of focal isolation instead of a mono-
chromator in obtaining monochromatic radiation. The arrangement, shown sche-
matically in Fig. 1, gave an approximately monochromatic beam, as shown by the fact
that, according to thermopile measurements, as much as 95% of the radiation was ab-

7 Forbes and Brackett, THis JOURNAL, 53, 3973 (1931).
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sorbed by ammonia when zinc electrodes were used. Spectrograms of the light source
confirmed this.

Apparatus and Materials.—The rate of ammonia decomposition was followed by
measuring the pressure of hydrogen and nitrogen formed on freezing out ammonia.
A McLeod gage and a Pirani gage were incorporated in the apparatus. By calibrating
the latter with differently proportioned mixtures of nitrogen and hydrogen and by using
both gages in each measurement, the possibility was given to determine not only the
pressure but also the composition of the gases resulting from ammonia decomposition.
The apparatus is shown schematically in Fig. 1. The quartz cell for the photolysis was
of cylindrical shape, 50 mm. long and 25 mm. in diameter, with sealed polished windows.
The McLeod gage was of usual construction and had a volume of ca. 150 ce. The Pirani
gage consisted of 35 cm. of a platinum wire 0.076 mm. in diameter, suspended rigidly in
the form of four loops in a 12 mm. tubing and silver soldered to platinum leads. The
current through the gage was kept constant and the potential drop was measured by
means of a Wolf potentiometer. The temperature of the wire was from 100 to 300°
above the temperature of the surrounding constant-temperature (25.0°) water-bath.
The gage was calibrated—using the McLeod gage of the system as standard—on care-
fully purified hydrogen admitted from a storage bulb and on a 1:3 nitrogen-hydrogen
mixture prepared iz situ by decomposing ammonia on the glowing platinum wire
(Fig. 1). Tungsten wire was also used for this purpose with identical results.

The volume of the system was corrected for the effect of cooling the trap T (Fig. 1)
in freezing out ammonia.

In high temperature experiments the quartz cell was wrapped with resistance wire
and asbestos insulation. The temperature in these experiments was measured by a cali-
brated thermocouple in immediate contact with the quartz cell.

The source of ammonia gas was ¢. p. ammonium hydroxide solution contained in a
storage flask connected with which was a tube of potash sticks and powdered sodinm
hydroxide, followed by a stopcock and suitable traps for condensing ammonia by cooling
with liquid air. After freezing out the desired amount of ammonia with liquid air, the
condensation bulb was surrounded with a carbon dioxide-acetone freezing mixture or a
hydrochloric acid—ice mixture and the ammonia was allowed to distil into a second bulb
surrounded by liquid air. A similar distillation from this bulb allowed the ammonia

.to expand into the reaction system. The first and last portions were discarded in each
distillation.

Hydrogen bromide was prepared by dropping a c. p. 829, solution of hydrobromic
acid on phosphorus pentoxide and passing the gas over red phosphorus and phosphorus
pentoxide into a condensation bulb surrounded by carbon dioxide-acetone mixture and
the hydrogen bromide was allowed to distil into a second bulb surrounded with liquid
air. This was followed by a similar distillation into a third bulb from which another dis-
tillation sent the hydrogen bromide into a storage bulb connected with the pumping and
reaction systems. The liquid hydrogen bromide in the last distillation was colorless.

The light energy was measured by means of a Moll “large surface” thermopile
connected with a Leeds and Northrup galvanometer. A fixed diaphragm in front of the
reaction cell, slightly smaller than the thermopile surface, aided in focusing the light on
the pile. The galvanometer, thermopile and connecting wires were carefully shielded
against electrical disturbances from the spark discharge. The calibration of the thermo-
pile against a Bureau of Standards calibrated lamp was carried out exactly as recom-
mended by the Bureau.

A typical experiment was carried out as follows. Ammonia was admitted into the
reaction system, frozen in the trap T by means of liquid air and pumped until the
pressure of any residual gases (on repeated evaporation and condensation of ammonia)
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was less than 1 X 107* mm. The mercury leveling bulb was raised to fill the McLeod
gage completely and the rubber tubing connecting the leveling bulb to the gage column
clamped with a screw pinclicock. The stopcock shown in Fig. | prevented mercury from
flowing into the main line of the pumping system. The liquid air was removed and the
ammonia evaporated into the quartz cell and Pirani gage, its pressure being measured
on a manometer sealed into the lower part of the McLeod gage column. After the de-
composition, photochemical or thermal, the ammonia was frozen, evaporated and again
frozen, the mercury leveling bulb lowered and the gaseous products allowed to expand
into the McLeod gage, when the necessary readings on the gages were taken.

Experimental Results
Reaction Products.—The dependence of the quantum yield calcula-
tions on the nature of the products formed suggested the advisability of
first investigating the com-
position of the gaseous prod-
ucts. Ammonia at pressures \

ranging from 13 to 377 mm.

was exposed to the radiation  1.033
of the zinc and aluminum

sparks. Various lengths of

illumination from one minute \
upward were employed, giv- 0.998 \%
0.963

ing pressures of the products
varying from 0.008 to 0.086
mm. Photochemical decom- -
positions were alternated .
with thermal decompositions
on the glowing wire. Three
Pirani and three Mcleod  0.928
gage readings were taken al-

Pirani gage readings.

ternately for each point. The \
results are shown in Fig. 2.

Similar results were obtained 21 30 39

in other series of experiments Pressure in mm. X 1073,

in which total radiation of the  Fig. 2.—Pirani gage readings on the products of
spark discharge was em- the thermal and photochemical decomposition of
ployed. The results show ammonia: ©, pure hydrogen; O, products of ther-

mal decomposition; @, products of photochemical
that the product.s of thermal decomposition.
and photochemical decom-

positions are identical. As it has been repeatedly shown that in the ther-
mal decomposition a 1:3 nitrogen-hydrogen mixture is obtained, the same
applies to the photochemical reaction. The limits of errors are difficult to
estimate but the photochemical products contained certainly not more than
80 and not less than 709, hydrogen and in all probability were much
nearer to the stoichiometric ratio.
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In some earlier series of these experiments the procedure in obtaining a
1:3 nitrogen hydrogen mixture was somewhat different. Ammonia was
decomposed on the glowing wire to the extent of 0.2-0.3 mm. and the
excess of decomposition products, on condensing ammonia, was pumped out
until the desired pressure was obtained. Sometimes also a 1:3 mixture
was admitted from a storage flask to a pressure of 0.2-0.3 mm. and later
reduced by pumping. In all these experiments rather irregular results
were obtained and it appeared that the products of photochemical de-
composition contained more than 759, hydrogen. These results were

0.9770
0.9570 q\

e N\

k=]

S 0.9370

B | B

g \ 4

[

b0

'g 0.9170 b\

e

ki
0.8970 | Q
0.8770

17 23 29 35 41
Pressure in mm. X 1073,

Fig. 3—Comparison of methods of calibrating Pirani
gage on 3H::1N; mixtures: A, pressures reduced from
0.2 mm.; B, gas pressures produced by decomposition
of NHj3 in situ.

ultimately traced to a partial separation of nitrogen and hydrogen while
reducing their pressure by pumping. At the low pressures employed,
hydrogen, due to its higher diffusion rate, is more rapidly removed from
the system on opening the stopcock leading to the pumps than is nitrogen.
As a result, the remaining mixture contains more than the original 259,
nitrogen and a difference in composition is found in comparing the products
of photochemical decomposition. The difficulty was avoided by decompos-
ing ammonia on the glowing wire only until the desired pressure of nitrogen
and hydrogen was obtained. All final results were obtained by this
method. A comparison of the two methods is shown in Fig. 3.
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Quantum Yields.—Ammonia was exposed for a period of ten to twenty
minutes to the light obtained by focal isolation from the zine, aluminum
and cadmium sparks. The light energy was measured by means of the
thermopile before and after the photolysis. Energy measurements were
made with the quartz cell empty and filled with ammonia at the desired
pressure, the difference giving the energy absorbed by the ammonia.
Usually the intensity of the light source slowly decreased during an experi-
ment. All experiments in which the energy absorbed by ammonia changed
by more than 209, during the photolysis were discarded. The quantum
yields rejected for this reason always agreed very well with those experi-
ments in which the light source was more constant.

Occlusion of nitrogen and hydrogen by the solid ammonia would tend
to give a low quantum yield. That no such occlusion occurred was shown
in the following way. Ammonia at 25 mm. pressure was decomposed
until the pressure of the products was 0.175 mm. Sufficient ammonia at
high pressure, which had been carefully pumped until free of residual
gases, was rapidly let into the reaction system. The total ammonia pres-
sure was now 280 mm. and when this was frozen out the pressure of the
nitrogen and hydrogen was again found to be 0.175 mm. A second experi-
ment with the ammonia at pressures of 10 and 675 mm. gave 0.0239 and
0.0230 mm. of nitrogen and hydrogen, a change of less than 49, for a
67.5-fold increase in ammonia.

After the experiments were all completed, the rear window of the quartz
reaction cell was cut away and, using the monochromatized light from the
zinc spark, measurements were made of the energy falling on the thermopile
without and with the rear window. The ratio of energy without to that
with the window was 1.29. A similar quartz window on the thermopile
was found to transmit 91.59, of the visible light with which the thermopile
was calibrated and only 77.5%, of the ultraviolet light falling on it. This
gives a factor of 1.18 or a total factor of 1.18 X 1.29 = 1.52, by which the
energy, as measured by the thermopile, is to be multiplied to obtain that
reaching the ammonia within the cell.

Some doubts were felt concerning the accuracy of the absolute value
of the quantum yields calculated by means of these corrections. They
were based on the observation that the various parts of the thermopile
surface differed in light sensitivity. With constant light intensity four
equal areas gave mean galvanometer deflections of 2.23, 2.07, 2.68 and 3.32
cm., the first value being that obtained for the center section of the surface.
The source of ultraviolet light was not homogeneous but appeared most
intense at the center. Thus-in our photochemical experiments the energy
of the ultraviolet light falling on the thermopile was greater than that
indicated by calibration against a‘uniform light source. ~Since the quantum

yield for the decomposition of hydrogen bromide in the region with which
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we are dealing is known to be 2.0,% it was decided to check our system on
this substance.

Pure hydrogen bromide was admitted to the quartz cell and its photo-
chemical decomposition followed exactly as in the case of ammonia. It was
observed that hydrogen bromide underwent a slight thermal decomposi-
tion at room temperature. This slight reaction was determined before and
after each photochemical decomposition and corrected for in calculating
the quantum yield. In one experiment, for example, a total of 0.1142 mm.
of hydrogen was evolved, while the correction amounted to 0.0026 mm.
The average of the quantum yields found for hydrogen bromide, as shown
in Table I, is 3.33 instead of the value of 2.0 found by Warburg. This
latter value cannot be doubted. Not only is it the result of a very careful
direct investigation, but it is also supported by numerous independent
observations concerning the reactions of hydrogen and bromine atoms.
Thus it must be concluded that the quantum yields for ammonia decom-
position obtained by means of thermopile measurements must be further
divided by 1.66. These corrected values are given in the following tables,
II-V.

TaBLE 1
QUANTUM YIELDS FOR THE DECOMPOSITION OF HYDROGEN BROMIDE AT RooM
TEMPERATURE
Zn spark, mean A = 2090 A.
Time of Mean energy

Pysr, illumination, Py,, absorbed, Quantum yield,

mm. sec. mm, ergs/sec. mole/quantum
38 983 0.0886 2951 3.77
37 917 .1016 4015 3.40
28 967 L1116 4033 3.53
20 831 .0941 4678 2.99
12 710 .0240 1400 2.98

Mean 3.33

The quantum yields of the ammonia decomposition obtained at room
temperatures (21-30°) are given in Tables II, III and IV. A typical
experiment showed the following data and calculations:

Mean A, 2090 A.; apparent volume of system, 204 cc.; temp., 26.7°; NH,,
110 mm.; galvanometer deflection of 1 ecm. = 235.3 ergs/sec.; time of exposure,
1071 sec.; pressure (N; + 3H,), 0.0692 mm.

. Av. galv. defl. without NH; in cell = 13.15 cm.
At start of experiment {Av. galv. defl. with NHzincell = 1.54 cm.

. Av. galv. defl. without NHj in cell = 12.55 cm.
At end of experiment {Av. galv. defl. with  NHjincell = 1.31 cm.

_ [(13.15 —1.54) ;— (12.55 = 1.31)7 o 9353 %

1.18 X 1.29 = 4090 ergs/sec.
Total energy absorbed by NH; = 466 X 10% quanta

8 'E. Warburg, Sitzb. preuss. Akad., 314 (19186).

Mean energy absorbed by NH;
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204 0.0692 273
= 23 =
Molecules NH; decomposed 6.06 X 102 X 9,400 X 5% 760 X 3997
229 X 10¥
. 229 X 10
Apparent quantum yield = 366 5 105 = 0.49 molecule/quanta
Corrected quantum yield = (1)—;45?3 = (.30 molecule/quanta
TaBLE IT

QUANTUM YIELDS IN THE DECOMPOSITION OF AMMONIA AT ROOM TEMPERATURE
Zn spark, mean A = 2090 A.

Time of Mean energy

PNHs illumination, PHz + N2 absorbed, Quantum yield,

mm, sec. mm, ergs/sec. mole/quantum
815 780 0.0322 4506 0.17
630 751 .0371 5426 .17
630 758 .0330 5308 .15
515 1059 .0521 4843 .19
513 1354 .0713 4542 .22
239 779 . 0459 4391 .26
228 771 . 0384 4373 .22
219 891 . 0207 1938 .22
111 879 .0514 4022 .27
111 786 . 0534 4710 .27
111 812 .0581 4477 .30
110 1071 .0692 4090 .30
106 841 .0242 2532 .21
70 810 .0228 2428 .22
59 768 .0399 3736 .26
57 866 .0476 3489 .30
12 817 .0273 3087 .21
10 871 .0239 3055 .17
5 885 .0197 2314 .18
Mean .23

TaBLE IIT

(QUANTUM YIELDS IN THE DECOMPOSITION OF AMMONIA AT RooM TEMPERATURE
Al spark, mean X = 1962 A.

PxNH3z Time of PHz+ N2 Mean Quantum yield,

mm illumination, sec. mm. energy mole/quantum
430 814 0.0192 1931 0.24
430 1679 .0148 698 .25
225 1223 .0228 1479 .25
190 1122 .0256 1748 .26
110 1091 .0327 2081 .29
103 1407 .0388 1913 .29
51 1460 - .0340 1941 .24
12 1419 .0267 1547 .24
4 1403 .0097 731 .19
4 1996 .0149 673 .22
1 2013 .0120 566 .21

Mean .24
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TABLE IV

QUANTUM YIELDS IN THE DECOMPOSITION OF AMMONIA AT ROOM TEMPERATURE
Cd spark, mean A = 2144 A.

Time of Mean energy
PxHs, illumination, PHz + N2 absorbed, Quantum yield,
mm. sec. mm. ergs/sec. mole/quantum
116 1427 0.0207 910 0.29
112 1131 .0177 1433 .20
109 1370 .0113 587 .26
' Mean .25

Kuhn® reported a nine-fold increase in quantum yield of ammonia de-
composition on increasing the temperature from 20 to 500°. As Kuhn
has not given any details of his measurements it seemed desirable to repeat
his work, particularly since photographs of ammonia absorption spectra
taken at high temperatures showed several new bands appearing in the
region 2100-2500 A. and those present at room temperature being en-
hanced. As measurements of light energy absorbed by ammonia at 500°
offered considerable difficulties, the energy measurements were carried
out at room temperature. The error thus introduced is negligibly small
since with our monochromatizing system about 909, of energy is absorbed
and, as photographs showed, absorption in this (2100 A.) region increases
with temperature. After determining the energy absorbed ammonia was
frozen out, the cell quickly heated to the desired temperature and ammonia
vaporized. After completion of illumination ammonia was frozen out
again, the cell quickly cooled and a second measurement of absorbed light
energy made. Before each experiment the cell was degassed at 500°.

In calculating the quantum yields given in Table V corrections have been
made for ammonia decomposed while energy measurements were per-
formed and for a very slight thermal decomposition in the cell at high
temperatures.

TABLE V
QUANTUM YIELDS FOR THE DECOMPOSITION OF AMMONIA AT HicH TEMPERATURES
Zn spark, mean A = 2090 A. Time of illumination, 600 sec.

Mean energy
Temp., Pynns, PHz + No» absorbed, Quantum yield,
°C. mm. mm, ergs/sec. mole/quantum

300 150 0.0200 1834 0.34
95 .0328 2543 .40

: Mean .37:

500 148 0.0511 3206 0.49

' 142 .0397 2403 .50
89 .0351 2314 .46°
) ‘ Mean .48

The Reaction Mechanism.—The results here obtained may be summed
up as follows. The gaseous products of decomposition are very nearly
* W. Kuhn, Compt. rend., 178, 708 (1924).
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a 1:3 nitrogen—hydrogen mixture, irrespective of the time of illumination.
The quantum yield is 0.25 at room temperature and about double this
value at 500°. It does not depend on ammonia pressure over the range
800 to 1 mm., wave length of radiation from 2150 A.to 1960 A., intensity
of radiation varied seven-fold and amount of decomposition varied seven-
fold.

These results are in partial agreement with the data already recorded
in the literature. From the description of Koenig and Brings® it is ap-
parent that hydrazine is present only in traces even in rapidly flowing
ammonia. Our results point in the same direction. Moreover, it is
possible to show that low, if any, yield of hydrazine is not due to its second-
ary photochemical decomposition. Experiments of Elgin and Taylor!®
indicate that the photochemical decomposition of hydrazine has a quantum
yield not much greater than unity. The absorption spectrum of hydra-
zine!l is continuous and thus absorption certainly follows Beer’s law. A
rate of photochemical decomposition of hydrazine sufficiently rapid to
explain our failure to detect this substance would require light absorption
coefficients at least 10° higher than those of ammonia in the region 2150—
1970 A. From Elgin’s qualitative description such large values seem to
be out of the question.

Bates and Taylor assumed hydrazine formation, finding excess hydrogen
in decomposition products of ammonia. Their experimental set-up favored,
however, an accumulation of hydrogen, due to its rapid diffusion, in the
analytical part of the apparatus. An effect of this type was discussed
here on previous pages and Professor H. S. Taylor in a personal discussion
suggested it as a possible explanation of his and Bates’ results.

The results of Dickinson and Mitchell'! which also indicate an excess of
hydrogen in photochemical decomposition of ammonia are somewhat in-
conclusive as the authors themselves admit.

The value of the quantum yield here obtained agrees excellently with
the value given by Warburg. In view of this agreement one may safely
conclude that Kuhn's value is erroneous. Possibly the use of a surface
thermopile without correcting it for unequal sensitivity caused an error
similar to one described on previous pages. The pronounced decrease
in the quantum yield, which Kuhn found on improving the monochromacy
of radiation, is impossible to explain. ‘It cannot be incorporated in any
theory of the reaction which has been set up and we are inclined to at-
tribute it to some unknown experimental error.

Kassel and Noyes? found a quantum yield about 0.69 in the spectral
region 1600-1900 A.

As the authors pomt out, this value may be somewhat too hlgh ~From

© Elgin and Taylor, TaIs J'OURNAL 51, 2059 (1929)
1t Dickinson and Mitchell,  Proc. Nat. Acad. Sci., 12, 602 (1926)
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kinetic considerations (see later) it seems more likely that with these short
wave lengths the same quantum yield obtains as in the region above 1950 A.
However, an increase of quantum yield is not impossible from the point
of view of the most likely reaction mechanism and only some future ex-
periments can decide the correctness of Kassel and Noyes’ value.

Kuhn? reported a nine-fold increase in quantum yield from 20 to 500°,
while here only a doubling has been observed. In absence of any experi-
mental details it is impossible to say whether Kuhn measured the quantum
yield or only the reaction velocity at high temperatures and whether
some light of wave lengths longer than 2100 A. was present. In the latter
case the change of ammonia absorption with temperature may partly
account for Kuhn's results. On the other hand, in the present experiments
the quartz cell may have been more opaque to radiation while heated to
high temperatures. This is quite in accord with the generally observed
shift of absorption to longer wave lengths in liquid and solid systems. Fur-
thermore, some of the gas formed in ammonia decomposition may have
been adsorbed on the walls of the quartz cell after cooling. Thus the
doubling of quantum yield between room temperature and 500° appears
rather as the lower limit of the temperature coefficient of the quantum
yield.

As has been pointed out by Lind!? the temperature coefficient observed
by Kuhn is almost identical with the value found by Wourtzel!® for the
ammonia decomposition by a-particles.

This agreement undoubtedly supports Kuhn’s value as contrasted with
ours. For the following considerations the numerical value of the tem-
perature coefficient is, however, not of paramount importance. Its exist-
ence shows the presence of some secondary reactions requiring activation
energy and favoring the decomposition.

Further facts to be considered in setting up a mechanism of ammonia
decomposition are that neither nitrogen nor hydrogen has any effect on
reaction rate at room temperature?!4 but that the latter retards the rate at
500°.3 :

Bonhoeffer and Farkas'® have shown that ammonia is decomposed
photochemically at pressures as low as 10~* mm. = This, together with
the absence of rotational structure in absorption bands of ammonia and
lack of fluorescence, led the authors to suggest that ammonia molecules
decompose without intervention of collisions in a predissociation® process.
The time interval between light absorption and dissociation in such proc-

12 “Chemical Effects of a-Particles,” Chemical Catalog Company, New York,
.1928, p. 215. '

13 Wourtzel, Le Radium, 11, 342 (1919).

14 Coehn and Pringent, Z. Elekirochem., 20, 275 (1914).

15 Bonhoeffer and Farkas, Z. physik. Chem., 134, 337 (1928).

16 V. Henri, “Structure des Molecules,” Paris, 1925.
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esses has been variously estimated as 10~1°-10~!! sec., thus a time compara-
ble to average time between molecular collisions at atmospheric pressure.
It is, however, necessary to assume that collisions have no effect on dissocia-
tion .of excited ammonia molecules since otherwise a change of quantum
yield with pressure would have been observed. Thus the deficiency of
quantum yield must be due to some secondary reactions in which the
dissociation products recombine again to form ammonia molecules. There
are two energetically possible ways in which ammonia could decompose

I NH; + w—>NH + He
II NH; + v —> NH; + H

The first scheme leads however to reaction mechanisms which do not agree
with experimental facts. The reaction 2NH —> N; + H» would give a
quantum yield unity. The reaction NH + H, —> NH; would require
retardation by hydrogen. The reaction NH + NH; —> No.H4 would re-
sult in a quantitative formation of hydrazine since no mechanism is avail-
able for its decomposition (the reaction NoH, + NH —> NH; + N; + He
would again give a quantum yield unity).

The second mode of decomposition has numerous observations in
its favor.

Thus Farkas, Haber and Harteck' were able to sensitize hydrogen—
oxygen and carbon monoxide—oxygen reactions by decomposing photo-
chemically ammonia added to the gas mixtures. Taylor and Emeléus'®
sensitized in the same manner polymerization and hydrogenation of ethyl-
ene, while Hill and Vernon!® reduced tungstic oxide by decomposing am-
monia at low pressures. All these effects are interpreted as indicating
the presence of hydrogen atoms.

The secondary reactions to be considered if ammonia decomposes accord-
ing to the second scheme are

H+H+M—>H+M (1)
NH; + H+ M —> NH; + M (2)
NH; + H, —> NH; + H (3)

NH; + H —> NH; -+ H, (4)

NH; + NH; + M —> NoHs + M (5)
NH; + NH; —> N: + 2H, (6)
NoH, + H —> N;H; + H, (7

N.H; + N:H; —> 2NH3 + N, (8)

For reactions 2 and 5 the triple collisions are not absolutely necessary
on account of a larger number of internal degrees of freedom available, but
are rather likely.

In considering the reaction mechanism at room temperature, reactions
3 and 4 may be neglected. The first would require a retardation by

7 Rarkas, Haber and Harteck, Naturwissenschafien, 12, 267 (1930).
8 Taylor and Emeléus, THIS JOURNAL, 53, 562 (1931).
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hydrogen; the second has been shown to occur extremely slowly by Boehm
and Bonhoeffer.® For the decomposition at high temperatures, on the other
hand, these reactions are probably quite important, the one producing the
observed retardation by hydrogen, the other the increase of quantum yijeld.

The simplest scheme of secondary reactions at room temperature in-
volves processes 1, 2, 6. It leads, however, to a quantum yield dependent
on total pressure; since reaction 1 requires triple collisions, reaction 6
certainly does not, while 2 is doubtful. In the more general case, when
it is assumed that reaction 2 requires triple collisions at low pressures but
does not at high, a pronounced minimum of quantum yield would be ob-
tained in the transition pressure region of reaction 2. This is certainly
not the case experimentally since if anything a slight maximum was ob-
served at intermediate pressures with zinc spark.

The remaining possibility involves reactions 1, 2, 5, 7, 8. The quantum
yield is now determined by the ratio «j/kis which must be equal to eight
if the quantum yield is 0.25. Since it is quite possible that all these reac-
tions require triple collisions, the quantum yield may be independent of
pressure. It will be also independent of light intensity and amount of
decomposition. Reaction 1 needs no further justification and reaction
2 is also quite likely to occur. Reaction 5 is made plausible by the finding
of traces of hydrazine in ammonia decomp051t10n experiments by the flow
method.

Reactions 7 and 8,% necessary to explain the absence of larger amounts
of hydrazine, may appear somewhat artificial. However, independent
evidence can be adduced in their favor. Elgin and Taylor!® found that in
the presence of excited mercury the decomposition of hydrazine was about
twice as fast as the rate of water formation. Using an incorrect value of
Marshall?L; “for the quantum yield of the latter reaction, they attempted
to derive a chain mechanism for hydrazine decomposition. In the mean-
time Frankenburger and Klinkhard?? have shown that water formation
has a quantum yield near unity. Thus two molecules of hydrazine must
be decomposed by each excited mercury atom. Thls finds a most simple
explanation in the scheme

N;H, + Hg* —> N,H; + H + Hg
N;H, + H —> NoH; + H;
2N, H; —> 2NH; + N

The scheme accounts for the quantum yield, the nature of the réaction
products and also for the observation of Elgin and Taylor that in presence

¥ Boehm and Bonhoeffer, Z. physik. Chem., 119, 385 (1926).

2 Reaction 8 could be replaced by NzHa + T\IH; — N 2 + Hy + NHs. A decision
is impossible at present.

21 Marshall, J. Phys: Ckem., 30, 1078 (1926).

*2 Frankenburger and Klinkhard, Trans. Faraday Soc., 431 (1931)
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of excess hydrogen the rate of hydrazine decomposition remains unchanged.
In the latter case the primary reaction is Hg* ++ Hy —> Hg + 2H followed
by the two last reactions of the preceding scheme. The reactivity of
hydrogen atoms toward hydrazine and their inertia toward ammonia are
quite analogous to their behavior toward methane and higher saturated
hydrocarbons.?®

Results obtained in the extensive work on electric discharges through
ammonia and on allied phenomena are somewhat discordant and no binding
conclusions can be drawn. )

Steiner’s?* conclusion that in the reactions of atomic nitrogen and hydro-
gen hydrazine is formed by the reaction 2NH; + M —> NoH,4 + M agrees
with the one proposed here. However, Steiner’s conclusions should be
reviewed in the light of the unquestionable fact that hydrogen atoms de-
compose hydrazine.

Koenig and Wagner?® find that by decreasing electric current and increas-
ing ammonia flow through silent discharges, the net reaction 2NH; —>-
N.H, + H; can be made to occur almost quantitatively. A decomposition
of ammonia by electron impact in the way suggested by the authors:
NH; —> NH + Ho, followed by the reaction NH + NH; —> NyH,, ac-
counts for these results much better than the decomposition NHz —> NH.
+ H. In the latter case a quantitative yield of hydrazine could hardly be
expected judging from the photochemical reaction.

Results which do not agree with the mechanism of ammonia decom-
position proposed herein are contained in the work of Gedye and Allibone?®
on ammonia decomposition by high speed electrons. They find that the
hydrazine yield increases with decreasing pressure in the range 700 to
50 mm. If NH, radicals are formed here, hydrazine formation is a triple
collision process, the decomposition a bimolecular reaction and roughly a
proportionality of the yield with pressure should be expected. Formation
of NH radicals does not make the explanation simple either. The sugges-
tion of the authors that hydrazine formation is a wall reaction would require
an extraordinary chemical inertia of whatever radicals and atoms are
formed, so that these have time to diffuse to thefwalls.

One difficulty of the proposed ammonia decomposition mechanism has
not been touched upon yet. Accepting the velocity constant of hydrogen
atom recombination as determined by Steiner and Wicke? or by Senft-
leben and Riechemeyer?® it is found that reactions 1, 2, 5 must proceed
chiefly in the gas phase near the upper limits of ammonia pressures here

23 Bonhoeffer and Harteck, Z. physik. Chem., 139, 64 (1928).

24 Steiner, Z. Elektrochem., 36, 807 (1930).

% Koenig and Wagner, Z. physik. Chem., 1444, 213 (1930).

% (edye and Allibone, Proc. Roy. Soc. (London), A130, 346 (1931).

27 Steiner and Wicke, Z. physik. Chem., Bodenstein Festband, 817 (1931).
28 Senftleben and Riechemeyer, Ann. Physik, 6, 105 (1930).
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investigated. Near the low limit of this pressure however the atoms and
radicals have a 1000:1 chance to diffuse to the walls before reaction. Thus
it becomes necessary to assume that the ratio «2/ki; is the same for wall
and gas reactions. '

While this new assumption is not very satisfactory, it offers at any rate
new means of testing the theory by studying ammonia decomposition at
low pressures in vessels with walls prepared either to accelerate or retard
the hydrogen atom recombination. Such experiments are considered for
the near future by one of us.

Concluding, we would like to thank Professor G. S. Forbes for his fre-
quent help and the loan of some of the equipment used in this work.

Summary

1. The gaseous products of the photochemical ammonia decomposition
are a 1:3 nitrogen-hydrogen mixture even under conditions excluding a
photochemical decomposition of hydrazine.

2. The quantum yield of ammonia decomposition at room temperature
is 0.25 independent of pressure, light intensity and time of illumination.

3. At 500° the quantum yield is 0.5 or more.

4. The bearing of these results on other work on ammonia decomposi-
tion is discussed and a mechanism of ammonia decomposition is developed.
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Introduction

As a result of numerous researches in recent years in the field of adsorp-
tion of gases by catalytically active solids, three processes, apart from
compound formation, have become clearly recognized—physical adsorp-
tion, activated adsorption and solution. The characteristics and inter-
relationships of the two types of adsorption are now reasonably clear.?

In the attempt to distinguish adsorption from solution, it has been
customary to assume that the former is always rapid, while the latter is
ordinarily slow. However, since it has been shown that activated ad-

! Du Pont Fellow in Chemistry.

2 (a) Benton, THIS JOURNAL, 45, 887, 900 (1923); (b) Benton and White, ibid.,
52, 2325 (1930); (c) Taylor, ibid., 53, 578 (1931); (d) Taylor and Williamson, 7bid.,
53,2168 (1931); (e) Taylor and McKinney, ibid., 53, 3604 (1931); (f) Benton and White,
ibid., 54, 1373 (1932).
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sorption may be a slow process,®"* it is clear that rate alone is not a
certain criterion. Nevertheless, in the systems copper-hydrogen and
copper—carbon monoxide, it was shown? that by suitable procedures in-
volving both equilibria and rates, activated adsorption and solution could
be sharply differentiated, and the contributions of each to the total sorp-
tion under any conditions could be separately estimated. In the work here
reported, the same methods have been applied in a study of the sorption
of nitrogen, hydrogen and carbon monoxide by reduced iron.

No extensive investigations of sorption by iron have previously been
reported. Sieverts? found the solubility of hydrogen in iron wire at 400°
was very small, but increased with rising temperature; nitrogen dissolved
in gamma but not in alpha iron. The ‘“‘adsorptions” at lower tempera-
tures have been examined by Taylor and Burns® and by Nikitin.f

Experimental Details

Since many of the experiments were continued over long periods, it was considered
desirable to insure against leaks by substituting mercury seals for stopcocks. The appa-
ratus has already been described.?” The sorption under any given conditions of pres-
sure, temperature and time was determined as the difference between the volume of
gas admitted to the bulb containing the iron, and the volume remaining in the free space.
The latter was obtained by experiments with helium in the manner previously described.

The sorbent (Iron I, 54.6 g.) was prepared from an 8-14 mesh sample of fused ferro-
ferric oxide, containing 0.15%, of alumina, for which we are indebted to Dr. P. H. Em-
mett of the Fixed Nitrogen Research Laboratory, Washington. The oxide was reduced
in situ in a current of hydrogen for five days at 375° and for fourteen days at 425—450°.
Evacuation between runs was carried out at 500° by means of a Tépler pump.

Occasional check runs made at intervals throughout the work revealed no trend in
the activity or capacity of the sample. Hence the data obtained for different gases, and
for the same gas under different conditions, are directly comparable.

All volumes are given in cc. at 0°, 760 mm., and all pressures in mm. of mercury
at 0°. ’

Results with Nitrogen

The isothermal adsorption of nitrogen at temperatures from —191.5
to 0° is shown in Fig. 1, Curves 1, 2, 3, 4. In this and later figures open
circles indicate points obtained from lower pressures, that is, after a fresh
addition of gas to the bulb; black circles (and other solid figures) are used
for points obtained by the reverse process.

The rate of adsorption at —183, —78.5 and 0° was apparently instan-
taneous. At —191.5° equilibrium was attained in a few minutes. The
fact that the equilibrium was actually reached is shown by the close agree-
ment of points obtained from higher and from lower pressures.

3 Benton and Elgin, THIS JOURNAL, 48, 3027 (1926); 49; 2426 (1927).

« Sieverts, Z. physik. Chem., 60, 129 (1907).

5 Taylor and Burns, THIS JOURNAL, 43, 1273 (1921).

6 Nikitin, J. Russ. Phys.-Chem. Soc., 58, 1081 (1926); Z. anorg. allgem. Chem.,
154, 130 (1926).
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The observed effects of temperature and pressure, together with the
practically instantaneous rates, leave no doubt that the sole process oc-
curring here is a surface adsorption of the physical type. Thus, the iso-
therms show no tendency to reach a saturation limit, and at the higher
temperatures the adsorption is very nearly proportional to the pressure.
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Fig. 1.—Isotherms for nitrogen and carbon monoxide: Curves
1, 2, 3 and 4 are for nitrogen at —191.5, —183, —78.5, and 0°, re-
spectively. Curve 5 is for carbon monoxide at —183°.

Further, at a given pressure the values decrease uniformly with increasing
temperature, and the heat of adsorption is relatively small, as shown by the
values of Q, in cal. per mole, given in Table I.

TABLE I
HEAT OF PHYSICAL ADSORPTION OF NITROGEN BY IRON I
Vol. adsorbed p at —191.5° pat —183° Q
8.0 22 190 3700
10.0 117 457 2340
12.0 .- 195 641 2050

These heats cover the same range previously found for nitrogen on
copper,® and exceed the latent heat of vaporization of nitrogen (1380 cal )
by a factor of only 1.5 to 3.
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Higher Temperatures.—The data obtained for the sorption of nitrogen
at higher temperatures are given in Table IL. These results were obtained
by introducing a definite amount (5.91 cc.) of gas into the system, and
successively determining the apparent equilibria at the temperatures
shown.

TasLE 11
SORPTION OF NITROGEN AT HIGHER TEMPERATURES
Temp., °C. Pressure, mm, Sorption, cc.
321 418.0 0.43
0 195.1 .42
344 425.1 .54
360 435.6 .56
408 469.6 .54
0 195.1 .42

The sorption at these higher temperatures is considerably greater than
at 0°. Since here the physical adsorption must be negligibly small, it is
evident that these values represent a second type of sorption. The rate of
this process at 0° is very slow, so that little, if any, of the gas taken up at
high temperatures is evolved on cooling to 0°.

The data obtained are incapable of furnishing a definite decision as to
the nature of the high-temperature sorption. On the other hand, since
Sieverts’ experiments* indicate that gaseous nitrogen at ordinary pressures
is insoluble in alpha iron, the evidence points to activated adsorption as
responsible for the observed phenomena. This view is rendered still more
probable by the fact that at the higher temperatures, iron similar to that
here employed is known to activate nitrogen for ammonia synthesis,’
and there is now available a large body of evidence to support the hy-
pothesis that activated adsorption is an essential step in contact catalysis.

Results with Carbon Monoxide.—The isotherm for carbon monoxide
at —183° is plotted in Fig. 1, Curve 5. Here as with nitrogen the rate
was instantaneous. Throughout the whole range of pressure the ratio of
the adsorption of carbon monoxide to that of nitrogen at this temperature
is 1.44 = 0.02. These facts are convincing evidence that in this case also
the process is solely one of physical adsorption.

Measurements were also made with carbon monoxide at —78.5 and 0°,
but in neither case was equilibrium reached, even aiter one hundred hours.
Nevertheless, the observed rates clearly show the existence of two different
processes. A few typical data on rates are given in Table III; the values
shown for zero time are the volumes taken up at the last previous point.

At —78.5° a large fraction of the sorption occurred within three minutes
(0.05 hour), after which the rate decreased sharply. At 0° relatively
little sorption took place during the first three minutes, but after this time

7 Almquist and Crittenden, Ind. Eng. Chem., 18, 1307 (1926).
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TaBLE III
RATE oF SorPTION OF CARBON MONOXIDE
—78.5° 0°

Time, P, v, Time, P, v,
hrs. mm. cc. hrs. mm. cc.
0.0 0.0 0.95 0.0 2.0 1.66
.05 59.0 2.84 .05 191.4 2.40
12.1 29.0 4.00 .30 162.1 3.22
15.5 27.3 4.07 1.01 138.7 3.88
19.8 25.5 4.13 3.50 113.4 4.59
21.5 25.0 4.15 5.00 106.0 4.80
13.0 88.0 5.30

0‘2(5) Zgig gfg 35.6 70.0 5.82
14.7 530.3 7.07 4.8 5777 6.16
27.4 521.8 7.40 0.05 503.7 6.48
38.6 515.9 7.63 1.22 490.7 6.84
50.7 511.4 7.80 5.9 469.8 7.43
62.9 508.9 7.90 21.8 438.0 8.32
87.2 503.4 8.11 50.2 413.2 9.02

the rate was more rapid than at the lower temperature, and the total
sorptions reached after a given time were greater.

" These results are precisely what would be expected if the total sorption
at these temperatures is a combination of physical adsorption and a second
process. Since other surfaces give physical adsorptions of carbon monoxide
and nitrogen in this range of temperature, which are in the ratio® of about
1.5, it may be calculated that here the adsorption of this type, at 500 mm.
pressure, should amount to about 2 cc. at —78.5°, and about 0.2 cc. at 0°.
Thus the first, rapid part of the observed sorption, which is much greater
at —78.5° than at 0°, can be largely accounted for as physical adsorption.
The nature of the subsequent process, whether activated adsorption,
carbonyl formation or solution, or a combination of these, has not been
ascertained.

Results with Hydrogen

Low Temperatures.—The adsorptions of hydrogen at — 195 and —183°
are plotted in Fig. 2, Curves 1 and 2. The striking discontinuities in these
curves have previously been considered in detail, in connection with a
general discussion of stepwise adsorption.? Neglecting the discontinui-
ties, one observes that the general shape of the isotherms is typical of
physical adsorption. There is little or no adsorption at ‘“zero” pressure,
and the values continue to increase with increasing pressure without ap-
proaching a saturation limit. At both temperatures the rate was ap-
parently instantaneous, and values obtained from the side of higher pres-
sure are in excellent agreement with those approached from lower pressures.
The adsorptions decrease with rising temperature, and the heat of adsorp-

¢ Benton and White, TH1s JourNAar, 53, 3301 (1931).
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tion calculated from the isotherms by the Clapeyron equation is about 1600
cal. per mole. These observations show that physical adsorption is the sole
process occurring.

Curve 3, Fig. 2, represents an isotherm at —178.5°. These results must
be considered in the light of the following observations. The first two
portions of gas admitted to the iron apparently came to equilibrium im-
mediately at pressures of 50 and 258 mm., respectively, but the adsorption
in each case was less than 0.05 cc. The next portion gave an immediate
adsorption of 0.30 cc. at 715 mm. In each of these cases the pressure re-
mained constant for the twenty to thirty minutes of observation. Part
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Fig. 2.—Isotherms for hydrogen.

of the gas was then withdrawn from the bulb, with the result that the ad-
sorption at once decreased to 0.05 cc. at 405 mm. However, this volume
did not remain constant, but gradually increased until an apparently con-
stant adsorption of 0.28 cc. was reached after sixteen hours. From this
point on, the values shown in Curve 3 were successively obtained. At
each of these points equilibrium was established very rapidly; even with
times of observation as long as twenty-two hours no change in adsorption
occurred. A repetition of this experiment gave practically identical results,
except that here the slow adsorption (0.24 cc. at 86 mm.) took place at
the first point, where the system was kept under observation for thirty-nine
hours.

The behavior noted is readily accounted for as follows. At —78.5°
there is a small, rapid and readily reversible physical adsorption, which
exhibits steps similar to those at lower temperatures, but here the first step
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occurs at a pressure of about 600 mm. At one point in the course of follow-
ing this isotherm, where sufficient time was allowed, a very slow activated
adsorption of the order of 0.3 cc. occurred. The isotherm subsequently
obtained represents the physical adsorption plus the 0.3 cc. adsorbed in the
activated form. It is remarkable, however, that the activated adsorption,
which reached 0.3 cc. in sixteen hours, showed no further increase in three
days.

Higher Temperatures.—At 0° there was an immediate adsorption of
0.2-0.3 cc., followed by an extremely slow process which did not come to
equilibrium in 35 days. The value reached at the end of this time, 3.28 cc.
at 513 mm, is indicated in Fig. 2. At this point the temperature was
quickly raised to 110°. The result was a rapid decrease of the sorption to
2.06 cc. at 768 mm., but this decrease was followed by a gradual increase
over a period of three days to 2.47 cc. at 748 mm., without any sign of an
approach to final equilibrium.

It may be concluded from these observations that in the neighborhood
of 110° the sorption consists of two distinct processes, one of which is rapid
and decreases in extent with increasing temperature, while the second is
very slow. This conclusion is confirmed by isothermal measurements
conducted wholly at 110°, which showed a rapid initial sorption followed

TaBLE IV
RATE OF SORPTION OF HYDROGEN AT 110 aAND 210°
Time, 1}’0,0 v, Time, 2%’?0 v,
hrs. mm. ce. hrs. mm. cc.
0.0 0.0 0.0 0.0
.05 22.5 .23 .05 56.5 .38
.12 16.0 .35 .60 48.5 .51
.30 5.0 .58 2.7 45.0 .57
1.72 3.0 .62 6.1 43.0 .60
0.05 113.0 0.69 25.0 40.5 64
.30 102.0 .92 0.05 539.3 1.02
.88 99.0 .98 2.0 522.1 1.30
1.63 97.0 1.02 5.0 516.1 1.40
4.38 93.9 1.08 21.0 505.9 1.57
8.13 92.0 1.12 30.5 503.0 1.62
21.7 88.0 1.20 45 500.5 1.66
0.1 315.0 1.42 54 499.6 1.67
69 496.8 1.72
1.0 310.0 1.53
78 496.1 1.73
3.0 307.1 1.59
96 493.7 1.77
7.3 303.4 1.66 17 492 4 1.79
24.7 297.7 1.78 : :
0.05 607.7 1.91
1.05 605.2 1.96
4.6 602.2 2.02
24.3 596.4 2.14
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by a very slow process. At 210° also there was a rapid process, which
involved smaller quantities of gas than at 110°, and again a slow process
ensued. The sorption at these temperatures as a function of time is given
in Table IV.

At the conclusion of the measurements at 110°, when a sorption of 2.14
cc. had been reached, the system was rapidly cooled to —78.5°. At this
temperature the sorption became constant almost immediately at 2.38 cc.
under a pressure of 305.6 mm. It is evident that the gas taken up at 110°
was not desorbed on cooling; on the contrary, an increase of about 0.2 cc.
occurred, which is undoubtedly physical adsorption and is of the same
order as the physical adsorption on the bare surface at —78.5°.
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Fig. 3.—Rate of sorption of hydrogen at 0°: Curve 3, after heating
to 110°.

The sorption at 0° as a function of time is shown in Fig. 3, Curves 1 and
2. The range of pressure involved here was as follows: for Curve 1, 120.5
to 72.7 mm; for Curve 2, 570.5 to 512.8 mm. In each case, after a rapid
initial adsorption of about 0.2 cc., the rate sharply decreased almost to
zero, then gradually increased, and finally fell off again. The change of
sorption with time after heating to 110° is shown in Curve 3, which brings
out clearly the rapid initial decrease of the sorption, followed by a slow
increase.

In interpreting these results it is to be noted that the physical adsorption,
which had already become very small at —78.5°, must be entirely negligible
at 0° and above. The two processes which have been distinguished at
110° may provisionally be regarded as activated adsorption and solution.
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On this basis the activated adsorption is very slow at 0°, except for the
first 0.2-0.3 cc., but rapidly increases in rate with increasing temperature.
The final equilibrium, on the other hand, corresponds to a decreasing
activated adsorption with increasing temperature. If on a plot of the
volumes taken up at 110 and 210° against the time, the slow process at
these temperatures is extrapolated back to zero time, a rough estimate may
be obtained of the fractions of the total sorption which are due to each
individual process. In this manner it was found that (at 500 to 600 mm.)
the activated adsorption amounted to about 1.4 cc. at 110° and 1.0 cc. at
210°; the slow process which has been ascribed to solution amounted to
about 0.7 cc. at each temperature, but the time of observation was much
longer at 210°, so that equilibrium was doubtless more closely approached.
Because of the considerable uncertainty in these values, and because the
slow process had certainly not reached equilibrium, the isobars for the
different types of sorption will not be given here.

If the above view of the situation is correct, it must be concluded that
the process of activated adsorption is awufocatalytic. Thus at 0°, after
about 0.2 cc. had been rapidly adsorbed, an induction period of eight
to ten hours occurred, during which there was little further sorption. Sub-
sequently the rate increased, passed through a maximum, and then de-
creased. This behavior is especially clearly shown by Curve 1 of Fig. 3.
At 110°, in spite of the rapid rate of this process, there was some slight
evidence of the same phenomenon. It is conceivable that only the few
tenths of a cc. which was rapidly taken up at 0° (and slowly at —78.5°)
represents activated adsorption, perhaps on the edges of the crystals,
and that the autocatalytic process involves the formation of a new solid
Phase of iron hydride. Further data will be necessary before this possibility
can be profitably discussed in detail. It may be noted, however, that on
this view the rapid decrease in sorption on heating from 0 to 110° would
indicate that the hydride is unstable at the latter temperature, even at
a pressure of 770 mm.; consequently the rapid process at lower pressures
observed in the experiments at 110 and 210° could not be ascribed to the
formation of this definite hydride.

Discussion

The results for iron are similar in the main to those previously reported
for nickel and copper. At low temperatures all three metals exhibit an
apparently instantaneous physical adsorption, which decreases rapidly
and uniformly with increasing temperature, corresponding to heats of
adsorption which are only about two to four times the latent heat of vapori-
zation of the several gases.

At some point activated adsorption first makes its appearance, and
rapidly increases in rate at higher temperatures. On both copper and
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iron the rate of this process is considerably greater for carbon monoxide
than for hydrogen, and enormously greater than for nitrogen. Comparison
of the different metals shows that the rates of activated adsorption of
hydrogen were about equal for the particular samples of nickel and copper
employed, but were much less in the case of iron. The rate with carbon
monoxide was much less for iron than for copper. (The system nickel-
carbon monoxide has not been studied from this point of view.) Doubtless
the smaller rates with iron are due in part to the fact that the sample of
iron was prepared from fused oxide by reduction at a high temperature,
while the other two metals were obtained by cautious ignition of their
nitrates and reduction at much lower temperatures.

In many of the cases studied, a third process, ‘provisionally ascribed to
solution, has been definitely distinguished. Such a process occurs in the
system, iron-hydrogen. With nitrogen and carbon monoxide in contact
with iron, this third process is not apparent, but it must be noted that in
these latter cases the sorptions have been less extensively examined.

Multimolecular Layers at Low Temperatures.—Inspection of Curves
1 and 2 of Fig. 1 reveals the fact that definite ‘‘breaks” occur in each case
at an adsorption of about 10 cc.  This is apparently the volume of nitrogen
necessary to form a complete unimolecular layer of molecules over the
surface. The sharpness of the breaks is no doubt diminished by the in-
cipient formation of a second layer before the first is entirely completed.
At —191.5° there is a second, less definite break at a volume of 19-20 cc.,
which presumably signifies the completion of the second layer of molecules.
From this point on, the adsorption appears to increase in a regular manner,
gradually approaching infinity as the pressure increases toward the vapor
pressure of liquid nitrogen at this temperature (about 110 cm.).

On this basis the physical adsorptions at the higher temperatures cor-
respond to a very incomplete covering of the surface with a single layer of
molecules. It may be of interest to point out also that the activated
adsorption of the various gases never amounts to as much as 10 cc. From
this fact the conclusion may be drawn that activated adsorption does not
exceed a unimolecular layer, although the latter is closely approached in
the case of carbon monoxide at 0°.

Summary

The isothermal sorptions of nitrogen, carbon monoxide and hydrogen
by reduced iron have been measured at pressures up to one atmosphere
and over a range of temperatures down to 78°K. In many cases also the
change in sorption with change in temperature has been examined, with a
constant volume of gas in the system.

As in the case of copper previously reported, it is found that in general
sorption involves three definitely distinguishable processes, (a) adsorption
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of the physical type, (b) adsorption of the activated type and (c) a third
process which is probably solution. The contribution of the individual
processes to the total observed sorption has been estimated.

The distinguishing characteristics of each process have been further
elucidated, particularly in respect to rates, equilibria, heats and thickaess
of adsorbed layers.

With all three gases at —183° and below, the sorption consists solely
of physical adsorption. In each case activated adsorption occurs at higher
temperatures. The rate of this process is greatest for carbon monoxide
and least for nitrogen. With hydrogen at 110° and above, the third
process, ascribed to solution, comes into prominence.
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It was recently shown in a study of the reaction between oxygen and
ethylene! that activation of ethylene was a primary process in the reaction.
This activation led to the formation of polymerization and pyrolysis
products from ethylene, as well as oxidation products, under conditions
where pure ethylene is not decomposed. The formation of the primary
oxidation products, ethylene oxide and acetaldehyde containing one
oxygen atom and the elements of ethylene in the molecule, and the forma-
tion of the polymerization products, propylene, butylenes and amylenes,
without separation of hydrogen or direct formation of saturated hydro-
carbons or carbon, showed that the activation of ethylene consisted in an
activation of the double bond. Since the primary oxidation and decom-
position reactions of ethylene could be interpreted adequately by assuming
an activation of the double bond under the influence of heat or of oxygen,
it seemed of value to determine whether the next member of the mono-
olefin series of hydrocarbons, propylene, behaved similarly. The work de-
scribed in this paper leads to the conclusion that activation of the double
bond in propylene is the primary process in the oxidation and polymeriza-
tion reactions.

The oxidation of propylene has received little attention. In connection
with the study of the oxidation of ethylene? some experiments on the
oxidation of propylene at 280-315° showed that the liquid products of the

! Lenher, Tais JourNaL, 53, 2420, 3737, 3752 (1931).
2 Lenher, Ref. 1, p. 3748.
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reaction were propylene oxide, propionaldehyde, acetic acid, acetaldehyde,
formic acid, formaldehyde and a peroxide compound, and that the mecha-
nism of the slow oxidation was very similar to the oxidation of ethylene.

The thermal decomposition of propylene has recently been the subject
of several investigations. However, a survey of these researches gives no
clear picture of the principal primary reactions involved in the pyrolysis
of propylene. Frey and Smith® concluded from a study of the decom-
position of propylene at 575° and 760 mm. in a silica vessel with a time of
contact of five minutes that the principal products of the polymerization of
propylene (under these conditions) were butylene and higher hydrocarbons,
_as well as large amounts of methane and ethane. Their results show that
the principal products were methane 10.4% ethylene 8.09,, propane 3.0%,
butylene 2.8%, C,Hy,(n = 5 to 8) 2.6%, ethane 1.9%, and hydrogen 1.7%.
Wheeler and Wood* studied the decomposition of propylene at 650° in
silica vessels at times of contact of twenty seconds and longer and reported
the principal products to be ethylene, ethane, and butylene with small
amounts of aromatic hydrocarbons. Recently Hurd and Meinert® re-
ported on the pyrolysis of propylene in Pyrex glass and quartz at tem-
peratures between 600 and 950° and times of contact of from half a second
at 950° to thirty seconds and up to two minutes at the lower temperatures.
They found that under their conditions propylene broke down to form
simpler gases, the principal products being methane, ethylene, hydrogen,
and paraffins higher than methane (principally ethane) in the ratio 3:3:1:1.
The mechanism of the pyrolysis of propylene was considered to be the
same as that suggested by Hurd and Spence® to explain the pyrolysis of
isobutylene involving breaking of C—C and C—H bonds and a possible
activation of the C=C bonds. Dunstan, Hague and Wheeler,” in a survey
of the pyrolysis of the lower olefins, concluded that the principal primary
reaction, common to all, was the formation of either two-carbon or four-
carbon atom (or both) members of the mono-olefin series. They con-
sidered that the primary reaction in the pyrolysis of propylene was
2C3He = C2H4 + C4Hs.

Experimental

The reaction between propylene and oxygen, and the pyrolysis of oxygen-free pro-
pylene, were studied in the recirculation apparatus described in detail in a previous
communication® using the same experimental procedure. A preheater and reaction
vessel of fused silica were used in all the experiments. The only change in the apparatus
was the use of a smaller charcoal absorption tube 24 mm. by 30 cm. containing 100 g. of

3 Frey and Smith, Ind. Eng. Chem., 20, 950 (1928).

4 Wheeler and Wood, J. Chem. Soc., 1823 (1930).

8 Hurd and Meinert, THIS JOURNAL, 52, 4978 (1930).

¢ Hurd and Spence, bid., 51, 3561 (1929).

7 Dunstan, Hague and Wheeler, J. Soc. Chem. Ind., 50, 316T (1931).
8 Lenher, Ref. 1, p. 3752.
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charcoal, for the recovery of the higher olefins formed. The small amount of charcoal
was used because the large volume of propylene absorbed by the charcoal made use of a
larger amount impracticable to handle in a recovery system. The oxidation products
were determined as outlined in the previous papers on ethylene oxidation.? Propylene
was taken from commercial cylinders (Carbide and Carbon Chemicals Corporation).
Fractional distillation showed it to be free from other olefins. Analysis showed the gas
to be 98.0% propylene, 1.5% propane, 0.13% carbon dioxide and the remainder inerts,
probably nitrogen.

Gas analyses were carried out in a Burrell gas analysis apparatus (Precision Type).
The procedure of Hurd and Spence,!0 based on the differential absorption of the lower
olefins in sulfuric acid of various concentrations, was used for the analysis of the un-
saturated hydrocarbons (acetylene hydrocarbons absent). The directions given by
Hurd and Spence were checked and found to be entirely satisfactory and dependable
for the analysis of a mixture of ethylene, propylene and butylenes, or a complex mixture
of these gases with carbon oxides, hydrogen and lower saturated hydrocarbons.

The higher olefins formed in the reaction and absorbed on the charcoal were re-
covered as liquids by heating the charcoal to 130-140° in a flask and steaming thor-
oughly. The gases and steam evolved were cooled with a long condenser and a water
scrubber. The hydrocarbon products were recovered in a long spiral trap which was
cooled in boiling liquid ammonia following the scrubber. As propylene boils at —47°
and the temperature of boiling liquid ammonia is —88.5° the excess of propylene from
the absorbent charcoal was not condensed with the products. The identity of the
hydrocarbon products was established by fractional distillation, giving the boiling point
of each constituent, and by chemical tests and analyses. The hydrocarbons boiling
below propylene, which were not absorbed by the charcoal saturated with propylene,
were allowed to build up together with carbon oxides in the recirculation system, and
were determined by gas analysis at the end of a run. The amount of propylene con-
sumed in a run, as calculated from the composition of the oxidation and pyrolysis
products, agreed within 109, with the propylene consumption indicated from the observed
volume change in the system and the initial and final composition of the gas.

The results of a number of experiments carried out with the recirculation
apparatus are summarized in Table I and Table II. The runs were all
carried out with high propylene and low oxygen concentrations ; the gas
at the start of a run was 909, propylene, the remainder being air and carbon
dioxide. Oxygen was supplied to the system during the run at approxi-
mately its rate of consumption. The average duration of the experiments
was four hours.

The experiments in Table I show that under the conditions outlined
at temperatures between 500-600° and times of contact of less than eight
seconds the oxidation products of propylene are simple in nature. The
only oxidation products resulting in amounts sufficient for analysis were
acetaldehyde and formaldehyde (grouped as total aldehyde in Table I),
formic acid, carbon oxides and water. No evidence was obtained of the
presence of propylene oxide or of propionaldehyde which are formed in
the oxidation of propylene at lower temperatures.!* It is probable that

? Lenher, Ref. 1, pp. 3744, 3753.
10 Ref. 6, p. 3356.
11 Lenher, Ref. 1, p. 3748.
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TaBLE I

REACTION BETWEEN PROPYLENE AND OXYGEN IN RECIRCULATION APPARATUS USING

PACKED PREHEATER AND ONE LITER REACTION VESSEL OF FUSED Sirica
Yield of products in 9 of

Initial compo- propylene consumed
Temperature, °C. Time of sition of Propylene Oxida- Saturated
Reaction Pre-  contact, gas, % consumed, tion Higher hydro-
Expt. vessel heater sec. CsHs Oz g. products olefins  carbons
1 518 490 3.7 87.5 205:::/ 1.88 73.2* 26.8
2 516 510 7.8 8.8( . 7 38.3> 61.6
3 500 530 7.8 90.9( SuftY774 48.0° 52.0 ..
4 600 58 6.9 91.2J 82061 187" 52.6  28.6
5 510 502 7.8 91.9 No O, 0.0 0.0 0.0 0.0
6 590 570 7.0 92.1 No O, 2.76 0.0 68.1 31.9
@ Total aldehyde 35.1%  ° Total aldehyde 16.1%
HCOOH 2.0% HCOOH 1.29,
Co, 36.19% Co, 21.0%
¢ Total aldehyde 30.1% 4 Total aldehyde 10.6%
HCOOH 1.1% HCOOH 0.3%
CO; 16.8% CO; 5.0%
CO + H; 2.8%
TasLE II

COMPOSITION OF OLEFIN PRODUCTS OF REACTION OF PROPYLENE WITH OXYGEN
Composition of olefin products, %

of propylene reacted Higher
Expt. C4Hs CsHio CeHu2 members
1 26.8 .. ..
2 28.5 14.8 55.9
3 23.4 23.0 53.6 ..
4 9.3 27.4 32.3 30.4°
6 17.8 13.2 68.2 ..

@ 11.3 boils 70-85°; 19.1 boils above 85°.

they were formed and were rapidly oxidized and decomposed at the high
temperatures of the present experiments.

Experiments 1 to 3 show that in addition to oxidation, pyrolysis of
propylene takes place, yielding hydrocarbon products. The only hydro-
carbons resulting from this decomposition of propylene at temperatures
below 530° are higher olefins, butylenes, amylenes and hexylenes. Experi-
ment 5 with pure, oxygen-free, propylene shows that it is unchanged at
510° and times of contact of eight seconds in a silica vessel. A comparison
of Expts. 1 to 3 with Expt. 5 shows that pyrolysis of propylene is effected by
oxygen under conditions where pure propylene is thermally stable. This
activated pyrolysis of propylene is such an important reaction that with
small amounts of oxygen (Expts. 2 and 3) more propylene is pyrolyzed
or polymerized, than is oxidized. It is noteworthy that in this activated
pyrolysis resulting in the formation of higher olefins there was no forma-
tion of oil or tar observed below 600°. At higher temperatures of around
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600° saturated hydrocarbons are formed both in the pyrolysis of propylene
activated by oxygen (Expt. 4) and in the pyrolysis of oxygen-free propylene
(Expt. 6). With pure propylene at 590° over two-thirds of the products of
pyrolysis are olefins and one-third is saturated hydrocarbons with two
carbon atoms in the molecules and with propylene activated by oxygen
at 600° of the hydrocarbon products 64.8% is higher olefins, and 35.29,
is saturated hydrocarbons with two carbon atoms in the molecule. As
higher mono-olefins are the only hydrocarbon products of the pyrolysis of
propylene activated by oxygen at 500°, it can be concluded that higher
mono-olefins are the primary products of the pyrolysis of propylene and
that the saturated hydrocarbons formed at higher temperatures are the
result of secondary decompositions of the primary products.

The higher olefin reaction products were dried over solid potassium
hydroxide and distilled from fresh potassium hydroxide. They were
water-white limpid liquids of density less than 1. They had the character-
istic olefinic odor, they absorbed bromine forming liquid bromides, de-
colorized permanganate solution rapidly in the cold, and were insoluble in
water. The dried mixture of hydrocarbons was fractionated in a small
still. The fraction boiling from —6 to 0° was assumed to be butylene,
after the above chemical tests. In Expts. 1, 2 and 3 sharp fractions at
—6° to 0°, 30-38° and 60-65° were the only products. The fraction boil-
ing from 30-38°, where the amylenes boil, was assumed to be amylenes.
On microcombustion the composition of this fraction was found to be
C = 87.25%, H = 12.719,; theoretical for C.H,, is C = 85.79, H =
14.3%. The fraction boiling from 60-65°, where the hexylenes boil, was
assumed to be hexylenes. This fraction on microcombustion showed its
composition to be: C = 86.71%, H = 12.41%,. In Expt. 4 at 600° the
dried hydrocarbon products recovered from the absorbent charcoal, after
distilling off butylenes (—6 to 0°) boiled over the range 30 to 85° with
two main fractions at 30-40° and 60-69°. The 30-40° fraction analyzed
C = 87.85%, H = 11.27%, and the 60-69° fraction analyzed C = 87 .90%,
H = 11.41% by microcombustion. Redistillation of these fractions from
solid potassium hydroxide and storing over anhydrous magnesium sulfate
did not change the analysis. The boiling ranges of the various fractions
together with their physical and chemical properties show that they were
olefin hydrocarbons. The fractions probably contained small amounts
of dienes, as 1,3-pentadiene b. p. 42°, 2,3-pentadiene b. p. 49-51°, and 1,3-
hexadiene b. p. 72-74°, which would change the ratio for carbon to hydro-
gen from the theoretical for C,H,, in the direction of the higher carbon
and lower hydrogen percentages found by analysis. There was no evidence
of the formation of detectable amounts of cycloparaffins.

A check on the entire experimental procedure was made by filling the
system with propylene, saturating the charcoal and circulating the gas
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with the reaction vessel at room temperature. The charcoal was then
removed and heated to 140° and steamed. No liquid hydrocarbons,
other than propylene, were separated in the recovery system. It is clear
that the hydrocarbons recovered after an experiment had been formed
in the reaction and had not come from the original propylene as contamina-
tion or been formed from propylene in the absorbent charcoal on recovery.

Discussion

These experiments show that propylene containing small amounts of
oxygen undergoes a polymerization reaction as well as oxidation and that
the primary products of this polymerization are higher mono-olefins. The
data show further that oxygen activates this pyrolysis of propylene to
take place more rapidly at a lower temperature than is the case in its
absence.

Since the pyrolysis of propylene activated by oxygen takes place in its
initial stages without separation of carbon or hydrogen or formation of
saturated hydrocarbons, the occurrence of mono-olefin products must be
due to an activation of the hydrocarbon which will allow it to react with
itself without changing the ratio of carbon to hydrogen. This activation
consists in an opening up of the double bond by heat, or oxygen. It has
been shown in the similar behavior of ethylene that this activation may
lead to the formation of activated hydrocarbon molecules by the breaking
of one of the carbon double bonds, and to the separation of methylene
radicals by a scission of the two carbon double bonds; these considera-
tions!? may be taken to apply without modification to the oxidation,
activation and polymerization of propylene. The first step in the reaction
is an activation of the double bond by heat or oxygen

| \
CH;CH=CH; —> CH;CH—CH; (1)
TS CH(CH + —CH
7\ |
CHaCH=CH2 + Oy —> CHsCH—“CHz (2)
\O/

l
0

CH;CH CH; —> CHaCHCHz + 0,
R N
é) CH;CH + —CH; + Os
AN !
Butylene is formed by a reaction of a methylene radical with propylene

12 Lenher, Ref. 1, p. 3756.
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The amylenes may be formed in a reaction between an ethylidene residue
and propylene

CHaC{I + CHsCH=CH2 — CH;CHzCHzCH=CHz (4)
7

. As both butylenes and amylenes occur in amounts which are smaller than
the amount of hexylene, the formation of hexylene is the most important
reaction. Hexylene is formed in the reaction of an activated propylene
molecule with a normal propylene molecule, as

CHsC!H———?Hz + CH;CH=CH, —> CH;CH,CH,CH,CH=—CH, (5)

This reaction presents certain theoretical difficulties as it is a bimolecular
association reaction, but it appears from a recent speculation of Kassel!3
that such reactions are possible.

This outline of the activation and pyrolysis of propylene explains satis-
factorily the observed products and the probable mechanism of the primary
processes involved. Recent investigators of the pyrolysis of propylene3 45
have concluded that the principal primary products are other than those
obtained in the present work. These results of other investigators are not
actually in conflict with the present findings; they show that these authors
were not dealing with the primary products of the pyrolysis of propylene
but that the products which they obtained were the result of a more pro-
found decomposition which carried the pyrolysis beyond the primary
stage. The present experiments carried out at low temperatures and
short times of contact have enabled the isolation of the primary prod-
ucts to be made. Wheeler and Wood’s own work* on the pyrolysis of
the butylenes shows that when they break down at 600° at longer times
of contact than were used in this paper, they yield propylene, ethylene,
ethane, methane and hydrogen, and it may be assumed that the Cs and
Cs olefins yield similar simple products under the same conditions. This
pyrolysis of higher mono-olefins formed as the primary products on heat-
ing a longer time accounts for the simpler olefin and paraffin hydrocar-
bon products obtained by Frey and Smith, Wood and Wheeler and Hurd
and Meinert. It is evident, therefore, that the primary products of the
pyrolysis of propylene are higher mono-olefins and that ethylene, simple
paraffins and hydrogen result from secondary reactions. The formation
of aromatics occurs only above the temperature range considered in this
paper.

The similarity between the behavior of ethylene and of propylene in their
oxidation and pyrolysis reactions shows that the mechansim of these
reactions which has been outlined above and in a previous paper!?is general
for the mono-olefin series of hydrocarbons.

13 Kassel, Turs JourNaL, 53, 2143 (1931).
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Summary

The reaction between propylene and oxygen at high propylene and low
oxygen concentrations has been studied in a recirculation apparatus be-
tween 500 and 600°. In addition to oxidation of propylene, pyrolysis of
propylene takes place.

The oxidation products were acetaldehyde, formaldehyde, formic acid,
carbon oxides and water.

The primary products of the pyrolysis were higher mono-olefins, buty-
lenes, amylenes and hexylenes. Secondary products of pyrolysis are olefins,
paraffins and hydrogen. )

The temperature at which pyrolysis of pyropylene is appreciable is
lowered greatly by the presence of small amounts of oxygen, and the rate of
pyrolysis is markedly increased.

A mechanism of the oxidation and pyrolysis of propylene based on the
activation of the carbon double bond has been outlined.

W1 MINGTON, DELAWARE

[ConTRIBUTION FROM GATES CHEMICAL LABORATORY, CALIFORNIA INSTITUTE OF
TECHNOLOGY, No. 307]

THE GAS PHASE EQUILIBRIUM BETWEEN METHYL NITRITE,
HYDROGEN CHLORIDE, METHYL ALCOHOL, AND
NITROSYL CHLORIDE. THE ABSORPTION
SPECTRUM OF NITROSYL CHLORIDE

By J. A. LEErMAKERS AND H. C. RAMSPERGER
RECEIVED DECEMBER 16, 1931 PuBLISHED MAY 7, 1932

Free energy values of organic substances will probably most often be
obtained from heats of combustion and specific heat data by use of the
third law of thermodynamics. They may, of course, be obtained with
considerable accuracy from equilibrium data, but often a good equilibrium
free from side reactions cannot be obtained with organic compounds. It is
still more unusual to establish a gas phase equilibrium at room temperature.
In the course of an investigation by the junior author to locate a gas phase
reaction suitable for reaction rate research it was found that an equilibrium
was very rapidly established between the gases listed in the title at room
temperature. This was shown by the immediate partial disappearance
of the color of nitrosyl chloride gas when added to an excess of methyl
alcohol gas, and the appearance of the same color when hydrogen chloride
gas was added to methyl nitrite gas. The thermodynamic data for the
three gases, methyl alcohol, nitrosyl chloride and hydrogen chloride are
quite accurately known so that from equilibrium measurements at two
temperatures we are able to calculate the free energy of formation, the
heat of formation and entropy of methyl nitrite.
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Experimental Method

The equilibrium eoncentrations were obtained by quantitative measure-
ments of the absorption of light in the spectral region 4000 to 5000 A.,
where the absorption of nitrosyl chloride is quite strong. Of the other
substances only methyl nitrite absorbs light in this region and then only
faintly between 4000 and 4200 A. From our determination of the absorp-
tion of pure nitrosyl chloride and methyl nitrite, the absorption of an
equilibrium mixture of the four substances and the initial pressures of two
of them it is possible to calculate an equilibrium constant for the reaction

CH:ONO (g) + HCI (g) = CH:OH (g) + NOCI (g)

Preparation and Purification of the Compounds.—Nitrosyl chloride was prepared
by passing hydrogen chloride into nitrosyl sulfuric acid obtained from sulfur dioxide and
fuming nitric acid.! The nitrosyl chloride was repeatedly distilled and collected at
—20° to remove traces of hydrogen chloride and finally fractionally distilled through
a column surrounded by a bath at —25°. The middle fraction boiling at —6.0 = 0.2°
was used. This was distilled at a low temperature on a high vacuum line into a number
of small tubes each drawn down to a capillary and maintained at —78°. When suffi-
cient nitrosyl chloride had collected in a small tube, the supply was also cooled to —78°
stopping the distillation and the tube was sealed off.

Methyl nitrite was prepared by dropping sulfuric acid into a stirred and gently
heated mixture of sodium nitrite and methyl alcohol. The evolved gas was passed
through fused calcium chloride and collected at —78°. The liquid was fractionally
distilled through a column surrounded by ether cooled by solid carbon dioxide to about
—30° and was collected at —78°. It boiled at a constant temperature of —17.0°
and the middle portion was used. It was found necessary to eliminate traces of nitro-
gen dioxide since the strong characteristic absorption bands of this substance interfered
with the measurements. A supply of pure methyl nitrite was obtained by allowing the
gas to pass through a long tube containing soda lime into a one-liter storage flask sealed
onto the vacuum system and previously evacuated. No bands of nitrogen dioxide were '
then found in the sample even when a pressure of the gas as high as 40 cm. was in the
absorption tube,

The methyl alcohol used was Baker’s Analyzed absolute methyl alcohol. This was
further dried by refluxing over aluminum amalgam and was then fractionally distilled.
It was placed in a small receiver equipped with a stopcock, sealed to the vacuum system,
and enough of the vapor pumped off to displace all of the air.

Hydrogen chloride was obtained by dropping c¢. p. hydrochloric acid on concen-
trated c. p. sulfuric acid. The hydrogen chloride gas was passed through wash bottles
containing concentrated c. p. sulfuric acid, then through a tube filled with c. p. anhydrous
calcium chloride, and was collected in a half-liter flask equipped with a stopcock and a
tube sealed to the bottom. When gas sufficient to displace the air had passed through
the flask the stopcock was closed and the entrance tube sealed off. The flask*was sealed
to the vacuum system and the hydrogen chloride was frozen down by means of liquid air
into the tube at the bottom. Any air left in the flask was then pumped off, the stop-
cock was closed, and the solid hydrogen chloride allowed to evaporate into the flask.
It was used without further treatment.

The Absorption Curve of Nitrosyl Chloride and Methy! Nitrite.—A Pyrex absorption
cell 4 cm. in diameter and 40.0 cm. long with plane parallel windows was filled with ni-

! Scott and Johnson, J. Phys. Ckem., 33, 1975 (1929).
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trosyl chloride or methyl nitrite gas as shown in Fig. 1. The absorption cell A was
evacuated with a mercury diffusion pump through G. It was filled with nitrosyl chloride
by breaking the capillary end of the tube B containing liquid nitrosyl chloride with
the magnetic hammer C, or filled with methy] nitrite from the supply D.

The pressure was measured by a “clicker” system. The pressure on the “clicker’’?
sealed in the bottom of the bulb F was controlled by the variable leaks J or by vacuum
through H and was measured by a
McLeod gage having a compression
of about eight-fold so as to read ac-
curately pressures of several cm.

The absorption cell was then im-
mediately sealed off just above the
side tube. Capillary tubing was used
to prevent too much reaction of ni-
trosyl chloride with the grease of the
stopcock before sealing off.

Figure 2 shows the apparatus for
photographing the absorption spec-
trum. Light from the 40-watt mazda
lamp B operating under constant volt-
age passes through the diaphragm C
which is covered with a ground glass,
then through the partition D, the
shutter E, the diaphragm F, the ab-
sorption cell H containing the absorb-
ing substance, the diaphragm F’, and
finally into the slit of the spectrograph
N. The cell is attached to the gal- A /
vanized iron thermostat by the large Fig. 1.
rubber tubes at G and G’ which slip
over the brass tubes soldered into the ends of the thermostat. The cell has a side tube J
(not shown in Fig. 1) used for freezing out the contents of the cell with liquid air. Kisa
heater and stirrer, L the mercury thermo-regulator and M is a thermometer which was
calibrated against a Bureau of Standards thermometer.

ro

4 \‘
! \
| i
N4
N4

Al® TH TN

G G

c DE F k M F
Fig. 2.

A series of spectra are photographed with the absorbing medium in the cell, the cell
contents are frozen out, and then a series of photographs are taken on the same plate
in between the first exposures. These latter exposures are given the same exposure time
but are uniformly reduced in intensity for all wave lengths by placing screens of known
absorption in the light path at D. The blackening of the photographic plate on two
adjacent spectra is the same for those wave lengths for which the particular screen and
the gas in the cell have the same absorption. Positions of equal intensity were deter-

2 Smith and Taylor, THIS JOURNAL, 46, 1393 (1924).
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mined by a method similar to that used by Ramsperger and Porter.? The photometer
system for this purpose is shown in Fig. 3. The photographic lens D projects an image
of the plate in the holder C on the screen L with a magnification of about eight times. A
high light intensity is obtained by the 500-watt projection lamp A and the condensing
lenses B. A slit in the screen 2 cm. long and 2 mm. wide allows the light from a very
narrow region of the spectrum to fall onto a cesium photoelectric cell E. F is a 45-volt
battery, G a 10-megohm resistance, H a Leeds and Northrup high-sensitivity galvanome-
ter with critical damping resistance J. With a scale at two meters, deflections of 6 to
20 cm. were obtained. The plate in the holder C could be moved either vertically or
horizontally so as to bring the image of the spectra on the slit at any wave length.
Points of equal deflection could be located with an accuracy of 2 to 5 A. An iron arc
spectrum served as a wave length reference. We wish to thank Professors Dickinson
and Beckman of this Laboratory for the use of the screens which were constructed and
calibrated by them. They determined the transmission of the screens by use of a ther-
mopile and a constant light source.

Fig. 3.

Table I gives the data obtained for the absorption of nitrosyl chloride and
methyl nitrite at temperatures of 25 and 50°. The pressures are calculated
to 25°. The absorption coefficients at the wave lengths listed are then
calculated by assuming that Beer’s law is obeyed over the range of pressure
investigated. The relation used was I,/I; = 10™%¢ where I,/I, is the
fraction of light transmitted, ¢ is the concentration expressed in cm. of
mercury pressure at 25°, d is the length of the absorption cell (40.0 cm.)
and e is the absorption coefficient. Values of € are plotted against the
wave length in Fig. 4.

The small circles on the dotted line portion of the curve at 25° were esti-
mated from the difference in galvanometer deflections from the nearest
points of equal intensity on one of the plates. This region of the curve
was not used in determinations of the equilibrium concentrations of
nitrosyl chloride. The coincidence of several points at different pressures
indicates that Beer’s law is obeyed fairly well in the range studied.

The Partial Pressure of Nitrosyl Chloride at Equilibrium.—When
nitrosyl chloride of concentration ¢ and of absorption coefficient e, is present

3 Ramsperger and Porter, THIS JOURNAL, 48, 1267 (1926).
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TaBLE 1
Points OF EQUAL INTENSITIES (ANGSTR(‘&M UNITs) ON PHOTOGRAPHS TAKEN THROUGH
SCREENS AND THROUGH NITROSYL CHLORIDE AND METHYL NITRITE AT VARIOUS TEM-
PERATURES AND PRESSURES

trax{;‘ti'il:ted NOCI CH:ONO
Screen by 3.86 cm. 11.02 cm. 8.44 cm. 41.84 cm.
no. screen 25° 50° 25° 50° 25° 50° 25° 50°
2 0.459 4960 4940 4108 4115
4530 4543
4520
3 .2395 4170 4190 4065 4080
4168*
4 . 1032 4005 4010 4960 4945 4862 4855 4037 4045
4007 4550 4255 4642
4505 4653 4432
5 .0553 4850 4847 4186 4208 4018 4025
4650 4647
4263 4406
4340
4295

% Duplicate plate to check accuracy.

in the same cell with methyl nitrite of concentration ¢; and absorption
coefficient ¢ the Beer’s law expression becomes I,/I = 10~ (e tamd 1§

/

5.0

4.0 /Z{

3.0 _— e
2.0 /% /@/ Xh\\%" i

1.0 |—ee=—"
5000 4900 4800 4700 4600 4500 4400 4300 4200 4100 4000
Nin A.

Fig. 4 —Absorption coefficients of nitrosyl chloride and of methyl nitrite
plotted against wave lengths. The two upper curves are for nitrosyl chlo-
ride; those in the lower right-hand corner are for methyl nitrite. The
open circles are for 25°, the circles enclosing crosses are for 50°.

e X 103,

the initial concentration of nitrosyl chloride is ¢ and its equilibrium con-

centration after adding methyl alcohol is x, the expression becomes I,/Io =
10— {ax + el — ) jd,

The same expression results if, in starting with methyl nitrite and hydro-
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gen chloride, a is the initial concentration of methyl nitrite. The equilib-
rium concentration x can then be calculated from values of ¢ and ¢ obtained
from the absorption curve for the wave length at which 1,/ is measured.

The cell was filled with the two initial substances and their pressures
were determined as described before and shown in Fig. 1. Methyl alcohol or
hydrogen chloride was attached at E. Capillary tubing was used as in-
dicated so that when the cell was sealed off just above the side tube no
appreciable error was made in the partial pressures of gases admitted even
though perfect mixing in the tubing had not taken place. The procedure
in making the exposures and finding the points of equal intensity was
similar to that for determining the absorption curves for the pure gases.
Table II gives the complete data of two experiments. Table III gives a
summary of all of the experiments.

TaBLE II
SAMPLE EXPERIMENTS
Points of equal Pressure
Exposure Absorbing medium intensity, A. NOCI
Expt. 4b. CH;ONO, 4.03 cm.; HCI, 7.45cm.; T, 50°

1 Cell and contents 4235 2.43

2 Screen No. 2 4230 2.39

3 Cell and contents

4 Iron arc source

5 Cell and contents 4043 2.47

6 Screen No. 3 4037 2.44

Cell and contents

~I

Average 2.43
Expt. 5a. CH3;ONO, 5.90 cm.; HCl, 3.07 em.; T, 25°

1 Cell and contents
2 Screen No. 2 4125 1.69
3 Cell and contents 4123 1.69
4 Iron arc source
5 Cell and contents
6 Screen No. 3 4000 1.72
7 Cell and contents 4003 1.73
Average1.71
TaBLE III
SUMMARY OF EXPERIMENTS
Expt. Initial pressures, cm. Pressure of NOCI at equilibrium
no. CH;ONO HCl NOCI CH;0H 25° 50° Kws K
4 4.03 7.45 2.26 =0.04 2.43 =0.02 0.556 0.735
5 5.90 3.07 1.71 = .01 1.8 = .02 .513  .739
6 4.58 2.87 2.47 = .02 .422
7 4.56 4.14 2.04 = .03 2.26 = .03 .520 .785
8 12.70 3.44 9.64 = .10 9.78 = .09 .391 .596
12 6.02 4.06 3.44 = .10 .764
13 4.75 4.19 2.14 = .01 2.26 = .06 .497  .620

14 4.20 3.76 2.07 = .03 .744
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Experiments 1 and 2 are not included because they were preliminary
experiments made before the apparatus was in its final form. In Expts.
3, 9, 10 and 11 the total pressure in the cell was sufficiently high so that
there was some evidence of condensation in each case. The equilibrium
pressures of nitrosyl chloride are generally the average of four points.
The average deviation from the average is shown by the = sign in columns
6 and 7. Equilibrium constants have been calculated by assuming the
fugacities of the gases equal to their pressures. Experiments 6 and 8
deviate rather badly from the others listed. In these cases the con-
centration of methyl alcohol at equilibrium is very low, in fact so low
that the estimated experimental error in the measurement of the nitrosyl
chloride pressure will produce a very large error in the equilibrium con-
stant. These experiments have not been used in obtaining an average
equilibrium constant. Experiment 13 at 50° gives a constant which differs
widely from the remaining constants at this temperature. No explanation
is known for this discrepancy. The probable error of the average constant
at 50°, if this value is excluded, is about equal to the probable error intro-
duced by the probable errors in the measured pressures of nitrosyl chloride,
while if this value be included the probable error of the average equilibrium
constant is increased three-fold. We feel therefore that this value should
likewise be excluded in obtaining an average equilibrium constant. When
these values are excluded the average value of Kasy = 0.521 and Ksssa =
0.753.

Evidence of a True Equilibrium.—We may present the following evi-
dence that a true equilibrium free from side reactions has been obtained.
The data of Table III show that the equilibrium constant is independent of
the direction from which the equilibrium is established. It is independent
of moderate variations in the partial pressure of the starting materials.
No light-absorbing gas other than nitrosyl chloride or methyl nitrite (such as
nitrogen dioxide) is likely to be present in appreciable amounts since the
calculated concentration of nitrosyl chloride was the same at several wave
lengths and any other absorbing gas would not likely have a characteristic
absorption curve so very much like nitrosyl chloride. An experiment was
carried out in which definite amounts of hydrogen chloride and methyl
nitrite were mixed and the calculated pressure was obtained showing that
no change in pressure occurred during the reaction. The equilibrium
pressure of nitrosyl chloride as determined by its light absorption was
found not to be changed on standing in the dark for an hour or on being
illuminated for two hours.

Thermodynamic Calculations.—From the equilibrium constants we
find for the reaction

CH,0NO (g) + HCI (g) = CH;OH (g) + NOCI (g)
AFgs; = 385 cal. and AFpsy = 182 cal.
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Assuming AC, zero over the range of temperature investigated AHgs.; =
2805 cal. Then ASms; = 8.12. The error in AF is quite small. The
probable error of AH may be estimated roughly at 300 to 400 cal. and of
AS about 1.0 entropy unit.

To calculate AFyg;, AHys; and ASss; for the reaction of formation
of methyl nitrite from the elements and the entropy of methyl nitrite it
will be necessary to make some choice of the available thermodynamic
data of the other three substances occurring in the equilibrium. We have
chosen the following data

3H: (g) + 3ClL (g) = HCl(g) AFfs. = —227404
NO (g) + 3Cl(g) = NOCl(g) AFfs1 = —4300 AHzs, = —9300°
N, (g) + 30. (g) = NO (g) AHss: = 216008
CH;O0H (1) + 8/20;(g) = CO;(g) + 2H:0(1) AHzgsq = —173,6307
C (graphite) —I— 02 (g) = COg (g) AH293.1 = —042408
H; (g) 4+ 30; (g) = H:O (1) AHuysa = —68313°

Vapor pressure of CH;0H (1) at 298.1° = 122.2 mm.1
CH;0H (1) = CH3;0H (g) AHzes = 894711 ASjeq = 26.36
The following values of the molal entropy at T = 298.1° and one at-

mosphere have been used for third law calculations

H; (g) = 31.23 Giauque, THIS JOURNAL, 52, 4825 (1930)

C (graphite) = 1.3 Lewis and Randall, “Thermodynamics and the Free Energy of
Chemical Substances,” McGraw-Hill Book Co., Inc., New
York, 1923, p. 464

N. (g) = 45.78 Giauque, private communication

0; (g) = 49.03 Giauque and Johnson, TH1S JOURNAL, 51, 2300 (1929)
Cl; (g) = 53.3 McMorris and Yost, 1bid., 53, 2625 (1931), footnote 2631
NO (g) = 50.43 Johnson and Giauque, 7bid., 51, 3194 (1929)

HCI (g) = 44.64 Giauque and Wiebe, ¢bid., 50, 101 (1928)

CH;OH (1) = 30.3  Kelley, 4bid., 51, 180 (1929)

The resulting data for the free energy, heat and entropy of formation at
298.1° and one atmosphere and the entropy of the four substances occurring
in the equilibrium are listed in Table IV.

¢ “International Critical Tables,” McGraw-Hill Book Co., Inc., New York, 1930,
Vol. VII, p. 233.

5 Dixon, Z. physik. Chem., Bodenstein Festband, p. 679, July 15 (1931).

6 Lewis and Randall, “Thermodynamics and the Free Energy of Chemical Sub-
stances,”” McGraw-Hill Book Co., Inc., New York, 1923, p. 560.

7 Rossini, Proc. Nat. Acad. Sci., 17, 343 (1931).

8 Roth and Naeser, Z. Elecirochem., 31, 461 (1925).

® Rossini, Bur. Standards J. Research, 6, 1 (1931).

10 “International Critical Tables,” McGraw-Hill Book Co., Inc., New York, 1928,
Vol. 3, p. 216.

11 Fiock, Ginning and Holton, Bur. Standards J. Research, 6, 881 (1931).
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TaBLE IV
CoNSTANTS AND DATA FOR COMPOUNDS
HCI (g) NOCI (g) CH3O0H (g) CH:ONO (g)

AFss. —22,740 16,400 —38,870 —100
AHogs.1 —22,030 12,300 —48,290 —16,750
ASss. 2.38 —13.8 —31.6 —55.9
Sses.1 44.64 60.3 56.7 64.2

Summary

Quantitative measurements of the light absorption of nitrosyl chloride
and methyl nitrite have been made. Measurements of the light absorption
due to nitrosyl chloride present in the gas phase equilibrium CH;ONO (g)
+ HC1 (g) = CH;0H (g) + NOCI (g) have been made and equilibrium
constants calculated for the temperatures of 25 and 50° for both the forward
and reverse reactions. The equilibrium is instantly established, is inde-
pendent of the direction from which it is established and is free from side
reactions. The equilibrium constants are Kysy = 0.521 and K. = 0.753.
From these values and from thermodynamic data in the literature for
hydrogen chloride, nitrosyl chloride and methyl alcohol we have calculated
the free energy, the heat and the entropy of formation and the entropy of
methyl nitrite.

PasapeNA, CALIFORNIA

[CONTRIBUTION FROM THE RESEARCH LABORATORY OF THE GENERAL ELECTRIC
CoMmpaANY]

REACTION OF GASES WITH INCANDESCENT TANTALUM

By MARY R. ANDREWS

RECEIVED DECEMBER 19, 1931 PuUBLISHED MAY 7, 1932

1t has been known for many years that tantalum, when heated, absorbs
actively such gases as nitrogen and hydrogen, but early experimentation
was confined to the comparatively low temperatures obtainable in furnaces,
and the pressures were the comparatively large ones measurable with a
manometer.! With modern methods of vacuum technique, it is possible to
study reactions at very low pressures and at temperatures up to the melting
point of the material under observation. Tantalum offers a particularly
interesting subject for such a study.

The following work was done with tantalum filaments mounted in bulbs
on an exhaust system. The system contained a reservoir of the particular
gas in use and suitable mercury traps for shutting off known volumes.
Pressures were read with McLeod gages.

1 Von Bolton, Z. Electrochem., 11, 45 (1905); Sieverts and Bergner, Ber., 44,

2394 (1911); Balke, Chem. Met. Eng., 27, 1271 (1922); Borelius, Metallwirtschaft, 8,
105-108 (1929)
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Nitrogen.—The tantalum filament was given a preliminary degassing
in vacuum at 2400-2500° until the cold resistance had decreased to a
constant value and no more gas was evolved. A known pressure of ni-
trogen was then admitted, the filament run at a constant wattage and the
pressure was read at known intervals until the gas had been absorbed to an
equilibrium pressure.

If, now, another charge of nitrogen was admitted and the filament again
run, absorption took place at a somewhat lower rate than before, and the
equilibrium pressure was somewhat greater (see Fig. 1). During the first
part of any run, the temperature is uncertain, due to the cooling effect of the
gas, but for low equilibrium pressures the temperature at the end of the
run is accurate within a few degrees.
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Fig. 1.—Absorption of nitrogen in a volume of 3250 cc. by a
10 mil tantalum filament 20 cm. long at 2100°K. Pressure in
system vs. time of absorption.

If, after absorbing nitrogen, a filament is run in an evacuated bulb, it will
evolve gas until an equilibrium pressure is again reached. For a given
concentration of gas in the metal, the equilibrium at any given temperature
is the same whether obtained by absorption or evolution. If the filament
is heated while the gas evolved is steadily pumped away, it will lose all the
nitrogen it has absorbed and return to its original degassed condition. In
this process there is no loss of tantalum.

These results prove that, at least in low concentrations, nitrogen goes
into tantalum by solution, not by the formation of a compound. Were a
compound formed, the equilibrium pressure (or decomposition pressure)
would be constant during absorption at any given temperature, inde-
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pendent of the amount absorbed, until all the metal had been converted to
the compound.

Figure 2 shows a composite curve of the logarithm of the equilibrium
pressure versus the logarithm of the concentration of nitrogen in the fila-
ment at 2240°. The concentration is given as the volume (at N. T. P.) of
gas absorbed divided by the volume of the filament, that is, the number of
times its own volume absorbed by the filament. It should be noted that
the slope is about 1:2, or that the pressure varies as the concentration
squared. This agrees with results obtained by Sieverts and Bergner on the

EQUILIBRIUM V5, CONCENTRATION|
70 NITROGEN IN TANTALUM 7]
AT 2240°K.
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Fig. 2—Equilibrium pressure vs. concentration of nitrogen in
tantalum at 2240°K.

solubility of hydrogen in tantalum, and indicates that the gas is absorbed
in the atomic state. At a concentration of about a hundred volumes,
which would give a composition corresponding to TayN, this curve shows
a sudden break in such a direction that by increased concentration of
nitrogen in the filament the equilibrium pressure is lowered. Dr. W. P.
Davey very kindly took x-ray photographs of two samples of nitrogen-
charged tantalum, one of which contained about fifty volumes of nitrogen,
the other about two hundred volumes. The first filament showed only the
tantalum structure, but the second, more highly charged filament, showed,
besides the tantalum structure, an entirely different crystal form. It isnot
known whether this is the structure for tantalum nitride or whether the



1848 MARY R. ANDREWS Vol. 54

strain produced by the absorbed gas causes the metal to go into a new form
in which nitrogen is more soluble. If the change is to the nitride structure,
one would assume that the decomposition pressure of the compound was
about that at the point A (Fig. 2) and that the metal in absorbing nitrogen
became supersaturated and then suddenly reacted to form the nitride with
the excess gas, both within and without the metal. This would explain the
shape of the curve at higher concentrations quite nicely, the level part at
more or less constant equilibrium pressure being the range through which
nitride is being formed. There are, however, objections to this theory.
First, it is possible to produce this maximum not only through absorption,
but also in the opposite direction by evolution of gas from the filament.
For instance, a filament which had absorbed 275 volumes of nitrogen was
heated at 2200°K. in an evacuated system of known volume so that it
evolved gas until an equilibrium pressure was reached. Gas was pumped
out and equilibrium again obtained by evolution from the filament. The
following shows the maximum pressure obtained at 112 volumes of nitrogen
in the filament

Vol. of Ny in filament............... 200 175 112 70
Equilibrium pressure, microns........ 23 22 35 26

If the peak were due to supersaturation, it should not appear when the gas
is removed. Moreover, the electrical resistance at room temperature,
which increases almost linearly with the concentration of nitrogen, shows
no break at this critical concentration, such as would be expected if a
compound were being formed [see Fig. 4].

As for the shape of the pressure—concentration curve obtained at the
'higher concentrations (shown as a broken line in Fig. 2), it may have to be
altered considerably because above a concentration of about 200 volumes
the emissivity of the surface appears to increase gradually, the color going
to a dull gray. As no allowance was made for this change, in the wattages
used, the filament temperature undoubtedly fell considerably through the
range 200 to 700 volumes concentration. Above seven hundred volumes
the equilibrium pressure appears to increase rapidly, but because at these
high concentrations the filament becomes very brittle, few measurements
could be made. A concentration of 900 volumes would correspond to
complete conversion of the metal to TaN. It seems probable, therefore,
that at about the concentration of 700 volumes this compound begins to
form with a resulting sintering of the surface and a rise of the temperature
to something much closer to the original value. If this is so the equi-
librium curve should follow, at constant temperature, the cross-hatched
line shown in Fig. 2.

As the temperature of the metal is increased, the rate of solution in-
creases, but the solubility decreases, 4. e., the equilibrium pressure for any
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given concentration increases. Absorptions were made from 1600 to
2400°K. Figure 3 shows the equilibrium pressures for constant nitrogen
content in the wire, plotted as the logarithm of the pressures against the
inverse of the temperature. From the slope of these lines, the heat of
solution is calculated to be 102,000 calories. This value may be somewhat
in error due to the necessary correction made for the cooling effect of the
gas on the filament at the higher temperatures and pressures.
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Fig. 3—Equilibrium pressure vs. temperature at constant
concentration of nitrogen. Lower curve: filament contains 40

volumes of nitrogen. Upper curve: filament contains 80 volumes
of nitrogen.

Oxygen.—Oxygen is absorbed by tantalum in a somewhat different
manner than nitrogen. Whereas nitrogen is taken up very slowly below
1600°, oxygen is absorbed quite readily at 1000°K. and with extreme
rapidity at 1800°. Absorption is quite complete up to twenty volumes,
the residual pressures being negligible. Further absorption at 1800°
(which takes place with great rapidity) leads to the formation of a com-
pound. This is shown by the variation of the resistance with gas content.
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(See the oxygen curve in Fig. 4.) The cold resistance increases rapidly
with concentration up to twenty volumes and then much more slowly.
There appears to be a slight supersaturation just before the oxide begins to
form. Not enough work has been done in the absorption of oxygen to
show whether the solubility, at the point at which compound formation
begins, varies with temperature.
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Fig. 4.—Resistance at room temperature vs. gas content. Resist-
ance given as the ratio to the resistance of the gas-free filament.

A filament containing twenty volumes of oxygen was examined by Dr.
Davey with the x-ray spectrograph. It showed the tantalum structure,
but the lattice was stretched, apparently somewhat more in one direction
than in the others. This would be exactly what might be expected from a
solution of gas in the metal.

Microphotographs were taken of longitudinal sections of a filament that
had absorbed 500 volumes of oxygen. The filament was very badly
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crinkled and the surface under the microscope looked cracked and scaly
(see Fig. 5). The photographs show that penetration takes place most
freely along grain boundaries so that the oxide forms in streaks and thin
sheets. A concentration of 500 volumes is about one-fifth that necessary
to form TayOs, and the photographs suggest that nearly this fraction of
the metal has reacted. »

At the point at which the oxygen compound is first formed, the filament
begins to turn dark, so that temperatures were quite uncertain at higher
concentrations.

The dissolved oxygen, 1. e., the first twenty volumes absorbed can be re-
evolved if the filament is run in vacuum at 2200-2300°. There is no
appreciable loss of metal in the
process. If a filament contain-
ing a greater amount of oxygen
is heated to such a temperature,
some metal is vaporized and de-
posits as a black film on the bulb
wall.

Hydrogen.—The absorption
of hydrogen offers an interest-
ing study. At the pressures
used, 50 microns or less, no hy-
drogen was absorbed when the
tantalum was heated in the gas;
but if an auxiliary filament of
tungsten was run in the same
bulb at a high temperature so as
to dissociate some of the hydro-
gen and the tantalum filament Fig, 5—Photomicrographs of tantalum filament
was run at the same time at 800  which has absorbed 500 volumes of oxygen.
t0 1200°, hydrogen was absorbed
by the tantalum. Solubility was greater at the lower temperatures. At
any given temperature absorption would take place until an equilibrium
was established. Addition of more hydrogen caused increased absorption.
The action was exactly similar to the absorption of nitrogen except that
equilibrium was established between the dissolved hydrogen and the external
pressure of atomic hydrogen. That is, if equilibrium was established with
the tungsten filament running at a constant temperature, say 2400°K., and
the tantalum also constant, at say 1000°K., and the temperature of the
tungsten filament was then increased, to, say, 2600°, thus increasing the
fraction of the hydrogen dissociated, the tantalum absorbed hydrogen
further until a new equilibrium was established. If the tungsten filament
was lowered in temperature, the tantalum would immediately evolve gas to
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establish again an equilibrium, or if the current was taken off the tungsten
filament, the tantalum one being left at 1000°K., gas would be evolved from
the tantalum until practically all that had been absorbed had reappeared.

The hydrogen curve in Fig. 4 shows that the resistance at room tempera-
ture rises less rapidly with hydrogen concentration than for either oxygen or
nitrogen. It can be assumed that this is due to the small atomic volume of
the hydrogen, so that a given number of molecules dissolved in the metal
would strain the lattice less than larger atoms. There was no evidence of
any compound up to the maximum concentrations of hydrogen reached.

Water Vapor.—One or two experiments were made on the reaction
between water vapor and hot tantalum. Above 1400°K. the water is
decomposed with absorption, by the filament, of the oxygen and evolution
of the hydrogen. At 1200° the reaction is negligibly slow.

It was observed in the absorption of both nitrogen and hydrogen that
the rate of absorption was much less when a new filament was used than it
was after the filament had absorbed gas and had been degassed. Rates
were never constant, however. This suggests that diffusion of these two
gases as well as of oxygen takes place along grain boundaries and that
gassing and degassing helped to open up the structure so that diffusion was
more rapid than when the filament was new.

Hydrocarbons.—When heated between 2000 and 2800°K. in low
pressures of hydrocarbon vapors, such as benzene or naphthalene, tantalum
can form two carbides. The first one to form, 7. e., the one of lowest
decomposition pressure, is silvery-gray and has a chemical composition of
TagCs. The electrical resistivity of this carbide is about twelve times that
of pure tantalum, or 180 X 107% and the temperature coefficient of re-
sistance is very low. Our measurements do not permit of great accuracy
in this determination since by complete conversion to this compound the
filament is often warped and sometimes shows longitudinal cracks, but the
above figure should be accurate to within 209,. This value agrees with the
resistivity and temperature coefficient reported by Friedrich and Sittig,?
and copied elsewhere for the compound TaC.

If the filament is heated further in hydrocarbon vapor, the electrical
resistance decreases due to the formation of the compound TaC. This has
a resistivity about 1209, that of pure tantalum, or a specific resistivity of
17 to 18 X 1078 TaC has a brilliant golden-yellow color when in the
dense crystalline form and shows a metallic luster equal to that of well-
crystallized metals. Both carbides have high melting points, certainly
above 3800°K., but no determinations of the two in the pure state have
been made here. It would appear, however, from the color and electrical
resistivity of their material that Friedrich and Sittig? found the melting
point of TaeC; (rather than TaC as they report) to be 4000-4100°K. The

2 Friedrich and Sittig, Z. anorg. allgem. Chem., 144, 169-189 (1925).
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material used by Agte,? which he found to have a melting point of 4150 ==
150°K., was almost certainly TaC at the start and probably suffered only
superficial decarbidization during the melting point determination.

When formed from metal by diffusion of carbon inward, as when a
tantalum filament is heated in hydrocarbon vapor, the rate of formation is
very much less than is the case when tungsten is carbidized in the same
way. The time necessary to convert a 10 mil tantalum filament to the
first carbide, TasCs at 2600°K., for instance, is fully ten times as great as
that for conversion of a similar filament of tungsten to the carbide W.C.
Like the two carbides of tungsten, both tantalum carbides are brittle.
They have been prepared also in powder form by the well-known method
of heating mixtures of tantalum oxide and carbon in hydrogen protected by
graphite boats. The products agree in composition with those formed by
carbidizing metallic filaments. The colors of the powdered materials are,
for TaeCs, a dark gray, and for the TaC a yellowish-brown.

When a filament of the yellow TaC is heated to 2500°K. or more in
vacuum or in a neutral gas, such as argon, it loses carbon at a rate depend-
ing on the temperature and gas pressure. If the heating is interrupted
from time to time to measure the cold resistance, the latter is found to
increase very greatly until it has reached the resistance of the compound
TasCs. On further heating, if this be kept below the temperature at
which metallic tantalum melts, the loss of carbon continues and the re-
sistance decreases until that of a pure tantalum filament is reached. If the
temperature of the carbidized filament is above the melting point of
tantalum, fusion occurs as soon as an appreciable amount of the TasCs has
lost carbon to form a small amount of tantalum, and the filament burns out
immediately. In the decomposition of TaC to Tas¢Cs even at temperatures
of 3000 to 3400°K. there is no appreciable evaporation of the tantalum,
or of the carbides.

In conclusion I take this opportunity for thanking Dr. Saul Dushman for
his interest and advice and Mrs. Donald McLeod for her assistance in
making these investigations.

Summary

A study has been made of the behavior of filaments of tantalum when
heated in low pressures of nitrogen, hydrogen, oxygen or hydrocarbons.
In nitrogen, absorption increases with increased pressure until about 100
volumes are absorbed. At this point the equilibrium pressure drops as
absorption increases. Absorption can take place to the formation of TaN.
In hydrogen, the amount absorbed depends on the concentration of atomic
hydrogen in the gas. In oxygen, absorption followed by oxide formation

3 Agte, Dissertation, Technische-Hochschule zu Berlin, April 8, 1931. Agte and
Alterthum, Z. anorg. allgem. Chem., 144, 169-189 (1925).
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occurs. In hydrocarbons, two carbides may be formed—TasCs and TaC.
These both have very high melting points. The former has a specific
resistance of about 180 X 107%, the latter of about 18 X 107,
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ELECTRIC MOMENT AND MOLECULAR STRUCTURE. VIIL
THE CARBON VALENCE ANGLE
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The experimental examination of the angle between the valences of the
carbon atom may seem an attempt to prove the obvious, but the calcu-
lations of Slater! and of Pauling? by means of wave mechanics that the
angle is the regular tetrahedral valence angle, 109.5° and the evidence as
to the angle given by x-ray® and electron scattering* in gases make it
desirable to extend the preliminary application of electric moments which
has been made in the study of the problem.> This preliminary application
was made in the case of the moments of the halogenated methanes. Rough
kinetic theory diameters were calculated for chlorine, bromine and iodine
by comparison with the dimensions of the corresponding inert gas struc-
tures and used as the internuclear distances of the halogens in the methylene
halides. The assumption of these distances, when used with the carbon-
halogen nuclear separations obtained by Pauling,® necessitated a widening
of the angle between the C—X valences to 124° in methylene chloride, 120°
in methylene bromide and 135° in methylene iodide. When the C-X di-
pole moments were resolved at these angles, the resultants agreed so well
with the experimentally determined moments of the molecules that the
moments were regarded as indicating these values for the angles between
the C-X valences. However, it was stated that the disregard of the
inductive effects of the dipoles as well as the speculative nature of the
treatment of the atomic dimensions rendered the excellence of the agree-
ment between the observed and the calculated values of the moments
somewhat fortuitous. As the inductive action of each C-X dipole in the
methylene halide lowers the moment of the other C-X dipole in the mole-
cule, it is evident that the angle calculated between the dipoles without

regard for this effect is too large, although it is interesting to note that the =

recent calculation by Bewilogua® from the results of x-ray scattering also

! Slater, Phys. Rev., 37, 481 (1931); <bid., 38, 1109 (1931).

2 Pauling, THIS JOURNAL, 53, 1367 (1931).

3 Debye, Z. Elektrochem., 36, 612 (1930); Bewilogua, Physik. Z., 32, 265 (1931).
¢ Wierl, Ann. Physik, [5] 8, 521 (1931).

5 Smyth and Rogers, THIS JOURNAL, 52, 2227 (1930).

¢ Pauling, Z. Krist., 67, 377 (1928).
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gives 124° for the angle between the C-Cl valences in methylene chloride.
As it appears impossible, at present, to calculate satisfactorily the lowering
of the moments by induction, this complication has been avoided by
removing the component dipoles so far from one another in the molecule
as to render their mutual inductive effects negligible.

In the separation of the dipoles from one another advantage is taken of
the fact that the valences directed outward from a benzene ring act in the
plane of the ring so that para valences act in the same straight line in
opposite directions.” Instead, therefore, of methylene compounds, para-
substituted benzyl compounds as represented in
Fig. 1 have been measured. In support of this Br
procedure, not only the zero moments of p-di-
nitrobenzene, and p-dichloro-, p-dibromo- and
p-diiodobenzene may be cited, but also the ex-
cellent agreement of the observed and calculated
values when different groups are in the para posi-
tions. Thus, the electric moment of nitroben- !
zene is 3.9 X 107188 and that of chlorobenzene
1.52 X 10—, As the two dipoles should act in
opposite directions in the same straight line in p-
chloronitrobenzene, the resultant moment should !
be (3.9 — 1.52) X 10718 = 2.38 X 10~, in excel-
lent agreement with the observed value 2.45 X
108, If the bromine moment 1.50 X 1078 is
substituted for the chlorine, the calculated value
is 2.40 X 10~ and the observed 2.53 X 107%. )

The results are a little less satisfactory in the case C

of the cyanides. As the moment of benzonitrile cl
is indistinguishable from that of nitrobenzene,
one would expect zero moment for p-nitrobenzo-
nitrile, but the observed value is 0.7 X 107,
The moment of p-bromobenzonitrile should be (3.9 — 1.50) X 107 =
9.4 X 10—, while the observed value is 2.64 X 107, For m-nitrobenzo-
nitrile, in which the two dipoles should make an angle of 120° with each
other, the moment should be 3.9 X 107, and the observed value is 3.8 X
.10~8, As the agreement between the observed and calculated values for
these two latter compounds is satisfactory and as the small moment ap-
parently observed for p-nitrobenzonitrile may be due entirely to the effect
of neglected atomic polarization, it seems justifiable to treat the moment

Fig. 1.—The p-bromobenzyl
chloride molecule.

7 Smyth, “Dielectric Constant and Molecular Structure,” The Chemical Catalog
Company, Inc., New York, 1931, Chap. VI.

8 The values of moments, for which the experimental data are not given in this
paper, are taken from the appendices of ““Dielectric Constant and Molecular Structure.”
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associated with the cyanide group as acting in the direction of the line join-
ing the group to the rest of the molecule. *This implies that the carbon
and nitrogen nuclei are in line with the nucleus of the carbon atom to which
the group is attached, and is consistent with Pauling’s conclusion that the
HCN molecule is linear.?

A question may be raised as to the effect of the moments of the two
principal dipoles upon each other It has been shown that carbon-—
halogen dipoles exert an inductive effect, detectable in the observed mo-
ments, through only two carbon atoms of a saturated chain,’® while the
larger cyanide dipole has a measurable effect upon the third atom of the
chain, but would affect the fifth to a hardly detectable extent.® Since,
in the para-substituted benzyl compounds, the principal dipoles are sepa-
rated by five carbon atoms it may be concluded that the moments of these
dipoles would little affect one another. This is supported by the values of
the moments of p-chloro- and p-nitrotoluene. As the moment of the
toluene molecule, 0.4 X 107, is regarded as acting in the direction of the
line joining the methyl carbon to the ring with its positive end toward the
former, the moment of p-chlorotoluene should be (0.4 + 1.52) X 1018 =
1.92 X 10~ and that of p-nitrotoluene should be (0.4 + 3.9) X 10-1® =
4.3 X 1078, As the two dipoles point in the same direction in each of the
two molecules, the moment of each should be increased if there were any
appreciable inductive action between them, but the observed moment of
the one is 1.74 X 1078 and of the other 4.50 X 10-1, differing from the
calculated values by no more than the possible error. It would thus
appear that the moments of the two principal dipoles may be regarded as
approximately independent of each other.

A final question may be raised as to whether it is justifiable to treat the
moment of a molecule such as benzyl chloride as acting in the C-Cl line,
e. g., in the diagram of the p-bromobenzyl chloride molecule in F ig. 1, can
the dipoles be represented merely by the two arrows shown, the effects of
the C-H bonds and of the attachment of the —CH,Cl group to the ring
being neglected? Unfortunately, we do not know the small moment, if
any, associated with the C-H bond, for the arbitrary calculation of it by
Eucken and Meyer! as 0.4 X 10~8, though useful for some purposes,
cannot be regarded as establishing its value. The moment of methyl

chloride, 1.86 X 10~%, must act in the line joining the carbon and chlorine..

nuclei. When one of the hydrogens is replaced by a methyl group to form
ethyl chloride, the moment increases by 0.15 X 1018 because of the mo-
ment induced in the added methyl group. It has been seen that, in tolu-
ene, a moment of 0.4 X 1078 acts in the direction of the line joining the
methyl carbon to the ring with its positive end toward the methyl carbon.

? Smyth, “Dielectric Constant and Molecular Structure,” p. 99.
1% Eucken and Meyer, Physik. Z., 30, 397 (1929).
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In benzyl chloride a moment of about the same magnitude should occur in
about the same location and should oppose the induced moment, as the
induced dipole would have its positive end toward the ring. If the carbon
valence angle is about 110°, the projection of what may be called the tolu-
ene moment, 0.4 X 1078, in the direction of the principal moment is 0.14
% 10~18. In other words, the toluene moment is of such a size as to cancel
approximately the increase in induced moment accompanying the replace-
ment of a methyl hydrogen by a phenyl group, which is borne out by the
agreement of the moment of benzyl chloride, 1.85 X 1078, with that of
methyl chloride. The representation of the benzyl chloride moment by a
single arrow in the C—Cl line appears, therefore, to be a justifiable approxi-
mation, and the similar representation of the moment produced by sub-
stitution of the bromine on the ring in Fig. 1 is certainly correct. Identical
reasoning should apply to benzyl bromide and its substituted products, but
uncertainty in the value for the moment of methyl bromide and the effect of
atomic polarization upon the values for the higher alkyl bromides makes the
reasoning inconclusive. However, the moment of benzyl bromide, 1.86 X
10~18, is lower than that calculated for ethyl bromide without taking into
account the atomic polarization by an amount identical with the difference
between benzyl chloride and ethyl chloride. The moment of benzyl
cyanide, 3.52 X 107, is 0.3 X 107 higher than that of methyl cyanide,
as might be expected from the greater inductive effect of the large cyanide
dipole, which the toluene moment is not large enough to cancel. This
small induced moment can, as an approximation, be treated as acting in the
direction of the C-CN line and is, of course, included in the value 3.52 X
10-18 for the molecule. Evidently it is a justifiable approximation to treat
the moment of a CéH;CH,X molecule as acting in the C-X line and Fig. 1
may be regarded as an approximately correct representation of the mo-
ments. It is also evident that the larger the moments of the two principal
dipoles, the smaller will be the relative effects of the approximations and
neglected factors and the greater the accuracy of the value calculated for
the valence angle 6.

Preparation of Materials

Benzene.—Merck’s ¢. p. benzene was shaken with concentrated sulfuric acid until
no coloration appeared, washed with water, with dilute sodium carbonate solution, and
three times with water, dried over calcium chloride, twice fractionally crystallized, re-
fluxed over phosphorus pentoxide and fractionally distilled, refluxed over sodium wire
and distilled; b. p. 80.2-80.3° (757 mm.); #% 1.50135; n’ 1.49815.

Heptane.—Material from the Ethyl Gasoline Corporation was fractionally distilled
from phosphoric anhydride; b. p. 98.2-98.3° (757 mm.); #§ 1.38775; n% 1.38530.

All the remaining materials were obtained from the Eastman Kodak Company.

Benzyl Bromide.—Material (b. p. 80-83°, 10 mm.) was fractionally distilled under
reduced pressure, the fraction distilling at 86.8-87.5° (19 mm.) being collected. This
fraction was redistilled; b. p. 87.0-87.2° (19 mm.); d351.4324.
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Benzyl Cyanide.—Material (b. p. 98-100°, 8 mm.) was twice fractionally distilled
under reduced pressure; b. p. 115.2-115.4° (19 mm.); »% 1.52327; #% 1.52086; d2°
1.0119; d2° 0.9914. A sample distilled from phosphoric anhydride had the same n%.

p-Bromobenzyl Chloride.—Material (m. p. 40-41°) was fractionally distilled under
reduced pressure (b. p. 118-119°, 16 mm.), fractionally crystallized from petroleum ether,
dried in a vacuum desiccator and twice fractionally crystallized; m. p. 41.8-41.5°.

p-Chlorobenzyl Bromide.—Material (m. p. 48.5-49°) was twice fractionally crys-
tallized from petroleum ether and dried in a vacuum desiccator; m. p. 48.5-48.7°,

p-Nitrobenzyl Bromide.—Material (m. p. 98-99°) was twice fractionally crystallized
from a mixture of dry benzene and petroleum ether, washed with petroleum ether and
dried in a vacuum desiccator; m. p. 99.4-99.7°.

p-Nitrobenzyl Chloride.—Material (m. p. 70-71°) was fractionally crystallized
from carefully dried ether and dried in a vacuum desiccator; m. p. 71.2-71.5°.

p-Nitrobenzyl Cyanide.—Material (m. p. 116°) was twice fractionally crystallized
from dry benzene, washed with petroleum ether and dried in a vacuum desiccator ; m. p.
116.6-116.8°.

Experimental Results

The densities and dielectric constants of the solutions of the polar sub-
stances in the non-polar were measured with the apparatus and methods
previously employed,' a wave length of 1000 meters being used in the
dielectric constant determinations. In Table I the first column gives the
mole fraction ¢, of the polar substance in the heptane or benzene solution
and the succeeding columns give the values at 25 and 50° of the dielectric
constants e and the densities d of the solutions and the polarizations P, of
the polar substance. P is calculated by means of the usual equations

_6—161M1+62M2 ___Plz_Pl
P12—€+2—d_andpg———cz—+Pl

in which Py, is the polarization of the mixture, and ¢; and c;, M; and M,
and P, and P, are, respectively, the mole fractions, molecular weights and
polarizations of the individual components. The molar refraction for the
D sodium line, MRp, of benzyl bromide has been calculated from the atomic
refractions given in Landolt-Bornstein (fifth edition), that of benzyl
cyanide has been determined directly, and the values for the other sub-
stances have been calculated from measurements upon the solutions by
means of equations analogous to those for Py, and P,. These values have
been used together with those for P,, the polarization obtained by extra-
polating the Py, curve to infinite dilution, and the absolute temperature T°
to calculate the electric moment u by means of the equation

u=0.0127 X 10~ /(P, — MRp)T

The absolute values of the moments are a little high because of the neglect
of the atomic polarization P,. The values of the molar refraction and of
the orientation polarization P, — M Rp and the moment calculated from the
data at 25° and at 50° are listed in Table II, the solvent in which the com-
pound was measured being given in the second column.

11 Smyth and Walls, THIS JOURNAL, 53, 527 (1931).
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.05775
.07166
.08658

THE CARBON VALENCE ANGLE

TABLE I
DieLECTRIC CONSTANTS, DENSITIES AND POLARIZATIONS
€ d P2
25° 50° 25° 50° 25° 50°

Benzene-Benzyl Bromide
2.276 2.226 0.8734 0.8465 (26.68 26.76

2.332 2.275 .8817 . 8546 108.7 104.2
2.427 2.360 . 8957 . 8682 106.8 102.6
2.453 2.383 .8998 .8723 106.4 102.2
2.555 2.475 .9150 .8875 104.9 100.9
2.582 2.499 .9190 .8915 104.4 100.5
2.801 2.696 .9513 .9236 101.6 98.2
Heptane-Benzyl Bromide
1.920 1.883 0.6795 0.6577 (34.58 35.62
2.012 1.966 .6988 .6770 109.9 104.9
2.038 1.989 7043 .6823 109.3 104.3
2.097 2.042 .7166 .6944 108.4 103.6
2.155 2.005 .7288 .7063 107.3 103.0
2.315 2.241 7613 .7384 105.3 101.7
2.493 2.403 L7971 L7737 103.7 100.4
Benzene-Benzyl Cyanide
2.446 2.376 0.8751 0.8483 274.7 259.7
2.522 2.443 .8761 .8493 270.1 256.3
2.698 2.601 .8782 .8515 261.2 248.9
2.790 2.682 .8792 .8526 257.6 245.2
2.933 2.809 .8808 .8543 251.4 240.1
2.076 2.936 . 8825 .8561 245.3 234.9
Heptane-Benzyl Cyanide
1.984 1.941 0.6814 0.6597 289.3 273.4
2.059 2.010 .6835 .6619 277.8 267.4
2.072 2.021 .6838 .6621 276.9 265.6
2.100 2.046 .6846 .6630 276.8 264.6
2.157 2.098 .6863 .6647 270.0 259.0
2.170 2.113 .6869 .6652 665.7 258.3
2.195 2.135 .6876 .6660 263.2 255.1
2.291 2.226 .6905 .6690 254.2 248.3
2.325 2.260 .6917 .6702 250.7 246.4

Heptane-p-Bromobenzyl Chloride
.994 1.951 0.7031 0.6812 102.0 98.5
.031 1.985 .7149 .6928 101.1 97.9
.072 2.023 .7282 .7059 100.3 97.3
.135 2.080 7475 .7250 99.7 96.5
.175 2.118 L7597 .7373 99.5 96.6

Heptane—p-Chlorobenzyl Bromide
975 1.934 0.6966 0.6746 103.5 100.7
.008 1.964 .7070 .6849 102.5 99.3
039 1.993 .7168 .6945 101.7 98.9
.069 2.020 .7260 L7036 . 101.3 98.3
2.106 2.054 .7372 .7147 © 101.0 98.1
2.146 2.091 7492 . 7267 100.7 97.8

NN NN
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Py)

P)
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ca 25°
0.00556 2.378
.00907 2.442
.00918 2.443
.01333 2.518
.01794 2.602
.02386 2.711
.03314 2.884
0.00741 2.413
.00880 2.438
.01551 2.560
.01556 2.561
.02530 2.737
.03035 2.829
.03555 2.926
.04185 3.042
0.00303 2.342
.00546 2.394
.00714 2.430
.00736 2.434
.01059 2.506
.01420 2.587
.01555 2.617
0.00351 2.354
.00846 2.463
.01053 2.506
.01178 2.536
.01512 2.611

Compound
Benzyl bromide

Benzyl cyanide

p-Bromobenzyl chloride
p-Chlorobenzyl bromide
p-Nitrobenzyl bromide
p-Nitrobenzyl chloride
p-Nitrobenzyl cyanide

C. P. SMYTH AND W. S. WALLS

TABLE I (Concluded)
d

Py

Vol. 54

6
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50° 25° 50° 25° 50°
Benzene—p-Nitrobenzyl Bromide
2.318 0.8798 0.8528 300.1 287.
2.375 .8838 . 8568 296.8 283
2.376 . 8839 . 8569 204.7 282.
2.443 . 8886 .8615 291.5 278.
2.517 . 8938 . 8668 287.6 274.
2.614 .9005 .8735 283.4 270.
2.767 .9108 .8839 277.5 264.
Benzene-p-Nitrobenzyl Chloride
2.347 0.8785 0.8516 299.3 281.
2.369 .8795 .8525 297.2 280.
2.477 . 8840 .8570 289.8 274.
2.476 .8840 .8570 290.2 273.
2.633 .8904 .8639 281.2 265.
2.714 .8936 . .8671 277.1 262.
2.799 .8971 .8706 273.7 259.
2.903 - .9013 .8749 269.2 256.
Benzene—p-Nitrobenzyl Cyanide
2.287 0.8753 0.8483 346.8 340
2.334 .8767 . 8498 343.6 332
2.366 L8777 .8508 340.4 329
2.370 .8778 .8509 339.2 328
2.433 .8798 . 8529 339.3 325
2.503 .8819 .8551 337.3 320
2.528 . 8827 . 8559 336.0 318
2.298 0.8755 0.8486 354.3 345
2.396 .8785 .8516 347.0 335
'2.436 .8797 . 8529 341.0 330
2.460 . 8804 .8536 342.5 328
2.526 . 8824 . 8556 339.5 324
TaBLE 11
REFRACTIONS, ORIENTATION POLARIZATIONS AND ELECTRIC MOMENTS
P, — MRp
Solvent MRp 25° 50°
Benzene 38.69* 71.0 66.0
Heptane 73.0 67.0
Benzene 35.22 250.8 232.8
Heptane 262.8 243.8
Heptane 43.9 61.1 56.6
Heptane 44.1 61.4 57.9
Benzene 45.2 262.8 245.8
Benzene 42.7 266.3 248.3
Benzene 40.8 307.2 300.2
318.2 312.2

¢ Calculated value.

k& X 101
25°" " 50°
1.85 1.85
1.87 1.87
3.47 3.48
3.55 3.56
1.71 1.72
1.72 1.74
3.55 3.58
3.58 3.60
3.84 3.95
3.91 4.03
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Discussion and Interpretation of Results

The moment found for benzyl bromide in heptane is not experimentally
distinguishable from that found in benzene solution. In the case of benzyl
cyanide, the value found in heptane solution is slightly higher than that in
benzene, but, as the low solubility of p-nitrobenzyl cyanide in heptane
necessitates the use of benzene as solvent, the value for benzyl cyanide
found in benzene is used in the calculation of the valence angle, although
the mean value 3.52 X 10718 may be taken for general use as the moment
of the molecule. As the moment found for p-nitrobenzyl cyanide showed
an increase with increase in temperature, a second set of measurements was
made upon this substance, the results of which are listed in Tables I and II
below those of the first set. The rise with temperature is observed in both
sets of measurements, although the agreement is rather unsatisfactory
because of the small concentrations of the polar substance necessitated by
its low solubility. As no reason for this variation with temperature is
apparent in the structure of the molecule,'? it may possibly arise from in-
complete elimination of the effect of intermolecular action by extrapolation
of the Py, curve. The considerable variation of P with concentration
in the very dilute solutions shows the effect of the large dipoles upon one
another’s orientation, an effect which would be reduced by rising tempera-
ture. In view of these circumstances, a value slightly higher than the
. mean has been adopted for the moment.

The valence angle 6 of carbon has been calculated by means of the
equation for the resultant u of two vectors, m, and m,, which make an
angle 0 with each other. The equation may conveniently be written in the
form
p? — mi — mj

cos 0 =
2m1M2

In Table III, u is the moment observed for the molecule of the para-sub-
stituted benzyl compound, the formula of which is given in the first column,
my is the moment of the unsubstituted benzyl compound, that is, of the C-
Cl dipole in Fig. 1, or of one similarly located, and m is the moment of the
dipole in the para position. The values are taken from Table II or from
the literature.®

TaBrLE 111
ELecTtric MOMENTS (X 108) AND THE CARBON VALENCE ANGLE
® my me ]
p-BrCeH,CH,Cl 1.72 1.85 1.50 119°
p-CI1CsH,CH,Br 1.73 1.86 1.52 119.5°
$-0,NCsH,CH,Cl 3.59 1.85 3.9 113.5°
P-OzNCsH.;CHzBI' 3.57 1.86 3.9 114 °
$-0,NCsH,.CH,CN 4.00 3.48 3.9 114°

12 Cf. Smyth, Dornte and Wilson, THIS JOURNAL, 53, 4242 (1931).
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The values of the carbon valence angle calculated from the moments of
the two para-halogen substituted compounds agree well with one another,
as do those calculated from the three para-nitro substituted compounds.
The intra-molecular dimensions are such that one would expect little, if
any, widening of the valence angle by repulsion between the ring and
the side chain. Any such repulsive effect should not be altered by the
replacement of a halogen by a nitro group in the para position. It is
reasonable to conclude, therefore, that the difference of 5° between the
results calculated from the para-halogen substituted compounds and those
from the para-nitro is due to the fact that, in the latter, the larger values
of the moments render relatively smaller the effects of the approximations
necessary in the treatment. As the 4° difference from the theoretical
tetrahedral angle may easily arise from these approximations as well as
from small errors in u, m; and m,, it may be concluded that the carbon
valence angle determined in these compounds agrees with the theoretical
angle of 109°28" within the limit of the error of experiment and calculation,
although, in some cases, the angle may well depart from this value more or
less. The results are in excellent agreement with Pauling’s estimate of
values of 112 and 115° from crystal structure data and with Wierl’s calcu-
lation from electron scattering that the angle between the C—Cl valences
in methylene chloride lies between 110 and 115°. The satisfactory out-
come of this treatment establishes the validity of the method, which is now
being applied to the determination of the oxygen and sulfur valence angles.

Summary

The electric moments of several benzyl and para-substituted benzyl
compounds have been determined and used together with values in the
literature to calculate the angle between the valences of the carbon atom.
The value obtained, 114°, differs from the theoretical tetrahedral angle by
no more than the probable error.

PRINCETON, NEW JERSEY
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[CONTRIBUTION FROM THE PHYSICAL CHEMISTRY LABORATORY OF McGiLL UNIVERSITY ]

THE DIELECTRIC CONSTANT OF WATER AND ITS
TEMPERATURE COEFFICIENT AS DETERMINED BY A
RESONANCE METHOD. II

By E. P. Linton! AND O. Maass

REcEIVED DECEMBER 26, 1931

PUBLISHED Mavy 7, 1932

In the following a new modification of a dielectric cell is described
which makes possible a more accurate determination of the dielectric con-

stant of water by the resonance method
than the cell previously used for this
purpose.?

This cell was also used for the redeter-
mination of the dielectric constants of
several liquids and for the measurement
of the temperature coefficient of the di-
electric constant of water.

New Type of Variable Condenser.—Figure

1 gives a diagrammatic sketch of the new type
of cell. It consists of two cylindrical tubes B
(closed at each end) and D which are insulated
from each other by the glass plates K and C.
The outer cylinder D is about 5.2 cm. in di-
ameter and 50 cm. high. By varying the radius
of the inner rod a condenser of any desired ca-
pacity can be made. In the following measure-
ments two inner tubes were used, one 0.5 cm.
and the other 4.4 cm. in diameter.

A maximum of 700 cec. of liquid is necessary
to fill the cell. By applying suction or pressure
to G the height of the liquid in the cell can be
varied as desired, G acting as a reservoir. The
position of the liquid in D is measured by means
of the glass tube H, which is 2 cm. in diameter.
The glass tube F completely filled with liquid is
connected through E to D so that the height of
the liquid in H is the same asthatin D. A, B,
E and H are open to the air. A, B, D, G and
E are made of pure block tin, and the construc-
tion is such that no glass to metal joint is needed
in the apparatus.

Al

K U
a -/
Fig. 1.—The dielectric cell: above,

plan; below, elevation,

The purpose of tube A is to drain the liquid from the cell by the application of suc-
tion. The cell is dried out by means of a stream of air. As a further precaution the
whole apparatus is then rinsed with the liquid whose dielectric constant is to be measured.

1 Acknowledgment is hereby made of a fellowship granted to one of us by the Re-

search Council of Canada.

2 Linton and Maass, THIS JOURNAL, 53, 957 (1931).
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The apparatus can therefore be cleaned without dismounting or removal from the ther-
mostat. This enables one to measure a series of liquids without removing the inner tube
B. The cell is in convenient form for thermostating. An oil- or water-bath can be
used in the thermostat, but the outer cylinder of the condenser must be grounded.
Since the capacity of the cell is dependent on the ratio of the radii of the inner and outer
tubes, a change in temperature does not alter the capacity of the cell for a fixed height.
With the procedure used the cell is therefore admirably adapted for the measurement of a
temperature coefficient of a dielectric constant of a liquid over a large range of tem-
perature.

Furthermore, in this cell, since the capacity is dependent on the position of the
liquid and not on any setting of condenser plates, complete reproducibility is possible.
The capacity of the cell was found to vary in a linear manner within the accuracy to
which the height of the liquid in the tube could be read, i. e., to within 0. 1%.

Then if ¢ and e are the dielectric constants of two liquids and C; — C}
and C, — C; the corresponding changes of capacity for equal changes in
position of the liquids in the cell then

a—1_ G —C
e—1 G —C

These changes in capacity are measured by the tuning condenser as pre-
viously described.

To eliminate the influence of conductivity in the case of water at the
higher temperatures, the power tube described previously was used. With
the above cell the “dead space” was found to be negligible and the linear
relationship was given by all intermediate settings of the cell.

Experimental Results

In order to determine the dielectric constant of water it was necessary
this time to start with a standard liquid, and benzene was chosen. Smyth
evaluates the dielectric constant at 25° as 2.273. The authors have found
the value of 2.271. It is considered better, however, to use Smyth’s value.

Only two stages are required to determine the dielectric constant of
water. In the first, benzene and ethylene dichloride and the 4.4-cm.
inner tube was used; in the second, ethylene dichloride and water with
the 0.5-cm. inner tube.

The average of five determinations, each of which started with benzene,
gave 79.2 as the dielectric constant of water at 25°. The greatest devia-
tion from this mean was one in four hundred. The following dielectric
constants for carefully purified liquids were found: ether, 4.23; ethylene
dichloride, 10.46; nitrobenzene, 34.9.

Temperature Coefficient of the Dielectric Constant of Water.—A large
number of determinations of the dielectric constant of water at various
temperatures were made. The procedure was as follows. After filling
the cell with pure water the capacity height slope at 25° was determined.
Then the cell was brought to a different temperature and the new slope
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determined. The cell was filled with fresh conductivity water for each
measurement. Occasionally the slope at 25° was redetermined after the
temperature change and was always found to be the same. From a series
of twenty measurements between 0 and 50°, a smooth curve relating tem-
perature and dielectric constant was drawn. The equation to this curve
was found to be

¢ = 79.2(1 — 0.00428(¢ — 25) -+ 0.0000212(¢ — 25)* — 0.00000041(¢ — 25)3)

This equation follows the curve from 0 to 25° with an accuracy of one
part in one thousand, from 30 to 50° the accuracy is one in five hundred.

Conclusion

The dielectric constant of water now found is the same as that pre-
viously determined by the authors, although the dielectric constants of
some of the intermediate liquids are not the same. This difference is
due to the greater care taken this time in the purification of the liquids.
The purity of the liquid, of course, does not alter the absolute value ob-
tained for the dielectric constant of water as long as the first medium in
the series of steps (air or benzene) is pure.

The dielectric constant of water as determined by the authors gives
good agreement with the Debye-Hiickel theory of ions.?

In the Debye-Hiickel theory of the heats of dilution of strong elec-
trolytes, the dielectric constant of water and the temperature coefficient
of the dielectric constant give much closer agreement with the experi-
mental values found by Lange and Messner* than the values obtained by
Kockel and Drude. On the basis of Kockel’'s values, 41 calories, on the
basis of Drude’s, 33 calories are the calculated values for the heat of dilu-
tion of a potassium chloride solution. The authors’ value gives 26 calories,
which is in fair agreement with 23 = 3 found by Lange. '

The cell as described can be modified as far as dimensions are concerned
so as to be available for much smaller quantities of liquids.

Summary

The new type of variable condenser is described which has a greatly
increased accuracy as far as setting is concerned. The dielectric con-
stants of water, nitrobenzene, ethylene dichloride, ether and benzene have
been measured at 25°. The dielectric constants of water have been
measured over the temperature range 0 to 50°. The new values obtained
for water were found to be in better agreement with the calculations in-
volved in Debye’s theory.

MoONTREAL, CANADA

3 Williams and Bronsted, THIis JOURNAL, 50, 1342 (1928).
¢ Lange and Messner, Z. Electrochem., 33, 431 (1927).
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[ConTRIBUTION FROM THE COBB CHEMICAL LABORATORY, UNIVERSITY OF VIRGINIA,
No. 92]

A STUDY OF THE POTASSIUM DITHIO-OXALATE
COLORIMETRIC METHOD FOR THE DETERMINATION OF
NICKEL

By JonN H. YoE AND FLoyp H. WIRSING

RECEIVED DECEMBER 29, 1931 PUBLISHED MAY 7, 1932

Over twenty years ago Jones and Tasker! reported a method for making
potassium dithio-oxalate, K;C;0:S.. They found that this substance
gives intense colors in water solution with certain metallic salts. Among
these they discovered that nickel salts give a deep magenta color in dilute
solutions. If equal weights of potassium dithio-oxalate and a soluble
nickel salt are mixed in concentrated solutions there separate out small
black needle-shaped crystals. These crystals color water more intensely
than does potassium permanganate.

More recently, Fairhall? has employed potassium dithio-oxalate to
determine nickel colorimetrically. The reagent is extremely sensitive and
thus permits the determination of very small amounts of nickel. Fairhall
made determinations on biological materials which contained small known
quantities of nickel and obtained results accurate to a fraction of a milligram.
His results indicated that potassium dithio-oxalate possessed advantages
over other colorimetric reagents for nickel, such as dimethylglyoxime and
a-benzyl-dioxime. These advantages are greater sensitiveness and better
formation of color.

The purpose of this investigation was to study the reaction between
potassium dithio-oxalate and nickel with reference to its use in the colori-
metric determination of nickel. The sensitivity of the reaction, applica-
tion of Beer’s law, effect of various ions and different experimental condi-
tions have been studied.

Apparatus and Reagents.—The apparatus and general technique have
been described in a paper by Yoe and Hill.> A Bausch and Lomb Duboscq
colorimeter was used in place of the Kennicott-Campbell-Hurley instru-
ment employed by Yoe and Hill. The Nessler tubes measured 210 mm. to
the 50 ml. mark. All weights and volumetric instruments were calibrated.

The potassium dithio-oxalate was obtained from the Eastman Kodak Co. -
Freshly boiled distilled water was used to make up the reagent
solution. A stock solution of nickel nitrate, Ni(NOs),-6H;0, was prepared
and its concentration determined gravimetrically by the dimethylglyoxime
method. The average of three closely agreeing results gave 0.9998 g. of

! Jones and Tasker; J. Chem. Soc., 95, 1904-9 (1909).

% Fairhall, J. Ind. Hygiene, 8, 528-34 (1926).
# Yoe and Hill, TrIs JOURNAL, 49, 23952408 (1927).
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nickel per liter at 20°. Ten ml. of this solution was diluted to a liter and
thoroughly mixed. One ml. of the diluted solution contained 0.01 mg. of
nickel and was taken as the standard solution.

Experimental

In the first part of our work a series of eight “unknowns” containing
nickel was analyzed. These were checked several times, totaling about
1000 readings for practice in colorimetric measurements with the po-
tassium dithio-oxalate reagent.

The following order of addition of reagents was adopted and observed
throughout the investigation. Ten ml. of each of the nickel solutions
were pipetted into the colorimeter cups and the required volumes of reagent
added according to the concentration of the nickel. The same pipets were
always used and they were rinsed out with the solution before the aliquot
was taken. One of the cups was marked and it always contained the
standard nickel solution, which occupied the left side of the colorimeter.
After adding the reagent, the solutions were stirred with separate glass
rods. These were bent into a triangle at the end to give more efficient
stirring. The solutions were compared immediately.

A measurement required from ten to fifteen minutes. The temperature
of the dark room was approximately 25°. The number of readings on the
colorimeter for each solution was at least six. These were alternated, one
being made as the height of the adjustable column of liquid was increased
and the next as the height of the column was decreased. The total number
of readings depended on how well they checked, more being taken if they
did not agree closely. Usually eight or ten readings were made and the
average taken.

To facilitate calculations the ‘“‘unknown’” solutions were set at some
easily divisible number as 10, 20 or 30, and the standard adjusted to
match this. The calculation was simply

Reading of standard

. = . i 1. k .
Setting of unknown X concn. of standard = mg. of nickel per ml. of unknown

Beer’s Law.—Beer’s law may be stated as follows. When equal
heights or thicknesses of two solutions give the same intensity of color, the
concentrations are equal. When equal color intensity is obtained from
different heights of two solutions, the concentrations are inversely pro-
portional to the heights, in accordance with Beer’s law. This relationship
forms the basis for colorimetry. In order for it to hold, the color formation
in the two solutions must be perfectly formed, or imperfectly formed to the
same extent in both solutions. It is sometimes the case in colorimetric
analysis that the color formation is incomplete or unstable. This must be
overcome by a calibration or correction curve which can be prepared
experimentally from solutions of known concentrations.
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The stock solution was used to make nickel solutions of various con-
centrations. The nickel solution to be diluted and the distilled water
used were at 20 = 1°. The concentrations varied from 0.1 to 0.001 mg.
of nickel per ml. Ten ml. of each solution was compared with ten ml. of
standard nickel solution as explained above. The amount of potassium
dithio-oxalate added to each was sufficient for complete color reaction,

because each set of measurements

200 / was duplicated with a larger
amount of reagent.
180 According to Beer’s law a
straight line is obtained by plotting
160 the readings of the standards when
the unknown solutions are set at
140 20.0, against the ratios of the height
of standard over the height of un-
: known. Our results are shown
120 . . . . .
graphically in Fig. 1. It is obvious
. that Beer’'s law is valid over the
N 100 range in concentration studied and
hence a correction curve is not re-
80 quired.
Sensitivity.—It is well known
60 , that in making color comparisons
good results are not obtained with
0 too deeply colored solutions. In
practice, dilute solutions are either
specified or implied. Horn?
20 pointed out that the sensitiveness
, of solutions is a variable and that
0 the ease of determination varies
2 4 6 8 10 with the concentration. In gen-
Fi:'l. eral, it is believed that there is

some one concentration at which a
change in the intensity of the color can be more readily detected by the
eye than at other concentrations. This concentration is in the range of
dilute solutions. The sensitivity may be defined as the reciprocal of the
weight in milligrams of the constituent being determined that produces a change
in color which can just be differentiated with certainty.

Comparisons were made in a regular Nessler tube rack having a piece of
black cardboard pasted on each side to shield the tubes from light. The
solutions were made uniform by stirring. The colored solutions were
measured from labeled pipets having 15, 10, 5, 3, 2 and 1 ml. capacity,

¢ Horn, Am. Chem. J., 35, 253-9 (1906).
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respectively. For smaller quantities a 2-ml. pipet graduated to 0.1 ml.
was used. The comparisons were made in daylight reflected from a white
porcelain surface placed below the Nessler tubes and at a 45° angle. The
comparisons were made at any hour of the day that was convenient and in
cloudy as well as clear weather.

The standard colored solution was made from 10 ml. of the nickel stand-
ard and 1.6 ml. of a 0.19 potassium dithio-oxalate solution. It was usually
made up in 100 ml. amounts. Portions of the standard colored solution
were pipetted into Nessler tubes, each differing by a constant amount.
These were then made up to 50 ml. with distilled water from a buret, and
stirred thoroughly with a glass rod. The Nessler tubes were corked to
prevent contamination. Different symbols and numbers were used so as
not to indicate the arrangement to the observer. To avoid fading, com-
parisons were always made within two hours after the solution was pre-
pared. Each series of tubes was compared and arranged in order of depth
of color by five (occasionally four) observers. At another time these same
concentrations, but freshly prepared solutions were arranged. This was
repeated if the results were not in agreement with the first ones. In all
cases the solutions were made and arranged out of order by one of us
(F. H. W.) who was not making the comparisons.

The procedure followed was to pipet portions of the standard colored
solution into the Nessler tubes, starting with zero ml. and increasing each
by one ml. up to 12. These were always arranged in correct order. Then
with a fresh solution, tubes were made each differing by the increment of
half a ml. of colored solution. These were arranged in perfect order until
the 10 ml. concentration was reached, when one observer could not tell the
difference between the two tubes containing 10.0 and 10.5 ml., respectively.
At this concentration, 0.5 ml. was the increment of colored solution which
produced a change in color that could just be differentiated with certainty.
Less labor was involved by working from one concentration, as 3 ml. of

TaABLE 1
MEASUREMENTS AND CALCULATED RESULTS
1 2 3 4 5 6 7 8 9
v B A S B A/B’ B/B’ VYV V'S
34,930 0.0840 0.00420 238 0.08820 0.0476 0.953 187 15.42
43,675 L0672 .00336 297 .07056 .0476 .9563 209 17.23
58,210 .0504 .00252 396 .05292 .0476  .952 241 19.90

87,320 .0336 .00168 595 .03528 .0476  .952 295 24.39
116,400 .0252 .000840 1190 . 02604 .0322 .967 341 34.50
298,200 .00984  .000492 2032 .01033 .0476  .952 546 45.06
372,700  .00787 .000394 2538 008266 .0476 .953 610 50.37
497,800 .00590 .000295 3390 .006198 .0476  .953 705 58.22
475,400 .00394 .000197 5075 .004133 .0476 .954 863 71.23

1,490,000 .00197  .000197 5075 .002165 .0909 .929 1220 71.23
9,314,000 .00033 Matched solution to which no nickel had been added.
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colored solution and 47 ml. of water. Other solutions were made up con-
taining 2.8, 2.9, 3.0, 3.1 and 3.2 ml., respectively. In arranging these,
no tube was out of order by more than one place. At this concentration,
the amount which produces a perceptible difference is 0.1 ml. Solutions
differing by less than a tenth of a ml. were not attempted. In weaker
concentrations, say two ml. of colored solution, tubes having 1.8, 1.9, 2.0,
2.1 and 2.2 ml. were always arranged in correct order. Hence a standard
nickel solution containing

1200 0.001 mg. per ml. was used
for smaller concentrations.
1100 This procedure was repeated
for a number of concentra-
1000 tions. The measurements
and their calculated results

900 are recorded in Table I.
» Column 1 gives the volume
800 / in liters containing one gram
/ atom of nickel. In the sec-
& 700 1o ond column B is the total

milligrams of nickel in 50 ml.

600 of solution. In column3 Ais

/ the mg. of nickel producing a

500 perceptible difference in the

// color intensity of 50 ml. of

400 solution. S = 1/A = Sensi-
// tivity. B’ = B + A.

300 o Figure 2 shows how the

/ sensitivity varies with the

200 concentration. In plotting

the curve the square roots of

100 the volume and of the sensi-

1020 30 40 50 60 70 tivity are used to make the

F\ig.sé. graph less extensive. The

sensitivity curve obtained for
nickel is very similar to those obtained for other metals. Horn and Blake®
made sensitivity curves for Cu*t+ and CrO,~ ions. Yoe and Hill® ob-
tained sensitivity curves for aluminum by both the Aluminon and Alizarin
Red S methods. The sensitivity of the Cu*+* and CrO,= ions increases
greatly at a definite concentration, as shown in the curves of Horn and
Blake. This is not true in the case of aluminum or nickel. Except for a
slight break (maximum sensitivity range) in the curve for nickel and at

® Horn and Blake, Am. Chem. J., 36, 195-208 (1906).
¢ Yoe and Hill, Trrs JoURNAL, 49, 2395-2408 (1927); 50, 748-756 (1928).
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very dilute solutions, the sensitivity is a straight line function of the con-
centration. The setting of the standard nickel solution should be made at
a point on the colorimeter scale which is within the range of maximum
sensitivity.

The data in columns 6 and 7 show that over a wide range in concentration
the ratios A/B’ and B/B’ are approximately constant. These ratios are
also constant in the work of Horn and Blake and of Yoe and Hill. A/B’
is the ratio between the amount of nickel which just suffices to produce a
distinguishable difference in color, and the total amount of nickel present in
50 ml. of solution. This ratio is a constant except in too dilute solutions
and where there is a break in the sensitivity curve. Horn and Blake’ have
shown that this value multiplied by 100 gives directly the percentage error
inherent in the comparison of colors. Other sensitivity data show that the
colored solutions may be too dilute, as well as too concentrated, to give the
best results.

That the ratio A/B’ is a constant follows from Weber’s” psycho-physical
law which states that a sensation is proportional to the natural logarithm
of the stimulus, or that the increase of a stimulus necessary to cause an
increase in sensation is a constant fraction of the whole stimulus. It is
reasonable to assume that the stimulus is proportional to the amount of
colored solute (or nickel) present. By definition, the sensitivity of the eye
is a small increase in the sensation. From a mathematical consideration,
Weber’s law becomes

Sensation = k In stimulus
Differentiating d Sensation = k d In stimulus (1)
From Weber’s law Sensitivity of eye = d sensation =
constant = k& 2
Assumption Stimulus k' concentration  (3)

Substituting (2) and (3) in (1) Sensitivity of eye = &k, = k d In &’ concentration
K d 1n concentration
KA
4)

concentration

onn

Since d concentration = A

Equation 4 is the statement of Fig. 2, namely, that the sensitivity, that is,
1/ A, varies inversely as the concentration. Hence it follows that the ratio
A/B’ is a constant fraction of the total weight of nickel present.

B/B’ is also constant and is the ratio between the total amounts of
nickel in two 50-ml. tubes containing colored solutions that can just be
distinguished with certainty. Horn and Blake® obtained for this ratio the
average values of 0.92 and 0.95 for Cu** jons and [Cu(NH;)4]++ ions,
respectively. They suggest the possibility that B/B’ is a constant, inde-
pendent of the color examined. This seems to be approximately true as
indicated by all the known sensitivity work compiled in Table II.

7 Hackh, “A Chemical Dictionary,” P. Blakiston’s Son and Co., Philadelphia, 1929.
8 Horn and Blake, Am. Chem. J., 36, 516-22 (1906).
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TaBLE 11

Ion Method Color B/B’, av. values Observer
Alt++ Aluminon Red 0.92 Yoe and Hill
Alt++ Alizarin Red .89 Yoe and Hill
CrOs= CrO,~ Yellow .96 Horn
Cut+ Cut+ Blue .92 Horn and Blake
Cut+ [Cu(NH;)4]t+t  Dark blue .95 Horn and Blake
Nit++ K:NiC,0,S, Magenta .95 Yoe and Wirsing

In calculating B/B’, values were omitted at each end of a series of
measurements where the percentage error inherent in the comparison was
large. This constant tends to become unity and its average value is
usually above 0.90. In a series of measurements with solutions of any
colored ion or molecule, the ratio B/B’ approaches unity at the highest
sensitivity. It is noted in the case of aluminum, using two different
methods, but both giving approximately the same color, that the one with
the higher average value of B/B’ is the more sensitive.

The potassium dithio-oxalate-nickel reaction is very sensitive. Jones
and Tasker? detected nickel at a dilution of one part in 40 million parts of
solution, when the solution filled a beaker, and one part in 8 millions using
a test-tube. Our experiments show that 0.008 mg. of nickel can be de-
tected in a liter of solution, 4. e., one part of nickel in 125 million parts of
solution, when the observation is made in a 50-ml. (210-mm.) Nessler tube.

Optimum Experimental Conditions

In order to find the optimum experimental conditions, the effect of both
the volume and the concentration of the reagent was determined. Ten ml.
of standard nickel solution was compared with ten ml. of a nickel solution
containing 0.008 mg. per ml. The reagent for the latter solution was
added in small amounts and a comparison made after each addition until
the intensity remained constant. The amount of reagent just sufficient for
complete color formation was 1.2 ml. of a 0.059), KsCy0,S, solution. This
was repeated using a 0.19%, reagent solution and 0.6 ml. was required. The
weight of K;Cy0.S; was the same in both cases, but the volumes were
different. Because of this unequal dilution of the nickel solution by the
reagent, sufficient distilled water was added to the smaller volume to make
the total volume of each the same.

A large excess of reagent causes a different shade or tint of color to
develop, which is lighter than the red color of the potassium nickelo-dithio-
oxalate. This fading appears more quickly for a large excess of reagent than
for a small excess. Table III shows how quickly the fading appears when
an excess of 0.19, reagent is used with 10 ml. of standard nickel solution.

TaBLE ITI

Excessreagent,ml........................ ... 1.5 1.0 0.5 0.0
Time before fading, min................. .. .. 15 30 75 300
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With no excess reagent, fading is not very marked until the end ot two
days. However, with this concentration fading was never noticed under
five hours and satisfactory readings have been made after twelve hours.
The order of addition of reagents and nickel appears to make no difference,
although it was always the same in this work.

Jones and Tasker represent the reaction of potassium dithio-oxalate with
nickel salts by the equation: 2 KyCyOsSs + NiXy = Kp(C20:5:)2Ni + 2 KX.
The colored compound is potassium nickelo-dithio-oxalate, as shown by
several analyses.

Per cent. Per cent.
by analysis for KaNiCaOsSs
C 12.78 12.74
S 34.4 34.0
Ni 16.2 15.8

The theoretical amount of reagent required for a definite amount of nickel
may be calculated from the above equation, and is 0.0675 mg. of KyCe0.S;
for 0.01 mg. of nickel. The
amount of KyCy0,S; experi-
mentally required for 0.01
mg. of nickel was 0.080 mg.
A solution of known nickel
content was compared with
the nickel standard. The re-
agent solution was added in
small increments, a compari-
son being made after each
addition. When the average
reading on the colorimeter
indicated the correct amount
of nickel for the known solu-
tion, an excess of reagent
never increased the intensity
of the color. This procedure
was repeated on a series of
solutions of known nickel
content. 0.08 |
The heavy line in Fig. 3 ' %
shows the amount of potas- ’
sium dithio-oxalate required f
for various amounts of nickel 0.00 S
as determined experiment- 001 002 003 004 005 0.06
ally. The theoretical amount Mg. of nickel.
of reagent is shown by the Fig. 3.

0.40

0.32

(=4
[\
=

Mg. of K2Cy0:S:.

0.16
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broken line. It is evident that all of the reagent is not reacting with the
nickel. This is due to a slight decomposition of the reagent.

The instability of the potassium dithio-oxalate was the most trouble-
some factor in this investigation. The salt was light straw colored when
obtained but gradually changed to brown. Dilute solutions are colorless;
concentrated ones are yellow. Jones and Tasker reported that evaporation
of the reagent solution on the water-bath gives a deposit of large colorless

prisms. The salt is white when

24— recrystallized from alcohol, but
on recrystallizing from water it
becomes less stable. On keep-
ing, it turns brown. The brown
20 coloration does not seem to be
due to the presence of sulfide or
free sulfur. Under the micro-
scope particles of different color
are visible, but these are very
soluble in water.

After a reagent solution has
stood for some time, there forms
a yellow turbidity which gradu-
ally settles out as a yellow pre-
\ cipitate. In the first part of our

—
=

-y
[

work measurements indicated
that this did not appear so soon
if the oxygen dissolved in the
distilled water was boiled out
before making the reagent up to

4 volume. It so happened that
\’ measurements with ordinary

N

< distilled water were carried out

. ?\\?_ 11}11 the (igecf:c sunllg?t, ”Wg?le
0.05 0.0 0.15 0.20 025 030 —10S¢ Wilh “oxygen-iree dis-
Reagent concentration, %. tilled water were not. Later

Fig. 4. measurements showed that sun-

light produces cloudiness more

readily than the oxygen in the water. For example, a 0.3, reagent solu-

tion made up with “‘oxygen-free’” water showed no noticeable cloudiness in

fifty minutes. The same strength reagent made with ordinary distilled

water and allowed to stand under the same conditions became noticeably

turbid in forty minutes. However, a portion of this same solution kept in
the dark room was not cloudy in three days.

The curve in Fig. 4 shows the rate of appearance of turbidity in po-

Time to appearance of turbidity, hours.

o
-l




May, 1932 COLORIMETRIC DETERMINATION OF NICKEL 1875

tassium dithio-oxalate solutions at concentrations ranging from 0.05 to
0.30%. It is obvious that a 0.05%, reagent solution is preferable to one
more concentrated.

The stability of potassium dithio-oxalate in solution is affected by the
hydrogen-ion concentration. An excess of hydrogen ions decomposes the
reagent, while an excess of hydroxyl ions prevents it from becoming cloudy.
For example, a 0.19, reagent solution in 0.002 N potassium hydroxide
developed no turbidity upon long standing. In lower concentrations of
alkali, turbidity appears more slowly than in neutral solution. Higher
alkali concentrations cause the reagent solution gradually to turn yellow on
standing for several weeks. Portions of a 0.19, reagent solution made acid
with varying amounts of 0.1 N sulfuric acid all gave precipitates, the
amount increasing with increase in acidity.

Potassium nickelo-dithio-oxalate is relatively stable. Upon standing in
solution for several weeks it loses its red color, but no cloudiness or pre-
cipitation appears. Its structural formula may be written as

0=C—S—K O0=C—S—K

o=c|:—s—Ni—s—IC=_4)
The effect of acidity or alkalinity on the colored potassium nickelo-dithio-
oxalate solutions was observed by mixing 10-ml. portions of standard nickel
solution with the required quantity of reagent and then adding varying
amounts of acid or alkali. Alkali causes a fading of the colored solution.
Even as small an amount as 0.2 ml. of 0.0174 N potassium hydroxide was
sufficient to give incorrect colorimeter readings with 10 ml. of the standard
nickel solution. Varying amounts of acid up to 0.8 ml. of 0.0194 N sulfuric
acid in 10 ml. of standard nickel solution did not seriously affect the colorime-
ter readings but larger amounts gave a lighter shade of color than the
characteristic pink. Hence, the final acidity of the colored nickel solution
should not be over 0.002 XV in sulfuric acid.

Effect of Various Ions.—Many metallic ions react with potassium
dithio-oxalate to form colored compounds. Jones and Tasker observed
color reactions with the following: Sb, Bit++, Cd++, Co, Cutt, Fett,
Fet++, Mn, Hg+, Hgt+, Ag*, Sn++, Sn++++, Pd, Pt++, Zn++, Cet+++,
Au, T1, Tit++and V. It is evident that any of the above ions may inter-
fere with the nickel determination. Ions that give no color reaction are
Al+++ Catt, Ba++, Srt+and Mg*+. Iron and cobalt ions are the ones
most likely to interfere with the nickel determination. Their concentra-
tion must be under one-hundredth that of the nickel; otherwise, an ap-
preciable error results.

Summary

A study of the reaction between potassium dithio-oxalate and nickel has
been made with reference to its use in colorimetry. The reaction obeys
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Beer’s law over a range in concentration suitable for colorimetric analysis.
The sensitivity, optimum experimental conditions and the effect of various
ions have been determined. Best results were obtained with a 0.05%,
reagent solution and a nickel concentration of ten mg. per liter. The
reagent will detect one part of nickel in 125 million parts of solution, when
the observation is made in a 50-ml. (210-mm.) Nessler tube. The color
develops satisfactorily in sulfuric acid solution up to approximately 0.002
normal. Traces of alkali cause fading. Many metallic ions give color
reactions with the reagent and hence will interfere with the nickel de-
termination unless they are removed. Iron and cobalt are the ions most
likely to interfere and must be removed unless the nickel concentration is
at least a hundred times greater than that of these ions.
UNIVERSITY, VIRGINIA

[CoNTRIBUTION FROM THE FRICK CHEMICAL LABORATORY OF PRINCETON UNIVERSITY ]

THE HOMOGENEOUS COMBINATION OF ETHYLENE AND
HYDROGEN. A SECOND-ORDER ASSOCIATION REACTION

BY ROBERT N. PeASE
RECEIVED JANUARY 4, 1932 PuBLISHED MAy 7, 1932

It has recently been shown that the polymerization of ethylene at
pressures above one atmosphere is a second-order homogeneous gas re-
action.! The primary action is thus of the association type. In view of
the fact that many homogeneous dissociation reactions are known to be
first order, it was inevitable that second-order homogeneous association
reactions should occur, unless the classical principle of mobile equilibrium is
incorrect as ordinarily applied. Nevertheless, a theoretical difficulty has
arisen in this connection which makes it especially desirable to investigate
other cases. The hydrogenation of ethylene is a particularly suitable
example since the reaction is reversible,? and the reverse action (dissoci-
ation of ethane) has been rather definitely shown to be first order.3

The theoretical difficulty mentioned above has to do with the accommo-
dation of energy in a single product molecule newly formed by the collision
of two reactant molecules. A rather crude analogy on a large scale is the
cohesion of two “sticky’’ masses—say, two balls of tar—which have been
directed at each other. In the latter case, any kinetic energy which is
lost, and the cohesion energy are converted into internal energy of the
resulting mass. Similarly in the case of two associating molecules, the

! Pease, THIS JOURNAL, 53, 613 (1931). At lower pressures there is evidence of
deviation. See Pease, bid., 52, 1158 (1930). The polymerization of acetylene may also
be second order. See Pease, tbid., 51, 3470 (1929).

? Pease and Durgan, #b4d., 50, 2715 (1928).
# Marek and McCluer, Ind. Eng. Chem., 23, 878 (1931); Frey and Smith, ibid., 20,
048 (1928). : .
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product molecule is called upon to accommodate in internal degrees of
freedom any loss of kinetic energy due to the inelastic nature of the col-
lision, plus the reaction emergy, and the internal energies of the original
molecules. However, since internal degrees of freedom are in general quan-
tized, the chance that the product molecule should be able to do this appears
to be negligible. The association is, therefore, extremely improbable.

The solution of this apparent difficulty was suggested by Kassel.* The
above argument implies that the internal degrees of freedom must be
quantized immediately the molecule is formed. This cannot be assumed.
Rather, the uncertainty principle indicates that the energies of individual
states may differ from their final values by as much as h/At, where At is the
time from the instant of collision. Therefore, if the total energy levels are
spaced sufficiently closely, any value of the energy may be temporarily
accommodated by the product molecule. Eventually, of course, any
excess of energy over that exactly corresponding to some particular set of
energy levels must be converted into kinetic energy in another collision, if
the product molecule is to be stabilized.

The simplest reaction mechanism appears to be essentially that suggested
by Taylor for the ethylene polymerization.? Two molecules whose joint
energy exceeds some minimum may unite on collision. The resulting
quasimolecule may subsequently either dissociate spontaneously, or it may
be dissociated as a result of a collision, or, finally, it may be stabilized as a
result of a collision. Which of the last two happens will depend on the
state of the molecule at the instant of collision. The rate of association
will be

aZ e E/BTgc,
where « is an orientation factor, Z is the total collision rate at unit con-
centrations and E is the activation energy. If most quasi-molecules of
products survive to undergo a collision (instead of decomposing spontane-
ously), the observed reaction rate will then be given by

aBzee~E/RT¢ico

where 8 is the fraction of subsequent collisions in which the quasi-molecule
is stabilized, rather than decomposed. In the case of ethylene polymer-
ization the product «f was found to be about 1 /2000. As will be shown
later, it is more nearly unity for the hydrogenation of ethylene.

Apparatus and Method

The apparatus and method were standard. The reaction was followed
by measuring the pressure decrease at constant volume in a heated Pyrex
reaction vessel of 500 cc. volume. After a measurement was completed,
the reaction mixture was collected with a Topler pump and analyzed.

4 Kassel, THIS JOURNAL, 53, 2143 (1931).
5 Pease, ibid., 53, 613 (1931). :
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The hydrogen was purified by passage over hot platinized asbestos, and
through a trap at —79°. The ethylene was purified by fractionation.
Both gases were originally better than 999, pure.

Results

The experiments were subject to two limitations. Owing to simul-
taneous polymerization of ethylene, it was necessary to confine the measure-
ments to mixtures containing a 3:1 excess of hydrogen. Satisfactory
results were then obtained when the reaction vessel was unpacked. When,
however, the vessel was filled with broken glass, it was found that con-
siderable quantities of hydrogen were absorbed by the latter.® Asa result,
the observed pressure decrease (at 550°) was about twice that with the
empty vessel. Analysis of the gas reaction mixture after exposure showed
clearly that the rate of ethane formation was normal. This is the more
interesting since it shows that the absorbed hydrogen is not reactive.

The values of k; were calculated by means of the equation

2.303 oa — x
k= ta — b) 0810 agb — xi
where ¢ is the time in seconds, a is the initial pressure of hydrogen, b is
the initial pressure of ethylene and x is the pressure of ethane at time 2.
In calculating values of k,, the first measurement (¢ = 300) was taken as
the initial state.

Since the reaction is reversible, it was necessary to determine whether
the reverse action was interfering to an appreciable extent. It was found
that the values of k, were not appreciably different when the much more
elaborate expression involving the rate of the reverse action was employed.
Measurements were only carried up to 509, conversion of the ethylene.

The results of a series of experiments with 3H,:1C;H, mixtures carried
out in the unpacked reaction vessel are presented in Table I. It will be seen
that the values of %, are reasonably constant at each temperature. At
550° measurements were made with initial total pressures of one, one-half
and one-fourth atmosphere. Although the constants at one-half atmos-
phere were somewhat lower than the others, there is no reason to doubt
that the reaction is second-order.

It has already been mentioned that polymerization of ethylene interfered
when the reaction mixture contained more than 25% of this gas. This is
shown by the data of Table II. Two runs were made at 550° with mix-
tures of 2H:1C,H, and 1H,:1C,H,. In each case the amount of hydrogen
reacting was nearly the same as the amount of ethane formed. The
amount of ethylene reacting exceeded this latter by 119, with the 2H,:-
1CH, mixture, and by 339, in the 1H,:1C,H, mixture. In consequence it
is not possible to calculate a constant for the formation of ethane. Ap-

¢ Compare Alyea, THIS JOURNAL, 53, 1324 (1931).
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TABLE 1
RaTES WITH 3Hs:1CoHy MIXTURES IN EMPTY REACTION TUBE
Temp., °C. 475 500 524 552 548 550
Initial press. Hz, mm. 573 575 580 562 294 141
Initial press. C2Hy, mm, 195 196 198 191 100 48
Initial total press., mm. 768 771 778 753 394 189

Time, Obs. Obs. Obs. Obs. Obs. Obs.
sec. press. ks X107 press. k2 X107 press. k2 X107 press, kX 107 press. k2 X107 press. k2 X 107
300 762 756 747 717 380 183
600 758 (1.3) 749 2.43 733 5.39 685 15.1 371 13.4 180 (19)
900 755 (1.1) 743 2.25 720 5.50 661 15.1 363 13.6 178 16
1200 752 1.08 737 2.24 709 5.42 Av. 15.1 356 13.6 176 15
1800 747 0.99 725 2.31 690 5.37 345 13.4 172 16
2700 739 0.98 708 2.40 667 5.40 Av. 13.5 168 15
3600 732 0.95 693 2.47 Av. 5.42 Av. 16
4500 723 1.01 680 2.51
7200 703 1.01 Av. 2.37
Av. 1.00
Final press. change, mm. 65 91 111 92 49 21
C:;Hjg formed, mm. 64 92 119 108 58 28
CyH¢ used, mm. 60 87 107 89 47 24
Hs used, mm, 69 96 124 112 62 25
TaBLE IT
REACTION AT 550 ° with 2H,:1CoH, AND 1H,:1C;Hs MIXTURES
Temp., °C. 548 550
Initial % C2H4 33. 1 49. 2
Initial total press., mm. 768 766
Final total press., mm. 620 565
Pressure drop, mm. 148 201
C;H, formed, mm. 141 184
H; reacted, mm. 146 187
C.H, reacted, mm. 157 245
CH, formed, mm. 10 35
Higher unsats. formed, mm. 4 12
Reaction time, sec. 1800 2700
ke X 107 (11.4) (10.7)

proximate calculations indicate that the value of k; may be somewhat less
in these mixtures. Thus, the most favorable view that could be taken
would be that the whole pressure drop is due to ethane formation. The
corresponding calculation of k; gives 11.4 X 10~7 for the 2H,:1C.H,y mix-
ture, and 10.7 X 1077 for the 1H,:1C.H, mixture, as compared with 15.1 X
107 for the 3H,:1C.H, mixture.

Experiments with the reaction vessel filled with broken Pyrex glass (4-10
mesh) are recorded in Table III. Analysis showed that in all cases there
was a marked loss of hydrogen in excess of ethane formed. In this case also
it is not possible to give precise values of k. Assuming that the whole
pressure drop represents reaction, the values of k; would be 4.15 X 107
at 500° and 1 atm. (initial), and 27.4 X 10~" at 550° and 1 atm. (initial).
These are to be compared with 2.37 X 1077, and 15 1 X 107, respectively,
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in the empty tube. The constants for the packed tube are nearly twice
those for the empty tube. Even if this were all due to increased wall
reaction in the packed tube, it would still not be serious since the wall sur-
face has been increased by a factor of ten at least. However, the results of
analysis show clearly that twice as much hydrogen as ethylene has dis-
appeared, which accounts for the large apparent value of %, In the
experiment at 550° the final reaction mixture was fractionated before
- analysis. The result proved that ethane, rather than a mixture of methane
and propane (say), was produced.

TaBLE IIT
REACTION OF 3H,:1C;Hs MIXTURE IN PACKED REACTION VESSEL
Temp., °C. 499 550 550
Initial press. H;, mm. 564 563 335
Initial press. C;Hy, mm. 193 193 115
Initial total press., mm. 757 756 450
Final total press., mm. 694 648 390
Pressure drop, mm. 63 108 60
C,H,¢ formed, mm. 45 83 39
H; reacted, mm. 72 126 68
CyH, reacted, mm. 38 65 31
Reaction time, sec. 1800 600 900
kX 107 (4.15) (27.4) (27.3)
Discussion

The results show that the formation of ethane from ethylene and hydro-
gen is a homogeneous, second-order reaction, at least when hydrogen is in
excess. It remains to calculate the reaction rate on the basis of the col-
lision theory.

The values of &, for the runs at one atmosphere in the empty bulb with a
3H.:1C;H, mixture are fitted by the equation

43,150
lOglo kz = — m—?)—R—T + 5.576
as shown by the data of Table IV.
TaBLE IV
CoMPARISON OF CALCULATED AND OBSERVED VALUES OF ko
k2 X 107

Temp., A, Obs. Calced.
748 1.00 0.97
773 2.37 2.45
797 5.42 5.70
825 15.1 14.5

According to the collision theory, the rate of reaction in terms of mole-
cules of ethane formed per cc. per second should be
B2 \/ 2aRT(M: + M) 3 043,150/ RT

1M
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where M, is the molecular weight of Hy, M, is the molecular weight of CoHy,
o1z is the average diameter of H, and C,H, in cm., n; is the number of
mols. of H; per cc. and 7y is the number of mols. of CoH, per cc.  « and B
have been already defined. Since o5 can only be approximately estimated
in the absence of viscosity determinations at the temperatures of the ex-
periments, it seems best to use the velocity data to calculate afiol,. An
estimate of af can then be made by substituting a reasonable value of oy,.

k, represents the pressure in mm. of C,H; formed per second when CoH,
and H, are at 1 mm. pressure each. At 500° (773 A) Byis 245 X 1077
This corresponds to 3.08 X 10° molecules of C,H, formed per cc. per second.
At 550° and 1 mm. pressure there will be 1.25 X 106 molecules each of H,

and C,H, per cc. Substituting

43,150
3.08 X 10° \/%8.32 X 107 X 773 X 28.0 T 1885 X 773

—_ e = 2
{1257 x 100 = *Fo12:2 54.0 X 4.03
afel; = 4.38 X 107V

If now we assume that

then

o2y = 4 X 10710
whence a8 = 0.1, approximately. Thus, of all collisions between H, and
C,H, molecules having the requisite energy, about 109, lead to formation
of C;Hs. This is to be compared with 0.05% (1/2000) in the combination
of ethylene molecules.

Comparison with Equilibrium Data and Rate of Dissociation of
Ethane.—If the velocity constant for the combination of ethylene and
hydrogen is ks, and the constant for dissociation of ethane is k;, the equi-
librium constant for the dissociation of ethane

CHg = C2H4 + He

is given by
K = pombE: _ R
PC2H3 ks
The experiments here reported give for ks in mm.
,1
logioks = — ;33‘-—5(7)- + 5.576
For k, in atmospheres, this becomes
1
oty = — 5190 4 g 4y
For ki, the work of Marek and McCluer? gives
73,170
logiok:r = S 3RT + 15.12
Thus
long = logm ki — logmkz = - 3—9—’929' + 6.66

2.3RT
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Direct measurements of K at 600-700° give?
_ 31244
Iong = - m + 6.31

The independent determinations thus confirm one another.

Summary

The combination of ethylene and hydrogen in a Pyrex glass vessel at
475-550° and one atmosphere pressure has been shown to be a homogene-
ous, second-order reaction. A calculation based on the collision theory
indicates that about 109 of the collisions between ethylene and hydrogen
molecules possessing the requisite energy (43,150 cal. per mole) eventually
result in formation of ethane.

Combination of equations for the rates of ethane formation and of
ethane dissociation gives an equation for the equilibrium constant of the
reaction

CH; = CH, + H;
in good agreement with that obtained by direct measurement.
PRINCETON, NEW JERSEY

[CONTRIBUTION FROM THE CHEMISTRY DEPARTMENT OF THE STATE UNIVERSITY OF
Towa]
THE PREPARATION AND PROPERTIES OF IODINE
MONOCHLORIDE!

By JacoB CorNOG aND R. A. KARGES
RECEIVED JANUARY 4, 1932 PuBLISHED May 7, 1932

I. Preparation

Old Method.—Iodine monochloride has usually been prepared by
leading chlorine over solid iodine.?2 The crude product thus obtained was
distilled; the portion of the distillate forming between 100 and 102° was
retained. ‘The distillate was far from pure. Stortenbecker obtained
iodine monochloride of good quality by repeatedly recrystallizing the
distillate in its own mother liquor.

Improvement of the Old Method.—The present authors found that
passing a slow stream of chlorine through the system during distillation
and collecting the distillate formed between 100 and 101.5° increased the
yield from about 35 to about 85%, and also improved the quality of the

! From a thesis submitted to the Graduate College of the State University of
Iowa in partial fulfilment of the requirements for the degree of Doctor of Philosophy,
by R. A. Karges, August, 1931.

? Gay-Lussac, Ann. chim., 91, 1 (1814); Serullas, Ann. chim phys., 22, 180
(1833); Harmay, J. Chem. Soc., 20, 815 (1873); 1bid., 35, 269 (1879); Thorpe, 2bid.,
37, 174 (1880); 61, 925 (1892).

* Stortenbecker, Rec. trav. chim., 7, 152 (1888).
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distillate. They also found that analyzing the distillate and adding the
quantity of solid iodine required to cause the compositions to correspond
to that implied by the formula of iodine monochloride was a profitable ex-
pedient. The iodine monochloride was next liquefied and then slowly
cooled, whereupon large, black, prism-shaped crystals formed. When
about 809, of the iodine monochloride had crystallized, the remaining
liquid was removed by decantation. This process was repeated until
the freezing point of the crystals was the same as that of the supernatant
liquid. Two or three crystallizations were usually required. At best
this older method is a tedious, time-consuming process.

A New Method of Preparation.—The statement of Thomas and Du-
puis? that solid iodine added to liquid chlorine leads to the formation of
jodine trichloride suggested the method for preparing iodine monochloride
about to be described. Approximately 300 ml. of liquid chlorine is led
directly from a commercially obtained cylinder of chlorine into a tared
500-ml. flask cooled with a mixture of solid carbon dioxide and ether.
A weighed quantity of solid iodine, roughly one-half of a molar equivalent
of the chlorine in the flask, is next added. The equivalence may vary
rather widely but the weight should be accurate. After the addition of
iodine the contents of the flask congeal to a solid. The flask is gradually
raised from the cooling mixture and allowed to warm to room tempera-
ture. During the warming any uncombined chlorine evaporates. The
weight of the flask and contents is next determined. Since the weight
of the jodine added and the tare weight of the flask are known, the weight
of the chlorine is determined by difference. The weight of both chlorine
and iodine being known, the quantity of solid iodine that must be added
to cause the composition of the impure product to correspond to that
implied by the formula ICl is computed and added. The flask is closed
with a glass stopper and allowed to stand in a liquid condition for twenty-
four hours or longer. The freezing point of the iodine monochloride is
usually within 0.1° of that of the pure article. One or two recrystalliza-
tions usually suffice to obtain the pure iodine monochloride. The follow-
ing manipulative observations are helpful. Iodine monochloride vigor-
ously attacks cork, rubber and the human skin, hence contacts with these
substances should be avoided. A dilute (6 M) solution of hydrochloric
acid is an effective antidote for skin burns. While iodine monochloride
in bulk is not notably hygroscopic, yet small quantities of moisture from
the air or starting materials will noticeably depress the freezing point.
Hence exposure to moisture should be at a minimum. Exposure to atmos-
pheric moisture produces a film of iodine pentoxide on the glass of the
containing vessel.

By this new method the authors have been able to prepare pure iodine

« Thomas and Dupuis, Compt. rend., 143, 282 (1906).
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monochloride in one or two kilo lots within two or three hours. Prepara-
tion of similar quantities by the older methods required a similar number
of days. This procedure serves also for the preparation of iodine trichlo-
ride but the authors have investigated this only qualitatively.

The iodine monochloride prepared as described had a freezing point
of 27.19° as compared with the Stortenbecker value of 27.20°. The ther-
mometer used was marked in 0.1° divisions and had been compared with
a similar thermometer calibrated by the United States Bureau of Stand-
ards. A second criterion of purity was that afforded by gravimetric
analysis. The method was a modification of the one described by Storten-
becker.5 Duplicate analyses of the same sample would not vary by more
than 0.2%, generally by not more than 0.1%, from each other and from
the theoretical composition of iodine monochloride. A third criterion
of purity was the similarity of values obtained for the electrical conduc-
tivity of iodine monochloride obtained in different runs.

The conjunction of the criteria led to the belief that the iodine mono-
chloride used in these experiments was approximately pure.

II. Vapor Pressure

The vapor pressure was measured by the method of Smith and Menzies.®
Iodine monochloride was the confining liquid. When heated above 70°
the rate of decomposition of iodine monochloride becomes so rapid that
consistent measurements were not obtained. The average of four ex-
perimentally determined vapor pressure values at each temperature is
recorded in the third column of Table I. The individual measurements did
not vary more than 0.25 mm.

TaBLE I
VAPOR PRESSURE AND OTHER DATA CONCERNING IODINE MONOCHLORIDE
Vapor AH, molal heat AH/T, boiling en-
Absolute pressure of of vaporization, tropy of vaporiza-
Temp., °C. temp., °K. ICl, mm. cal. tion, cal.
35 308.1 48.0 10,140 27.18
40 313.1 62.5
10,290 27.59
45 318.1 81.0
10,080 27.02
50 323.1 103.6
10,200 27.34
55 328.1 131.9
10,100 27.08
60 333.1 166.0
10,302 27.66
65 338.1 209.0 10.460 23
70 343.1 261.7 ’

The values for molar heat of vaporization given in column four were
computed by the use of the integrated form of the Clausius—Clapeyron
equation.

P, AHT,—T)

2.302 log E = T Tl

& Stortenbecker, Z. physik. Chem., 10, 192 (1892).
¢Smith and Menzies, THIS JOURNAL, 32, 1427 (1910).
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P, and P; are vapor pressures at temperatures Ty and T3, respectively.
AH is the molar heat of vaporization.

According to Trouton’s rule, the entropy of vaporization for non-asso-
ciated liquids is 21 calories.

Since iodine monochloride dissociates on boiling at atmospheric pres-
sure, its boiling point is not definite. The literature gives values as low
as 94.7 and as high as 102. The value used in the computation of column
4 is 100° or 373.1°K. The values given in column 5 indicate that iodine
monochloride is an associated or polar liquid. J. H. Hildebrand’ makes
the point that, for the application of Trouton’s rule, the entropy of vapori-
zation should be taken, not when liquids are boiled under atmospheric
pressure, but rather when temperature and pressure are so chosen as to
give the same volume of vapor per mole of material in each case.

2.5

-

y-1

<21 9//

g Log p=Log 7702 4 i —]
1.9 7
1.7
2.49 2.50 2.51 2.52 2.563-
Log Tk.
Fig. 1.

By applying a modification of the Clausius-Clapeyron equation to the
data given graphically in Fig. 1, the value of the entropy of vaporization
of iodine monochloride is computed as 83.4 cal. at the concentration of
0.00507 mole per liter. Hildebrand gives the values of this constant at
this concentration as 32.4 cal. for liquid ammonia, 32 cal. for water and
33.4 cal. for ethyl alcohol. For ten known non-associated liquids he gives
the average value of 27.4 cal. at this concentration.

Iodine monochloride is an associated or polar liquid.

7 J. H. Hildebrand, “Solubility,” The Chemical Catalog Co., Inc., New York,
1924, p. 93.
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III. The Conductivity of Iodine Monochloride

An ordinary conductivity cell was used to measure the conductivity of
iodine monochloride and of solutions of potassium chloride and ammonium
chloride in it. The cell constant was obtained in the usual way by measur-
ing the conductivity of a 0.02 M solution of potassium chloride in water.
The measurements were made in a thermostat at 35 = 0.1°, The specific
conductivity of four different samples of iodine monochloride varied from
0.004572 to 0.004589 reciprocal ohms.

Prolonged exposure of iodine monochloride in a wide weighing bottle
to the humid air of a June day caused the sides and bottom of the bottle
to become heavily coated with iodine pentoxide. This exposure also
influenced the conductivity of iodine monochloride. Removing the stopper
of the conductivity cell for two minutes produced no measurable change
in conductivity; exposure for twenty minutes in the weighing bottle
caused the specific conductivity to increase from 0.004589 to 0.00521 and
exposure for one hundred minutes increased the conductivity to 0.01327
reciprocal ohms.

The results of vapor pressure measurements indicate that iodine mono-
chloride is an associated liquid; hence it may be expected to act as an
ionizing solvent. The validity of this assumption may be put to experi-
mental proof by preparing solutions of potassium chloride and of am-
monium chloride and measuring the conductivity at different dilutions.
The results are given in Table II.

TasLE II
CONDUCTIVITY OF SOLUTIONS IN IODINE MONOCHLORIDE AT 35°
Molal concen. Specific conductivity K, specific con- Equivalent
of solute of ce ductivity of solute conductivity
Potassium chloride as solute ‘
0 4583 X 10~¢ ..
0.5 18,975 14,387 X 106 28.76
.25 ¢ 12,140 7,522 30.21
.125 8,494 3,996 31.20
.0625 6,491 1,903 30.43
.02083 3,230 642 30.81
.00993 4,797 84 31.19
Ammonium chloride as solute
0 4588 v ..
1 24,175 19,650 19.65
0.5 15,770 10,982 21.96
.33/ 12,100 7,852 22.64
.162/, 8,558 3,970 23.82
.08/, 6,642 2,034 24.64

Columns one and four in Table II are graphically represented in Fig. 2.
These data indicate that: (1) Potassium chloride dissolved in iodine mono-
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chloride increases the conductivity very decidedly. However, after the
first dilution the equivalent conductivity shows no regular increase with
dilution. (2) Ammonium chloride also shows evidence of dissociation
in the solution. While the equivalent conductivity is less than in water,
its increase with dilution is entirely analogous to the behavior of a solu-
tion of an electrolyte in water.
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Fig. 2.
Summary

1. Two methods of preparing relatively pure iodine monochloride are
described. One is an improvement on traditional methods; the other is
a new method.

9. Results of vapor pressure measurements indicate that iodine mono-
chloride is a polar liquid.

3. Conductivity measurements show that iodine monochloride acts
as a dissociating solvent on potassium and ammonium chloride.

Iowa City, Iowa
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[CoNTRIBUTION FROM THE FERTILIZER AND FIXED NITROGEN INVESTIGATIONS, BUREAU
oF CHEMISTRY AND SOILS]

THE EFFECT OF ADSORBED GASES ON THE PHOTOELECTRIC
EMISSIVITY OF IRON AND PLATINUM

By A. KertH BREWER
RECEIVED JANUARY 8, 1932 PUBLISHED Mavy 7, 1932

The present research was undertaken to determine, as far as possible,
the physical state of gases adsorbed on metallic surfaces, with the hope
in view that this knowledge will contribute to our understanding of surface
catalysis. The metals chosen for investigation were iron and platinum,
while the gases used were nitrogen, hydrogen, ammonia, helium and
oxygen. Thus the study comprises both excellent and poor catalysts
for the synthesis of ammonia, as well as reactive and poisonous gases.

Apparatus.—The apparatus, illustrated in Fig. 1, is essentially the same as that
described in previous papers,!? except that a Pliotron FP 54 four element vacuum tube
was used in place of the Compton electrometer. The current sensitivity was 4.35 X
10-1%5 amp. per cm. galvanometer deflection; it was possible to read currents accurately
from 5 X 10~16to 10~*amp. The sensitivity can be increased considerably beyond this
point but it was not necessary in this research.

|sFilament
Pliotron
—l"lCu collector FP54

S - Ayrfon Shunt
=i R, - 1000 ~ Rheostst
= Ry~ 10000 Dial Resistance

Fig. 1.

Method of Procedure.—It was found necessary to take special precautions for the
removal of oxygen and water vapor from the gases. The nitrogen, hydrogen and helium
were passed slowly through a tube filled with freshly reduced copper heated to 500 °,
dried with liquid air, and then stored in a balloon flask containing a tungsten filament.
The gases were kept in contact with the incandescent tungsten for a day. The balloon
flask was connected to the main system by a stopcock followed by a mercury seal to
prevent grease contamination during operation. The gases were again passed through
liquid air before entering the photoelectric tube. The ammonia was taken from a tank
of liquid ammonia that had stood in contact with metallic potassium for years.

! A, Keith Brewer, Phys. Rev., 38, 401 (1931).
* A. Keith Brewer, THIS JOURNAL, 53, 74 (1931).
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The entire system was thoroughly flamed out before starting a series of runs. The
filament was then heated to redness in about 2 cm. of hydrogen for an hour, after which
the system was again flamed out and the filament heated % vacuo until it showed the
normal long wave length limit, 7. e., a just detectable emission with 22536 for iron and a
small emission with A\2653 for platinum. An iron surface is readily purified but platinum
requires considerable heating at 800° to give anything like a constant threshold, due to
the difficulties of removing absorbed hydrogen.

Results with Iron

The factors given special attention in making this study were the effect
of the gases on the intensity of emission as well as on the shift in the photo-
electric threshold, the character of the wave length vs. current curves, and
the effect of temperature on the sensitivity.

The data were taken with an accelerating potential of 9 volts plus the con-
tact potential difference between the filament and collector; stopping poten-
tial measurements showed the latter to be near +1 volt. This potential
was below the ionization potential of any of the gases studied so the pos-
sibility of ionization by collision did not exist.

48 ”'"
}Hj‘/
40— -
.32
3 ——— | "
2 ? i —
x*7 2 — T
16
8
0 0.4 0.8 1.2 1.6- 2.0 24

Pressure, mm.

Fig. 2.—The effect of gases on the photoelectric emissivity of iron: V¥, 9;
A, 2300; temp., 215°C.

Gas 14 A Temp.

NH; 9 2300 215°C.
H, 9 2300 215°C.
N, 9 2300 215°C.

The effects of various pressures of hydrogen, nitrogen and ammonia
on the emissivity of iron are shown in Fig. 2. The measurements were all
extended to 10 cm. pressure; the photoelectric current decreased only
slightly with increasing pressure above 2.0 mm.

The emissivity curves for nitrogen and hydrogen are very nearly identical
over the entire pressure range; the ammonia curve is distinctive in that
the current enhancement for low pressures is less than that for nitrogen
or hydrogen, while for high pressures it is materially greater. Oxygen
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behaves quite differently in that when present in the most minute traces
it materially lowers the emissivity. For instance, nitrogen, when passed
slowly through a freshly reduced copper deoxidizer at 500° and there-
after held in contact with glowing tungsten for about fifteen minutes,
still contained enough oxygen to give an emissivity definitely lower than
nitrogen which had been held in contact with incandescent tungsten for ten
hours. The amount of oxygen on the surface necessary to give a lowering
of the threshold was too small to be estimated with any degree of precision.

Voltage vs. current measurements showed saturation to exist at pressures
below the maximum points on the pressure vs. current curves; at higher
pressures the current increased gradually with the voltage until ionization
by collision set in, whereupon rapid increases were observed. At 10 cm. the
current increase was but slightly less than linear with respect to voltage.
At pressures below 0.4 mm. saturation was obtained for 2.0 volts accelerat-
ing potential.
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Fig. 3.—The effect of temperature on the photoelectric emissiv-
ity of iron in gases.

The effect of temperature on the emissivity is illustrated in Fig. 3.
Line 1 shows nitrogen and hydrogen to be almost identical in their behavior,
the points for nitrogen being just slightly the higher. Line IV is typical
of the results obtained when the pressure becomes too low to read on the
MecLeod gage, without making any attempt to degas the iron; the curve for
degassed iron is similar but somewhat lower. The temperature coefficient
for ammonia differs from that for nitrogen and hydrogen, since it ab-
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normally increases the emissivity at temperatures below 200°. The curves
are all completely reversible when the products of decomposition of am-
monia were not allowed to accumulate.

The effect of gases on the long wave length limit is suggested by the
character of the lines in Fig. 4. The curves are distinctly different from
those obtained in the absence of a gas in that the metal does not have
a sharp long wave length limit. Thus the lines in Fig. 4 skirt the wave
length axis to no definite limit and do not end sharply at some specific wave
length.
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Fig. 4—Characteristic wave length vs. emissivity curves.

Pure iron in a vacuum showed a just detectable emission for A2536"*
with a threshold near 2575 A. In the presence of hydrogen the emissivity
became negligible below A2750 and for nitrogen below A2802. Ammonia,
however, gave a definite emissivity for A3650, the threshold lying near
the limit of the visible, about 4000 A. Expressed in equivalent volts the
approximate thresholds are: vacuum 4.8 volts, hydrogen 4.5 volts, nitro-
gen, 4.4 volts and ammonia 3.1 volts. These values are for pressures just
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above the maximum point in the curves shown in Fig. 2 and for room
temperature.

The long wave length limit in oxygen when present even in small amounts
was too low to be measured. One millimeter of nitrogen containing near
0.01% oxygen dropped the threshold to near 2300 A.; 3. e., it raised the
work function from 4.8 volts to more than 5.4 volts. Under these condi-
tions there was just about enough oxygen present in the entire system
to cover the filament with a monomolecular layer. Since the lowering of
the threshold took place immediately upon the introduction of the oxygen
and since the system was so designed that the probability of the average
oxygen molecule striking the filament surface was very small, the amount
of the surface covered by oxygen must have been only a very small fraction
of a monomolecular layer. Continued heating in gas of this composition
lowered the threshold to a point where an emissivity could no longer be
detected.

Results with Platinum

The effect of gas pressure on the emissivity was investigated between 10
cm. and the best vacuum that could be obtained. Characteristic results
are plotted in Fig. 5. The emissivity curves given are for 22300 A.
and for A2700 A.; the temperature of the filament was 215°. The same
gas was used throughout each series of runs except for ammonia, where the
system was evacuated and refilled between each pressure measurement to
prevent the accumulation of any products of decomposition.

The data were all taken starting with high pressures and temperatures
working toward the low, though after the filament had once been heated
to the maximum temperature used, all points were reproducible when ap-
proached from either side.

The curves show that the emissivity increases rapidly with the advent of
gas to a maximum in the neighborhood of a few tenths of a millimeter
pressure, after which it decreases slowly with pressure over the entire range
investigated; the change between 1 and 10 cm. is very slight. The loca-
tion and sharpness of the maximum depend both on the gas and on the
wave length of the light. To illustrate, hydrogen always shows a sharp
maximum for wave lengths considerably removed from the threshold, the
sharpness gradually disappearing toward longer wave lengths. This is
shown in the hydrogen curves for A2300 and \2700.

The emissivity in hydrogen, as is shown by Fig. 5, is large compared
to that in nitrogen, ammonia, helium and oxygen. This enhanced emis-
sivity is accompanied by a shift in the long wave length limit toward the
red, as is illustrated by magnitude of the currents obtained with A2700
in the various gases. The threshold for oxygen lies near 2225 A., for
helium is near 2650 A. and for nitrogen and ammonia it is near 2750 A.
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Hydrogen, on the other hand, gives the characteristic curve of a highly
composite surface, as will be seen by line V in Fig. 4. Under most advan-
tageous conditions an emission could just be detected with N4078, although
23650 is usually near the limit. The possibility of the observed currents
being due to scattered light was removed by placing suitable screens
in the path of the ultraviolet light before entering the monochromator.
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Fig. 5—The effect of gases on the photoelectric emissivity
of platinum.

The decrease in emissivity observed in oxygen is interesting in that it is
not due to the normal gas molecules; the effect of oxygen on a cold filament
is not materially different from that of nitrogen. As the filament is
heated, the photoelectric current rapidly drops, the threshold finally
shifting to below 2225 A. This rapid shift in threshold is most pronounced
when the filament has previously been heated in hydrogen for some time;
under such conditions it is accompanied by the formation of water within
the tube, even though the filament has been thoroughly glowed in a vacuum
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before introducing the oxygen. Apparently the first rapid shift in thresh-
old is due to the removal of hydrogen from the platinum by the oxygen,
followed subsequently by a combination between oxygen and platinum,
since an appreciable emissivity cannot again be obtained without reducing
in hydrogen.

The effect of temperature on the emissivity in various gases is illustrated
in Fig. 6. In general, the data were taken while going from higher to lower
temperatures, but the effects were all perfectly reversible. Curve 6 for
the evacuated system is not for outgassed platinum but represents the
condition where the pressure is too low to be read by a McLeod gage and
where the filament is being lowered from 600° to room temperature.
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Fig. 6.—The effect of temperature on the photoelectric emission of
platinum in gases.

Curve Gas A P, mm. Curve Gas by P, mm.
1 H., 2300 0.435 I11 NH; 2700 0.80
I H, 2700 435 4 He 2300 485
2 N, 2300 1.7 v He 2700 485
II N, 2700 1.7 5 O, 2300 10.00
3 NH; 2300 0.80 6 — 2300 vac.

Curves 4 and 6 for helium and for the evacuated system show a small
enhancement in emissivity with decreasing temperature, while Curve 1
for hydrogen shows a large positive temperature coefficient. Nitrogen
exhibits only a small temperature effect. The ammonia curve is char-
acteristic of this gas in that there is a pronounced increase in emissivity
as the temperature drops from 200 to 100°, while above and below these
points the temperature coefficient is small; the effect, however, is much less
than for iron.

The emissivity in gas mixtures could be analyzed in a few instances.
In the case of hydrogen on platinum the addition of nitrogen had no ap-
preciable effect. The addition of nitrogen or hydrogen to ammonia had
no effect on the enhancement of the emissivity from iron. For platinum,
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on the other hand, the addition of hydrogen to ammonia raised the emis-
sivity to a point corresponding to pure hydrogen.

Discussion of Results

No ambiguity can exist regarding the nature of the wave length wvs.
current curves, as illustrated in Fig. 4. They are distinctly the type of
curves obtained only on composite surfaces;"? indeed, these curves can be
exactly duplicated by those previously obtained from pure iron on which
various amounts of potassium ions had been deposited. In the neighbor-
hood of 0.5 mm. pressure the wave length characteristic for iron in hydrogen
coincides with line 2, Fig. 2, of the previous communication® for an iron
surface 0.002 covered with potassium ions. The results for nitrogen fall
between Curves 2 and 3, and correspond with a surface 0.003 covered,
while the maximum effect obtained with iron in ammonia corresponds to
line 7 for a surface 0.02 covered with potassium ions.

In continuing the comparison between the photoelectric emission in
gases and on composite surfaces it is interesting to note that for low
gas pressures the sensitivity of the surface increases almost proportionally
to the pressure, while Fig. 3 of the previous article shows the emission to
be proportional to the concentration of potassium ions on the iron when
the fraction of the surface covered is less than 0.04. The failure of the
proportionality between pressure and current to extend over a wider range
is doubtless due to three causes. First, saturation cannot be obtained
above 0.4 mm. pressure. Second, the sensitivity is lowered by the presence
of neutral gas particles, whether atoms or molecules, covering the surface.
Third, the presence of space charges in the layers of gas near the surface
materially lowers the emission current.

The physical status of the composite surface, capable of giving the
observed effect, necessarily entails some degree of speculation. It safely
may be said however, that since it affects the work function of the surface
for escaping electrons, it is necessarily electrical in nature. Several
possibilities may exist: a small percentage of the gas molecule striking
the surface may become ionized by the surface forces; the surface may
be covered with a highly polar layer of gases, in the “incipient ionization”
stage as described by Sir J. J. Thomson;® or a state of dynamic equi-
librium may exist in which the gas is in all degrees of dissociation from
normal molecules to complete ions, as prescribed by probability.

Little if anything of a quantitative nature is known regarding the effect
of polarized or “incipiently ionized”’ molecules on the work function,
hence it cannot be told whether such a surface state will satisfy the de-
mands of the emissivity curves. Since the curves are identical with those
obtained for surfaces sparsely covered with ions, the most probable inter-

3 J. J. Thomson, ‘“The Electron in Chemistry,” J. B. Lippincott, Co., 1923.
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pretation to adopt is that a fraction of the gas molecule striking the surface
is completely dissociated into ions; it is reasonable to assume that the
ionized gas is present in various degrees of dissociation in dynamic equi-
librium with the ionized and normal molecules. In this connection,
Kobosew and Anochin® compute the ionization potential of the average
hydrogen molecule on platinum to be of the order of 4 volts.

The ionization of gases at metallic surfaces has long been recognized
in thermionics. It was first pointed out by H. A. Wilson® and has been
discussed in detail by O. W. Richardson® from the point of view of ther-
mionic emission. Erikson” has shown that the mobilities of the ions from
alkali-free platinum in air are identical with air ions and concludes that the
ions most probably come from gas molecules dissociated on the platinum.

Schmidt?® has calculated the conditions under which hydrogen may
be dissociated into ions at metallic surfaces and has shown his deduction
to be in agreement with the observed facts found in the catalytic hydrogena-
tion of organic compounds. The writer has shown certain correlations be-
tween temperature and work function in thermionic emission in gases,®
and has proposed a mechanism for surface catalysis in which the problem
is considered as a special case of thermionic emission in gases.’® The
present results furnish another method of attacking the problem of ioniza-
tion of gases at metallic surfaces wherein it is possible to estimate the degree
of ionization over a definite pressure region and also to show the effect
of the adsorbed ions (adions) on the work function of the surface.

The condition established by the presence of ions adsorbed on a con-
ducting surface may easily be understood from the following considera-
tions. Becker!! has shown from thermionic studies that barium ions ad-
sorbed on tungsten behave in a manner analogous to that which would
result from a grid placed at an atomic diameter from the surface and
charged positively with respect to the surface. This same analogy is even
more strikingly shown in the recent photoelectric studies. The effect of
the adsorbed ions is exactly that of a grid covering the surface where the
grid spacings correspond to the distance between the ions; thus for condi-
tions where the fraction of the surface covered by ions is small the grid
spacings are large compared to the distance between the grid and the surface.

On leaving a conductor an electron must do a certain amount of work

¢ Kobosew and Anochin, Z. physik. Chem., 13, 18 (1931). '

S H. A, Wilson, Phil. Trans. Roy. Soc., A197, 415 (1901).

¢ O. W. Richardson, “The Emission of Electricity from Hot Bodies,” Longmans,
Green & Co., New York.

7 H. A. Erikson, Phys. Rev., 26, 625 (1925).

® O. Schmidt, Z. physik. Chem., 118, 195 (1925).

? A. K. Brewer, Proc. Nat. Acad. Sei., 13, 592 (1927).

9 A. K. Brewer, J. Phys. Chem., 32, 1006 (1928).
11 J. A. Becker, Trans. Am. Electrochem. Soc., 55, 21 (1929).



May, 1932 ADSORBED GASES AND PHOTOELECTRIC EMISSIVITY 1897

against the image and intrinsic forces of the surface; this work may be
expressed in equivalent volts, ¢, which under ordinary conditions lies
between 3 and 6 volts. In thermionics the value of ¢ is obtained directly
from the Ri_chardson equation, I = AT ¢~ */*T while in photoelectrics
it is given by the relation ¢ = hvo — e, where », is the threshold frequency
and ¢ = 12345/\.

The immediate effect of a positive grid near the surface is to lower ¢
and hence to lower ¥, by an amount depending on the strength of the
field of the grid at the point of exodus of the electron; adsorbed negative
jons will tend to raise the work function. In thermionics this point of
exodus is where the work function is lowest, . e., where the grid field is
the highest, hence close to the adsorbed positive jon. In photoelectrics,
on the other hand, the electron leaves at whatever point the quantum
strikes. If the distance between ions is large compared to an atomic
diameter, the work function will vary over a wide range depending on
whether the electron escapes from a point near the adion or at the maximum
point removed. There islittle possibility of an electron being emitted from
the adion itself, since the second ionization potential of the ion requires
more energy than is ordinarily available.

It is this variation in work function from point to point over the sur-
face that is responsible for the shape of the wave length vs. current curves
obtained for composite surfaces. ¢o no longer has a definite value for
the entire surface, but varies from point to point depending upon the near-
ness of the adsorbed ions. Thus the wave length vs. current curves do not
have the sharp feet characteristic of pure surfaces but skirt the wave length
axis for long distances.

The presence of comparatively few ions adsorbed on the surface has
an extremely large effect on the work function of an emitter. When the
fraction of the surface covered by K+ ions is 0.001, the threshold is shifted
from 4.8 to about 4.65 volts; a 0.01 fraction shifts ¢ to 3.9 volts, while
0.02 reduces it to 3.1 volts. The values given are derived from the point
where the emission becomes detectable; the true threshold doubtless
is materially lower, as will be seen from the peculiar shape of the wave
length vs. current curves. While these values are for K+ jons, they will
not differ markedly for any singly charged ion. From the above it follows
that the sphere of influence of an adsorbed ion is strong even at a distance
of ten times the ionic radius. The chemical analogy of these considerations
is that when the fraction of the surface covered by adsorbed ions is but
19, of the total, the critical increment for electrons is shifted by about
23,000 calories.

The marked inhibiting effect of minute traces of oxygen on the photo-
electric emissivity is readily understood in the light of the above considera-
tions. The oxygen, upon combining with the iron, is attached to the
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surface in the form of negative ions. It is obviously impossible to apply
a lattice structure to an iron surface so sparsely covered with oxygen;
however, the linkage most probably resembles that in FeO, which has a
sodium chloride structure. If the oxygen is on the surface in the form
of O™~ ions, an abnormally high increase in the work function per ion den-
sity would result.

Application to Surface Catalysis.—A quantitative application of these
results to surface catalysis cannot be made at this time, since neither the
rate of ion formation nor the distribution of ions for mixed gases can be
told with certainty. From a qualitative point of view, however, these
findings are in accord with the theoretical conclusions of Schmidt,? since
the relative ionization of hydrogen appears to be much greater on platinum
than on iron. Further, they are in general agreement with the ionic
mechanism of catalysis presented by the writer some time ago.® This
mechanism, which is a direct application of thermionic emission in gases to
surface catalysis, has been materially simplified and strengthened by recent
studies of chemical action in the glow discharge!? wherein it has been shown
that the reactivity of positive ions is high compared to that of other active
states, that the reaction is always initiated by ions of only one of the
reactants, and that the number of collisions an ion must make with neutral
molecules for reaction to take place is small, being from 10 to 40. Thus it
will be seen that a catalyst, on the basis of this mechanism, need produce
ions of only the reacting gas to initiate the reaction.

Kunsman'? has shown that iron is an excellent catalyst for the decom-
position of ammonia while platinum is relatively poor. On the basis of
the above mechanism, therefore, ammonia should be highly ionized on
iron and only slightly on platinum. The results in general are in agree-
ment with this point of view. The addition of hydrogen to ammonia had
no appreciable effect on the emissivity of iron in ammonia, indicating that
hydrogen does not replace ammonia at an iron surface. When hydrogen
was added to ammonia on platinum, however, the emissivity rose to that
for pure hydrogen; apparently it is the hydrogen which is the more dis-
sociated on platinum. It is possible that the preferential adsorption of
hydrogen by platinum is responsible for its low catalytic activity.

The glow discharge studies have shown that the synthesis of ammonia
is initiated primarily by N7 ions. The relatively high ionization of
nitrogen on iron, combined with the fact that nitrogen had no appreciable
effect on the emissivity from platinum in the presence of hydrogen, in-
dicates that under the conditions of ammonia synthesis iron is the better
source of Ny ions and hence according to the ionic mechanism should

'? Brewer and Westhaver, J. Phys. Chem., 34, 153, 2343 (1930); Brewer and Kueck,

tbid., 35, 1281 (1931); Brewer and Miller, This JourNaAL, 53, 2968 (1931).
13 C. H. Kunsman, sbid., 50, 2100 (1928); 51, 688 (1929).



May, 1932 ADSORBED GASES AND PHOTOELECTRIC EMISSIVITY 1899

be the better catalyst. Platinum, however, should be the better catalyst
for reactions initiated by positive hydrogen ions. The glow discharge
studies show the synthesis of water to be initiated by Hj ions. The
experimental results in both cases are in apparent conformity with the
theory.

The pronounced effect exerted on the work function by the presence
of only a sparse distribution of adsorbed ions on the surface, combined
with the large sphere of influence about these ions, is of vital importance to
any mechanism of catalysis in which electrical forces are involved. In
thermionic emission it is generally felt that the electrons escape at the
points on the surface having the lowest work function. Since the rate of
chemical action is expressed by the same mathematical equations as is the
rate of thermionic emission of ions, it seems reasonable to suppose that
the reaction takes place primarily at the points of lowest critical increment.
The results of Kunsman on the decomposition of ammonia on various
catalysts are in qualitative agreement with this contention. These con-
siderations suggest a very simple mechanism for action of promoters
and poisons. Ions on the surface that lower the work function serve as
promoters while those that raise the work function behave as poisons.
An illustration of this may be had from the observed effect of oxygen ions
on raising the work function of iron; oxygenisa pronounced poison in the
ammonia reaction.

In line with the above point of view it is interesting to note that in every
case investigated the thermionic and photoelectric work functions for
degassed surfaces have been shown to be identical. Warner'* has studied
tungsten, DuBridge platinum?® and Cardwell! iron, cobalt and tantalum.

Since the thermion escapes at the point of lowest work function while
the photoion escapes wherever the quantum strikes, these findings are
conclusive proof that the field of force for a degassed surface is uniform
over the entire surface. This suggests the possibility that the phenomena
generally attributed to active points on catalytic surfaces may in reality
be due to the large fields of force about the ions adsorbed on the surface.

The writer is indebted to Dr. C. H. Kunsman for the interest he has
taken in this research.

Summary

An investigation of the photoelectric properties of iron and platinum
in the presence of various gases shows that the metals do not exhibit the
characteristic properties of a pure metal as is found under good vacuum
conditions but rather possess the properties of composite surfaces. In-

14 Warner, Phys. Rev., 38, 1871 (1931).
5 DuBridge, bid., 31, 263 (1928).
16 Cardwell, 4bid., 38, 2033 (1931); Proc. Nat. Acad. Sci., 14, 439 (1928).
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deed, it is possible to duplicate exactly the photoelectric characteristics of
these metals by curves taken 47 vacuo in which the surface of the metal is
partially covered with adsorbed ions. Taking curves of known ion density
as a standard, the degree of dissociation of the different gases into ions is
estimated.

Threshold measurements on surfaces of known ion density show the
field of influence about an ion to extend out to many times its normal
radius; at ten times the ion radius the field is of appreciable magnitude.
This is true for both positive and negative ions, although the effect is
opposite in sign.

It is suggested that the large field of force about the adsorbed ions
might account for the phenomena generally attributed to “active centers,”
and, further, that the large effect of adsorbed ions on the work function of
the surface might be responsible for poisoning and promoter action.

The observed ionization of nitrogen, hydrogen and ammonia on iron
and platinum surfaces is shown to be in accord with an ionic mechanism
for surface catalysis and with the activation results obtained in the glow
discharge.

WasHINGTON, D. C.

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OF CALIFORNIA]

THE HEAT CAPACITY AND ENTROPY OF THALLOUS NITRATE
FROM 17 TO 300° ABSOLUTE. THE ENTROPY AND FREE
ENERGY OF NITRATE ION

By WeENDELL M. LATIMER AND J. ELSTON AHLBERG!

RECEIVED JANUARY 11, 1932 PuBLISHED MAY 7, 1932

In a previous investigation? the entropy of nitrate ion was calculated
from data on barium nitrate. A similar evaluation of the entropy of
nitrate ion has now been made from data on thallous nitrate. A dis-
crepancy of 1.6 entropy units has been found between the two results.
As in the previous work in this field the entropy of the solid salt at 25° has
been determined from specific heat measurements carried down to the
temperatures of liquid hydrogen. The accuracy of these measurements is
considerably greater than the discrepancy found in the two calculated
values for the entropy of nitrate ion and attention must therefore be
directed to a re-examination of the existing data which have been used
in the barium nitrate evaluation.

! Du Pont Fellow in Chemistry, 1929-1930.
%2 (a) W. M. Latimer and J. E. Ahlberg, Z. physik. Chem.. 148, 464 (1930). For
references to details of theoretical and experimental method, see (b) Latimer and Buf-

fington, THIS JOURNAL, 48, 2297 (1926); (c) Latimer and Greensfelder, ¢bid., 50, 2202
(1928); (d) Latimer and Kasper, ibid., 51, 2293 (1929).
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Material.—The thallous nitrate was a mixture of two “c. p.”” samples
from Eimer and Amend and C. A. F. Kahlbaum. This material was
filtered and recrystallized four times. It was then dried at 65° for three
weeks. The average of six precipitations with potassium iodide gave
100.09, of the theoretical amount of thallous iodide.

Thallous nitrate undergoes a transition at about 75° and the long
heating at 65° was carried out to ensure complete transformation into
the form stable at low temperatures. The authors are greatly indebted
to Professor Linus Pauling and Dr. J. H. Sturdivant of the California
Institute of Technology, who have made x-ray examinations of our sample
and report that it gives a powder photograph which is identical with that
of the low temperature modification.

Heat Capacity Measurements.—The measurements were made with
a calorimeter and cryostat similar to that previously described.” Due
apparently to repeated cooling, the bakelite, which cements the gold wire
of the resistance thermometer to the walls of the calorimeter, loosened
slightly during the course of the measurements and this gave rise to some-
what higher temperature heads during the energy input than had been pre-
viously obtained with this calorimeter. The maximum error which might
have arisen from this source is less than 19, up to 140°K. and less than
39, from 140 to 300°K.; however, we believe it to be considerably less.

TaBLE I
Heat CapactTy oF THALLOUS NITRATE (MOLECULAR WEIGHT 266.40)

Mean Cp/mole in Mean Cp/mole in
T, °K. AT cal./deg. T, °K. AT cal./deg.
16.45 4.307 2.964 101.71 5.376 15.67
20.52 3.109 4.166 108.68 5.831 16.07
24.44 2.725 4.965 116.98 5.943 16.42
27.95 3.218 5.892 130.25 6.550 17.03
31.35 2.897 6.647 137.92 6.123 17.31
35.22 2.537 7.607 149.85 6.395 17.77
39.94 6.100 8.623 162.78 6.302 18.19
45.29 4.668 9.649 174.79 6.966 18.82
49.55 3.456 10.43 182.43 7.585 19.09
52.91 3.020 11.06 197.32 6.130 19.59
59.49 3.677 12.00 211.64 6.905 20.09
60.33 4.156 12.12 226.53 6.915 20.62
64.51 4.202 12.64 242.59 7.016 21.28
69.19 4.718 13.21 250.52 6.709 21.63
74.22 4.582 13.74 258.40 7.739 21.91
79.34 . 4.997 14.20 265.25 5.638 22.21
84.54 5.229 14.68 272.38 8.312 22.60
90.02 5.406 14.97 281.69 7.736 22.91
95.90 5.833 15.36 290.60 7.295 23.43

Entropy of Thallous Nitrate.—Figure 1 is the plot of C, against log T
from which the entropy has been obtained by the graphical integration
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T
S = j(; CpdInT. A summary of the entropy calculation is given in
Table II.

_ TaBLE II
CALCULATION OF THE MoLAL ENTROPY OF THALLOUS N ITRATE
0-16.45°K. extrapolation 1.16
16.45-298.1 °K.. graphical from data 36.96
Entropy of thallous nitrate 38.1E.U.

The maximum error arising from the cooling corrections is less than
0.6 entropy unit. The average deviations of the points on the C, curve
give, however, a calculated error of about 0.1 unit.

30

20 /
g ]
S : /

10 /’/
//
0
1.00 1.25 1.50 1.75 2.00 2.25 2.50

Log T.
Fig. 1.—Molal heat capacity of thallous nitrate.

Entropy of Nitrate Ion.—The solubility of thallous nitrate at 25° is
0434 M.* The relative conductivities of solutions of thallous and silver
nitrates and also activity data by Lewis and Randall indicate that the
activity coefficient of thallous nitrate is slightly lower than that of silver
nitrate, for which Lewis and Randall* give 0.55 at 0.434 }/. Hence we
have chosen the value ¥ = 0.50 and calculate for the free energy of solution

AF° = —RT In (Am)? = 1790 cal.

Combining this with Thomsen’s value for the heat of solution of thallous
nitrate, AH = 9970, we obtain for the entropy change, solid to form hypo-
thetical one molal solution

% Data from Berkeley, Phil. Trans. Roy. Soc., London, 203, 89 (1904); and Etard,
Ann. chim. phys., 2, 503 (1893).

* Lewis and Randall, “Thermodynamics and the Free Energy of Chemical Sub-
stances,” McGraw-Hill Book Co., Inc., New York, 1923.
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o AH® — AF° _ 9970 — 1790 _
AS°® = T = i S ZAEU

This gives for the sum of the entropies of nitrate and thallous ions, using
the value obtained for the entropy of the solid, 27.4 + 38.1 = 65.5 E. U.

We now wish to express the entropy of nitrate ion in respect to H* = 0
and the most reliable method of carrying out this calculation employs
the data for hydrochloric acid and thallous chloride. These have been
summarized in Table IIT.

TaBLE IIT
TuE ENTROPY OF HYDROCHLORIC AcID AND THALLOUS CHLORIDE IN AQUEOUS SOLUTIONS
Entropy of AH of AF of AS of Sum of ionic
substance 298.1°K.  soln., cal. soln., cal. soln., E. U, entropies, E. U.
HC1 44.75 —17,7507 —8604% —-30.5 14.0
TiCl 25.88 -—10,1007 5086° 16.8 42.6

From these values the entropies, referred to S+ = 0 are: Cl—, 14.0 and
T1+, 28.6. Using the sum of the entropies of thallous and nitrate ions as
given above, we then calculate for the nitrate ion Sfes1 = 65.6—28.6 =
36.9 E. U. In our previous determination? based upon analogous calcula-
tions for barium nitrate, we obtained 35.3 E. U. for nitrate ion. We believe
that the value from thallous nitrate is accurate to 1 E. U., 7. e., to 300 cal.
and that the discrepancy probably is due to errors in the data used to
calculate the entropy of barium ion. Investigations are under way to
check these quantities. It might also be mentioned that the theoretical
evaluation of the entropy of aqueous ions by Latimer and Kasper?® has
indicated that the experimental value for barium ion is too high.

Free Energy of Nitrate Ion.—For the heat of the reaction

1
2
Berthelot gives AH = —48,800 cal. and Thomsen —49,100 cal. These
values are for 18° but may be corrected to 25° since the specific heats of
all the substances are known. The average value for AlTzs. then becomes
—49,400. Using the entropies: Hs, 31.2;% Ny, 45.8;1 O, 49.0;'* H+, 0
and NO;~, 36.9, we calculate AS = 36.9 — 15.6 — 22.9 — 73.5 = —76.1.
With the value for the heat of the reaction, the free energy then becomes
5 Giauque and Overstreet, THIS JOURNAL, 54, 1731 (1932).
¢ Calculation by Rodebush and Rodebush, “International Critical Tables.”
7 “International Critical Tables.” The value for hydrochloric acid has been cor-
. rected to 25° using the heat capacity values given by Rossini, Bur. Standards J. Re-
search, 7, 47 (1931).
8 From data in Lewis and Randall, Ref. 4, modified by recent work of Randall
and Young, THis JoUurNaL, 50, 989 (1928), and Randall and Vietti, 2bid., 50, 1526
(1928).
9 Giauque, 3bid., 52, 4816 (1930).
10 Giauque and Clayton, to be published.
11 Giauque and Johnston, THIs JOURNAL, 55, 2300 (1929).

H. 4 2 Ny + 5 Op = H* + NO;-~
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AF° = —49,400 —(298.1 X —76.1) = —26,700 cal. This is an excellent
agreement with the Lewis and Randall* value AF° = —26,500 cal.
Entropy of Nitrite Ion.—We may make use of the values ngen by
Lewis and Randall for AF° and AH®° of the reaction
~ 2AgNOy(s) = Ag* + NO;~ + Ag + NO(g)

and the known entropies of the reaction products, to calculate the entropy
of solid silver nitrite. This we find to be 27.7. From this value together
with the free energy and heat of solution of silver nitrite and the entropy
of silver ion we calculate for the entropy of nitrite ion, 24.0 E. U. The
direct determination of the entropy of solid silver nitrite will afford an
interesting check upon the entropies of both nitrate and nitrite ions.

Entropy of Hydration of Nitrate.—It is of interest to compare the en-
tropy of nitrate, 36.9, with that of carbonate, —14. Since the entropies
of the two substances as gases should be very nearly the same, the differ-
ence must arise from the effect upon the entropy of the water molecules
of the double charge on the carbonate. Latimer and Kasper®® have
found for the simple ion that the entropy of hydration is 22 e2/7 E. U. where
e is the charge on the ion and 7 the distance in Angstrém units from the
center of the ion to the center of the water dipoles surrounding the ion.
Estimating r as approximately 3 A. for carbonate and nitrate would lead
to a difference of only 30 E. U. between the two ions instead of the 51
units found. It seems probable that part of the discrepancy is due to the
dissymmetry of these ions, which permits one or more water molecules
to be drawn very much closer to the center of the ion. The calculation
also assumes that the effective change is located at the center of the ion
cavity whereas actually the field outside the ion probably corresponds toa
more complex distribution.

The authors wish to express their appreciation to Professor Linus Pauling
and Dr. J. H. Sturdivant for their x-ray examination of the sample of
thallous nitrate.

Summary

The specific heat and entropy of thallous nitrate has been determined
from 17 to 300° absolute. These values have been employed in a calcula-
tion of the entropy and free energy of nitrate ion.

BERKELEY, CALIFORNIA
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[CONTRIBUTION FROM THE DEPARTMENT OF CuaeMISTRY, COLUMBIA UNIVERSITY ]

A GRAVIMETRIC METHOD FOR THE SEPARATION AND
DETERMINATION OF TITANIUM!® ' :

By HaL TRUEMAN BEANS AND DoOROTHEA R. MOSSMAN

RECEIVED JANUARY 22, 1932 PusLISHED MAY 7, 1932

Existing methods for the separation of titanium from its common as-
sociates leave much to be desired from the standpoint of accuracy, ease of
manipulation and speed. A perusal of the monograph “Titanium”’ by
William M. Thornton is convincing evidence that a method for the deter-
mination of titanium in the presence of other elements, which avoids long
and tedious separations and does not produce a gelatinous precipitate, is
greatly needed. -

Under proper conditions, a crystalline salt of titanium is quantitatively.
precipitated by potassium iodate, no precipitate being produced with
aluminum, calcium, magnesium, nickel, phosphorus and chromium, ele-
ments which are commonly associated with titanium in ores. With slight
modifications the method effects a separation of titanium from zirconium
and manganese. It is necessary, however, that iron be removed previous
to the determination of titanium. This is readily accomplished without
modification of the method in any essential.

Reagents and Solutions

Titanium.—Titanium sulfate solutions were prepared by dissolving twice recrystal-
lized potassium fluotitanate in sulfuric acid and heating to dense fumes of sulfur trioxide.
Water was then added to obtain the desired concentration and the solutions were stand-
ardized by the precipitation of titanium hydroxide with ammonium hydroxide. The
solutions used contained approximately 0.1 g. of TiOs in 50 ce. of solution and were
1.2 N with respect to sulfuric acid.

Zirconium.—A solution of ¢. P. zirconium nitrate which was 0.3 N with respect to
sulfuric acid was prepared and standardized by precipitation with ammonium hydroxide.
The solution was tested qualitatively and found to be free from iron and titanium. The
hafnium content of this solution is not known and was not investigated.

Other Elements.—Solutions of the following c. p. salts, alum, calcium chloride,
magnesium chloride, nickel chloride, iron chloride, manganous sulfate, primary potassium
phosphate (recrystallized), ammonium vanadate, sodium chromate, were used as sources
of these elements.

Potassium Iodate.—C. p. grade.

Thirty per cent. Hydrogen Peroxide.—Merck’s Superoxol.

The Quantitative Determination of Titanium.—The procedure for the
determination of titanium, employing the optimum conditions, follows.
To 50 cc. of the standard solution, there was added 27 cc. of concentrated
nitric acid and the volume made up to 200 cc. The reagent was prepared

1 From the thesis submitted by Dorothea R. Mossman in partial fulfilment of

the requirements for the degree of Doctor of Philosophy in the Faculty of Pure Science;
Columbia University, 1930. Original manuscript recieved August 29, 1931.
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by dissolving 10 g. of potassium iodate in 100 cc. of water containing
a few drops of nitric acid. This small concentration of nitric acid prevents
the precipitation of potassium iodate when the solution cools. The re-
agent was added to the titanium sulfate solution slowly and with stirring,
at room temperature. The precipitate was allowed to stand for about one
hour, stirring now and again until the iodate precipitate changed from
a flocculent to a dense crystalline form, and then it was washed five
times by decantation with 20-cc. portions of a 29 solution of potassium
iodate which contained 6 cc. of concentrated nitric acid to every 100 cc. of
solution. The filter paper and precipitate were then transferred to the
original beaker, 15 cc. of concentrated hydrochloric acid added and the
filter paper macerated by the use of a stirring rod. A small volume of
water was then added and sulfur dioxide bubbled through the solution
until the brown coloration which first formed had completely disappeared.
The volume was then adjusted to about 300 cc. and the sulfur dioxide ex-
pelled by boiling. The titanium was then precipitated by ammonium
hydroxide, filtered, washed, ignited and weighed as titanium dioxide.
Determinations 1 through 20 of Table I show the results obtained
when this procedure was followed. Determinations 21 through 35 show
the results obtained when acids other than nitric and normalities other than
1.6 were used. Determinations 36 through 41 show the application of this
method in determining amounts of titanium dioxide other than 0.1 g.

TaABLE I
EXPERIMENTAL DATA

Total Dev. of
Approx. nor- KIO; Number Av. Max. av. from
wt. Acid, Added mality added, of ev., dev., standard,

No. TiO, g. ce. acid acid g. analyses % % %
1-20 0.12 27 HNO; 1.6 10 20 0.1 0.3 +0.01
21-22 .12 13 H,SO, 1.7 10 2 .1 .1 + 2
23-24 .12 27 HC1 1.6 10 2 .05 .05 + .05
25-26 .12 15 HNO; 1.0 10 2 .05 .05 + .05
27-28 .12 7 H,S0, 1.0 10 2 .2 .2 + .1
29-30 .12 15 HCl1 1.0 10 2 .05 .05 + .15
31-33 .12 5.5 HySO, 0.9 10 3 .03 .1 + .1
34-35 .12 None added .2 10 2 .05 .05 + .05
36-37 .2 27 HNO; 1.6 15 2 .02 .02 - .07
38-39 .05 27 HNO;s 1.6 10 2 .2 .2 .00
40 .01 27 HNO; 1.6 10 1 1.0
41 .01 27 HNO; 1.6 15 1 0.00

When the jodate precipitation was performed in solutions of greater
acidity than those given in the table, addition of ammonium hydroxide
to the filtrate showed the presence of titanium. Hence in solutions whose
acid concentration is appreciably greater than 1.7 normal, the precipitation
of titanium is incomplete.
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It appears advisable when determining amounts of titanium dioxide
very much greater or very much less than 0.1 g. to increase the quantity of
potassium iodate added, in order to ensure rapid precipitation. Thus, in
determination 40 of the above table, the precipitation, while complete,
appeared only after standing for several days, whereas in determination
41 the precipitate appeared immediately in the dense very insoluble crys-
talline form.

Separation from Other Elements

Aluminum, Calcium, Magnesium and Nickel.—Preliminary tests hav-
ing shown that aluminum, calcium, magnesium and nickel were not pre-
cipitated under the conditions of the determination, the maximum weight
of the oxides of these elements that could be present without causing
interference was then ascertained.

The separation of titanium from these elements using a single precipita-
tion was accomplished by employing the iodate method as outlined above.
In those determinations involving a second precipitation, the iodate pre-
cipitate was washed back into the original beaker with hot water, 25 cc. of
concentrated hydrochloric acid was added and sulfur dioxide bubbled
through the solution until the brown coloration disappeared. The sulfur
dioxide was then completely expelled by boiling, the volume adjusted to
200 cc. and the titanium reprecipitated by the addition of 10 g. of potassium
jodate dissolved in 100 cc. of water. From this point the procedure was
similar to that already described. Table II shows the results thus ob-
tained.

TasLE II
EXPERIMENTAL RESULTS
Approx. No. Av Max. Dev. of av.
wt. of of Interfering Number of dev., dev., from standard,
TiOe, g. pptns. element, g. analyses % % %
0.1 1 0.1-0.2 ALOs 9 0.1 0.3 —0.05
1 1 .25 ALOs 2 .05 .05 + .35
.1 2 .35 AL, O3 4 .2 .3 “+ .2
1 1 .1 CaO 6 .1 .2 — .1
1 1 .12-0.15 CaO 2 .15 .15 + .6
1 2 .2 CaO 4 .2 .3 + .2
1 1 .2-1.0 MgO 6 .1 .2 - .1
1 1 .4 NiO 4 .15 2 + .1

The above results show that an accurate separation of 0.1 g. of TiO.
from 0.2 g. of Al,O3, from 0.1 g. of CaO, from 0.4 g. of NiO and from very
large amounts of MgO may be obtained. When a double precipitation is
employed, the permissible quantity of Al;O; and of CaO is increased to
0.35 g. and 0.2 g., respectively. The presence of larger quantities of the
interfering elements than those shown in the table resulted in adsorption
and consequent high results for the titanium oxide content.
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- Phosphorus, Vanadium and Chromium.—Phosphorus is frequently
and' vanadium and chromium occasionally are encountered in the analysis
of titanic materials. Chromium, equivalent to 0.07 g. of CrOs, did not pro-
duce a precipitate under the conditions of the determination. Vanadium,
equivalent to 0.05 g. of V,Os, produced a bright red precipitate. However,
1 mg. of V305, which is as much as is likely to be present in a titanium
ore, did not produce a precipitate. The jodate precipitation separated
titanium from phosphorus very effectively as the results in Table III show.

TaBLE III
TiO: taken, g. TiOz found, g. P20s present, g.
0.1023 0.1024 0.025
.1024 .040
.1020 .040

Manganese.—Manganese is notprecipitated by potassium iodate under
the conditions of the experiment but a slight brown deposit, which ap-
pears to be manganese dioxide, forms in the course of an hour.

An attempt was made to keep the manganese in solution by observing
Blum’s precautions when precipitating with ammonium hydroxide, and
results 1, 2 and 3 of Table IV were obtained. These results, therefore,
corroborate Blum'’s statement? that oxidation and precipitation of man-
ganese occurs so rapidly as to preclude quantitative separation and are in
disagreement with the work of Lundell and Knowles.?

Correct results were obtained when the following procedure was used.
The iodate precipitate was washed back into the original beaker by a
stream of hot water and its solution effected by means of hydrochloric acid
and sulfur dioxide; 1 cc. of a saturated ammonium bisulfite solution was
added and the titanium then precipitated by the basic acetate method.
Determinations 4 and 5 show the results obtained when 10 milligrams of
Mn;0, was present.

TABLE IV
No. TiO: taken, g. TiOs: found, g. Mn;0s present, g.
1 0.1162 0.1186 0.020
2 .1169 .010
3 .1192 .010
4 .1147 .1148 .010
5 L1145 .010

Iron.—Tron, in small quantities, is completely precipitated by potas-
sium iodate under the conditions of the experiment. When larger quanti-
ties of iron are present (e. g., 0.1 g. of Fe;0;), the iron is incompletely pre-
cipitated. It was therefore necessary to remove iron previous to the
precipitation of titanium, by Rothe’s ether method, the modifications

? W. Blum, “Scientific Papers of the Bureau of Standards,” No. 286, 1916.
# G. E. F. Lundell and H. B. Knowles, Tr1s JOURNAL, 45, 676 (1923).
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employed being those described by Barnebey and Isham.* Three ether ex-
tractions were performed. The aqueous layer was then transferred to a
beaker, warmed to remove ether, and evaporated to 50 cc. to adjust the acid
concentration. The volume was then brought to 200 cc. and the titanium
precipitated as iodate. After the titanium iodate had changed form,
it was washed as in the regular procedure, filtered, and washed back into the
original beaker by means of hot water; 15 cc. of hydrochloric acid was
added and sulfur dioxide bubbled in to effect the solution of the iodate
precipitate. The excess sulfur dioxide was then expelled by boiling and
the titanium precipitated by the basic acetate method using ammonium
bisulfite to maintain the trace of iron, still remaining, in the reduced condi-
tion.> By means of this procedure the results in Table V were obtained.

TaBLE V

TiO; taken, g. TiO: found, g. Fe;0s present, g.
0.1147 0.1148 0.12
.1146 .12

.1148

.1149

.1149

.1145

.1145

.1148

.1149

.1147

. 1146

;;aoow»-g

-
—= O N>

Zirconium.—Existing methods for the separation of titanium and
zirconium were found unsatisfactory. Davis® has given a few results on
the use of sodium iodate as a precipitating reagent for zirconium in a nearly
neutral solution, claiming that even in the presence of small quantities of
acid the precipitation was incomplete. Because of the sensitivity of this
reaction to slight changes in acidity, this method has been useless for prac-
tical purposes. Since Davis specifies merely an excess of sodium iodate,
it was thought that this reaction might be used for quantitative purposes if
as much as 10 g. of potassium iodate were used.

Zirconium was found to be partially precipitated by potassium iodate
when the regular procedure, using a solution of acid normality 1.6, was
employed. However, the precipitation was found to be complete in a
solution which was 0.3 normal in respect to sulfuric acid. The iodate pre-
cipitate was redissolved by hydrochloric acid and sulfur dioxide and the zir-
conium reprecipitated by ainmonium hydroxide. Determinations 1 through
4 of Table VI show the results obtained when this procedure was followed.

4 0. L. Barnebey and R. M. Isham, THis JOURNAL, 32, 957 (1910).

5 Wm. M. Thorton, Am. J. Sci., [4] 37, 173 (1914).
6 I. Thomas Davis, Am. Chem. J., 11, 26 (1889).
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Determinations 5 through 10 show analyses of solutions containing both
titanium and zirconium. To these solutions 35 cc. of Superoxol was added
and the volume made up to 200 cc.; 100 cc. of water containing 10 g.
of potassium iodate was added to the solution and the precipitate allowed to
stand for about three hours. The slight reaction which occurs between the
hydrogen peroxide and the potassium iodate in no way interferes with the
determination. After standing for three hours, the zirconium precipitate
was filtered through a porcelain filter crucible and washed by decantation
with 150 cc. of water containing 3 g. of potassium iodate and 3 cc. of Super-
oxol. Nine cc. of sulfuric acid was then added to the filtrate and the hydro-
gen peroxide expelled by boiling. An inverted funnel was suspended over
the beaker to prevent loss by effervescence. When the hydrogen peroxide
had been expelled the titanium precipitate appeared. The evaporation was
continued down to a volume of 300 cc., when the beaker was removed from
the flame and allowed to cool with occasional stirring. The remaining
operations for the determination of titanium were the same as those already
described.

In order to determine the zirconium, the precipitate was dissolved through
the porous bottomed crucible by means of concentrated hydrochloric
acid, followed by water. Sulfur dioxide was then bubbled through the
solution for a minute or two and the excess sulfur dioxide expelled by boil-
ing. Macerated filter paper was then added to the solution, the zirconium
precipitated by ammonium hydroxide, washed with hot 29, ammonium
nitrate solution, filtered and ignited to the oxide.

When more than 10 milligrams of zirconium dioxide was present it
was found that the zirconium precipitate absorbed titanium to a large ex-
tent. However, since zirconium occurs only in small quantities in titanium
ores, this method will be found applicable.

TABLE VI

No. TiOe taken, g. TiO: found, g. ZrO; taken, g. ZrOg found, g.
1 0.0150 0.0150
2 .0150
3 .0100 .0100
4 .0101
5 0.1023 0.1023 .0100 .0100
6 .1025 .0100
7 .1024 .0101
8 .1021 .0101
9 .1022 .0100

10 .1023 .0099

Determination of the Composition of the Iodate Precipitate.—Since
there is no mention in the literature of a compound containing titanium
and the iodate radical it was decided to determine, if possible, the composi-
tion of the precipitate.
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The precipitate was washed about twenty times with pure water, in
which it is insoluble. Difficulty was experienced in drying the precipitate
as a slight decomposition with simultaneous discoloration of the compound
took place very readily. However, one product which was fairly white was
obtained by drying over phosphorus pentoxide in a vacuum for several
days and another was obtained by drying in the oven at 60° to constant
weight.

Weighed portions of the precipitate so prepared were used to determine
the titanium and iodate content. Titanium was determined by basic ace-
tate precipitation. Iodate was determined by reduction with potassium
iodide and titration of the liberated iodine by sodium thiosulfate solution.

The results, which indicate that the compound is a double salt of formula
Ti(103)43K10;, are shown below

% Titanium found % lodate found
3.48 (dried over P:0s) 87.39 (dried over PyOs)
3.58 (dried over Py0s)
3.56 (dried in oven) 88.32 (dried in oven)
3.40 (dried in oven) 88.35 (dried in oven)
Av. 3.50% Av. 88.029,
Titanium calculated, 3.46% Todate calculated, 88.10%,
Summary

A new gravimetric method for the determination of titanium has been
described, in which the titanium is precipitated as a double potassium
titanium iodate whose probable composition is Ti(I0s)s3KIO;. The new
method separates titanium quantitatively from a large number of the
elements commonly occurring with it in ores, notably aluminum.

A procedure for the separation and determination of small amounts of
zirconium from large amounts of titanium has been described.

New York City

NOTE

A Neutral Buffered Standard for Hydrogen Ion Work and Accurate
Titrations Which Can be Prepared in One Minute

By ROGER J. WiLL1amMs AND CARL M. LyMAN

Most of the standard buffer solutions recommended in the literature
must be prepared with considerable care and one cannot be sure of the
result unless all the precautions of quantitative analysis are used. A
simply prepared solution that can be relied on for standardizing quinhy-
drone electrodes, etc., is therefore much to be desired. Standardized buffer
mixtures are on the market for this purpose.

Ammonium acetate solution has for a number of years been used by
one of us in lecture demonstrations of buffer activity, for which purpose
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it is very effective. Since the dissociation constants for ammonium hy-
droxide and acetic acid are often given in the literature as identical values,
we decided to make an accurate determination of the P value of am-
monium acetate solutions. Theoretically they should be neutral.

A quinhydrone electrode of the Cullen? type was used and a standard
buffer solution (Arthur H. Thomas) 4.63 = 0.01 Pu at 25 °, was checked
with it to the second decimal place. The following determinations were
then made.

TABLE I

AMMONIUM ACETATE SoLUTION USED
Px value found

Approx. 0.5 N made with boiled distilled water 7.00
Approx. 0.1 N made with unboiled distilled water { ;gi
Approx. 0.05 N made with unboiled distilled water 7.01
Approx. 0.5 N solu. (above) through which laboratory air had been bub-

bled for five minutes 6.95

From these results it is apparent that ammonium acetate solutions,
through wide limits of concentration, are as nearly neutral as one could
hope to get a solution, and are stable toward laboratory conditions. Since
such a standard solution can be made in a moment’s time there is no occa-
sion, in any event, to store the solutions.

It may be pointed out that whereas buffered solutions, in general, change
their P values only a little by dilution, the Pu value of a perfectly neutral
buffer such as this one should not change at all on dilution.

The ammonium acetate solution above described is not only valuable
as a standardizing solution for quinhydrone electrodes, etc., but may also
be used as a standard in titrations when an exactly neutral end-point is
desired. If one wishes to bring the color of his indicator exactly to the
neutral point it is not necessary to guess at it. Indicator may be intro-
duced into an ammonium acetate solution with assurance that it will
assume a neutral tint which can be used for comparison.

DEPARTMENT OF CHEMISTRY RECEIVED JANUARY 18, 1932
UNIVERSITY OF OREGON PuBLIsHED MaAY 7, 1932

EuGENE, OREGON
! Cullen, J. Biol. Chem., 83, 535 (1929).
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[CONTRIBUTION FROM THE LABORATORY OF ORGANIC CHEMISTRY OF THE UNIVERSITY OF
WISCONSIN]

THE CATECHIN OF THE CACAO BEAN!

By KARL FREUDENBERG,!® RicHArD F. B. Cox' aNp EmMIiL BRAUN
RECEIVED JULY 16,‘1931 PUBLISHED MAY 7, 1932

More than twenty years ago A. J. Ultée and W. van Dorssen detected in
fresh cacao beans a phenolic crystalline substance which they called “Ka-
kaool.” They isolated it as a crystalline caffeine compound and suggested
the formula CisH1Os. The substance forms a crystalline acetyl compound
with the melting point 153-154°.

From the description of this labile material, one of us concluded? that it
belonged to the catechin class. When later the various isomeric forms of
catechin became better known, the additional suggestion could be made
that this substance very probably represented l-epicatechin.?

This prediction has now been proved to be correct. We prepared the
catechin from a sample of fresh cacao pods procured from Trinidad (col-
lected in January), and another procured from Porto Rico (collected in
January). A third sample was kindly sent to us by Dr. A. Frey-Wyssling
of Medan, Sumatra, and consisted of fresh beans sterilized in Medan. For
the fourth sample we are indebted to Dr. A. J. Ultée, who supplied us with
some of his original “‘caffeine-kakaool.” From all these samples the same
substance was obtained. It was identical in every respect with l-epica-
techin, which was isolated some years ago from the wood of Acacia Catechu.*

While our present work was in progress, a paper by W. B. Adam, F.
Hardy and M. Nierenstein® appeared in which the view was adopted that
cacaol belongs to the catechin family. Their experimental results are in
sufficient agreement with ours, and they identify it, as we do, with the
levorotatory catechin present in the cutch-producing acacias; but they
call it J-acacatechin and ascribe to it a constitutional formula which we
believe is incorrect.

We maintain that catechin and epicatechin are stereoisomeric and that
both have the formula I. The tetramethyl ether of each gives rise, after
reduction and methylation, to the same pentamethoxy-1,3-diphenylpro-
pane (II).% dl-Epicatechin has been obtained from cyanidin? by hydro-

1 Researches on Tannins, No. 26; preceding communication, Ann., 483, 140 (1930).

18 Carl Schurz Memorial Professor for 1931 at the University of Wisconsin. Funds
for the appointment of Mr. Cox were kindly furnished by a grant from the Wisconsin
Alumni Research foundation.

2 K. Freudenberg, Ber., 53, 1416 (1920).

3 K. Freudenberg and L. Oehler, Ann., 483, 141 (1930).

4 Freudenberg, Fikentscher, Harder and Schmidt, sbid., 444, 139 (1925).

5 Adam, Hardy and Nierenstein, THis JOURNAL, 53, 727 (1931).

6 See Ann., 451, 213 (1926), Ref. 2 for references. :

7 Ref. 4, page 135.
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genation, and its pentamethyl ether from pentamethylcyanidin and penta-
methylquercetin® in the same way. As the formulas of cyanidin and quer-
cetin are definitely established, no doubt seems possible concerning the
constitution of epicatechin.

Synthetic epicatechin is identical with a mixture of equal parts of natural
l-epicatechin and d-epicatechin obtained by the epimerization of natural
d-catechin.® dl-Epicatechin forms by epimerization dl-catechin® which
is identical with a mixture of equal parts of natural d-catechin and l-cate-
chin formed by the epimerization of l-epicatechin.’® dl-Catechin in its
turn can be converted into dl-epicatechin.!! The scheme of these relation-
ships given in 1924,'? can be completed by an arrow leading from di-epi-
catechin to dl-catechin. Catechin and epicatechin are, therefore, stereo-
isomers, and their constitution is expressed by the same formula (I). The
fact that both yield the same 1,3-diphenylpropane derivative (IT) leads to
the same conclusion.

It has been deemed necessary to develop a part of the evidence given in
favor of formula I for both catechin and epicatechin as M. Nierenstein'® has
been attempting for many years to establish another formula in which the
catechol nucleus is attached to carbon atom 3 or 4 (I). He bases his sugges-
tion on his failure to obtain substance II from either catechin or epicatechin.

As a matter of fact, M. Nierenstein has omitted to carry out, in accord-
ance with our procedure,® this fundamental reaction leading from I to II,
in spite of the various suggestions which have been made to him to perform
this simple experiment.’* We, therefore, confine ourselves to a few criti-
cisms of some of his later papers.

8 Freudenberg and Kammiiller, Ann., 451, 209 (1927).

9 Ref. 7, page 140.

1* Freudenberg and Purrmann, 4Ann., 437, 283 (1924).

! Freudenberg, Ber., 55, 1738 (1922); Freudenberg and Purrmann, ibid., 56,
1190 (1923).

2 See Ref. 10, page 275; Freudenberg and Harder, Ann., 451, 214, Ref. 3 (1927).

'3 Nierenstein, Ber., 56, 1877 (1923); Tris JOURNAL, 46, 2793 (1924); 7bid., 48, 1959
(1926); ibid., 52, 1672 (1930); Chem. Age (London), 19, 291, 361 (1928); J. Indian Chem.
Soc., 7, 279 (1930); for earlier quotations ¢f. Ber., 56, 2128, Ref. 5 (1923); Ann., 437,
279, Ref. 2 (1924); and the critical remarks, Ber., 56, 1188, Ref. 6 (1923); and ¢bid.,
55, 1938 (1922).

4 Nierenstein, ¢bid., 56, 1188, Ref. 6 (1923); 1bid., 55, 1938 (1922); finally K. Freu-
denberg, some years ago, deposited authentic material in another laboratory and asked
Dr. Nierenstein to write to this Laboratory for a part of this substance and carry out
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M. Nierenstein and E. O. Hazelton' tried to convert dl-catechin into
dl-epicatechin and from their failure concluded that these substances can-
not have the same structural formula. They overlooked the fact, men-
tioned above, that this conversion had been accomplished nine years before.

M. Nierenstein® is laboring under a misapprehension in assuming that
the work of J. J. Drumm, R. J. P. Carolan and H. Ryan'’ proves a formula
of catechin proposed by him and disproves our formula (I). The Irish
authors, on the contrary, expressly state that their result is in agreement
with our formula.”™

Furthermore, M. Nierenstein!® refers to a remark made by W. Hiickel®
as being a criticism of our formula. Some time ago®!' one of us suggested
that, of the two stereoisomeric formulas derived from formula I, epicatechin
has the spacial arrangement Ia and catechin Ib. Evidence for this de-

o
X 1}c—< O>H0H \(1:/01—}?——<—;~O>HOH

C HOCH C HCOH
A Ao/
H, H.
Ia Ib

cision seemed to be given by the fact that tetramethylepicatechin readily
loses water, while tetramethylcatechin splits off water only with difficulty,
undergoing a rearrangement at the same time. Later®” we again left open
the question as to which formula of the two, Ia or Ib, must be ascribed to
catechin or epicatechin: Two years later Hiickel, who had overlooked the
last remark, made the same suggestion. The criticism of Hiickel was there-
fore unnecessary, and did not touch at all upon the question of constitu-
tion as might be inferred from Nierenstein’s remark.

We state once more that all catechins which K. Freudenberg and his
collaborators have had in hand thus far, are stereoisomeric catechins or
epicatechins and are all to be expressed by formula I.

Experimental

The beans used in this investigation were heated for an hour at 75° in 959, alcohol,
immediately after removal from the pods, in order to kill enzymes. After air-drying

the experiment. Cf. R. Robinson’s remarks on the question [Chem. Age (London),
19, 337 (1928)].

15 Nierenstein and Hazelton, J. Indian Chem. Soc., 7, 279 (1930).

16 Nierenstein, THIS JOURNAL, 53, 1500 (1931).

7 Drumm, Carolan and Ryan, Proc. Royal Irish Acad., [B] 39, 114 (1929).

8 Cf. R. Robinson, Chem. Age (London), 19 (1928).

19 Ref. 16, page 1501.

20 Hiickel, Ann., 477, 159 (1929).

21 Freudenberg, Fikentscher and Wenner, Ann., 442, 309 (1925); Freudenberg,
Carrara and Cohn, 1bid., 446, 87 (1925).

22 Freudenberg and Harder, ¢bid., 451, 214 (1927).
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they were ground in a mill and the catechin removed by maceration with alcohol at 75°.
The alcohol solution contained fat, caffein and catechin. After removal of the alcohol
under reduced pressure, the residue, dissolved in a little water, was extracted a few times
with petroleum ether for removal of fat, and then exhaustively extracted with chloro-
form to remove the caffein. The resulting deep red solution was extracted with ether
for several days. The solid remaining after evaporation of the ether was taken upina
small quantity of boiling water, treated with talcum to absorb any fat that might be
present, and allowed to crystallize. After several days, small rosets of thick prisms had
crystallized from the solution. These were of a slight brownish-pink tinge and had to
be purified from an acetone-benzene solution.23

The material obtained from Trinidad and Porto Rico was sterilized after arrival
in Madison, whereas the beans from Sumatra were sterilized there. The meat of the
latter beans was light pink, while the meat of the former two samples was dark brown.
The yield obtained from the first two samples was only one to two-tenths while the yield
from the Sumatra beans was five-tenths of one per cent.

Two and three-tenths grams of the compound sent by Dr. Ultée was dissolved in
25 cc. of hot water, filtered to remove solid impurities and extracted fifteen times in a
separatory funnel with 15-cc. portions of chloroform. The water layer was then heated
to boiling, filtered and set aside to crystallize. It was seeded with J-epicatechin, and the
next day a crop of crystals was obtained.

The crystalline form and solubilities of the four samples did not differ from those of
l-epicatechin. The crystals lost four molecules of water at 100° under reduced pressure
(av. 19.5%, caled. 19.9%).2¢ The water of crystallization is lost slowly at room tem-
perature.

When heated, following the procedure of E. Fischer,?5 the substances decomposed
at 237-239° (corr. 245°). l-Epicatechin itself and mixtures of the substances with /-epi-
catechin behaved likewise.26

The rotation of the catechin of cacao was measured in acetone-water (1:1 by
weight): [a]% —0.58 X 100/1 X 0.998 = —58°, For l-epicatechin in yellow mercury
light, —59-60° is indicated.?” (M. Nierenstein® used water and found —69°.)

Anal. Subs., 4.368 mg.: CO,, 9.98; H:0, 1.99. Caled. for l-epicatechin: C,
62.07; H, 4.82. Found: C, 62.31; H, 5.09.

The acetyl compound was prepared in the usual way.?® The melting point of pen-
tacetyl-l-epicatechin was 151-152° (corr. 153-154°).% When mixed with the original
preparation the melting point did not alter.

The acetates of our cacao-catechin as well as the acetate of Dr. Ultée’s material had
the same rotation in acetylene tetrachloride, varying from —12.1 to —12.3°; [a]¥
—1.09 X 100/1 X 8.84 = —12.3.

Anal. Subs., 4332 mg.: CO, 9.51; H,0, 1.87. Caled. for pentacetyl-l-epi-
catechin: C, 59.98; H, 4.83. Found: C, 59.87; H, 4.83.

23 Ref. 4, page 144.

2¢ Ref. 10, page 276.

% Fischer, Ber., 41, 75 (1908).

% The point of decomposition of 245° as indicated in Ann., 437, 276 (1924), is
corrected (¢f. Ber., 56, 1192 (1923)). M. Nierenstein (ref. 5) indicated a melting point
of 229°. When heated slowly, this point of decomposition can also be obtained with
our substances.

# Freudenberg and Purrmann, (a) 4dnn., 437, 276 (1924); (b) Ber., 56, 1192 (1923),

% Freudenberg, Bohme and Beckendorf, ibid., 54, 1209 (1921).

» Freudenberg and Purrmann, ¢bid., 56, 1189 (1923); Ann., 437, 276 (1924).
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In a 2-39%, solution with mercury light, specific rotations of —14.5 to —15.0°
were found for l-epicatechin pentacetate. M. Nierenstein reports —12° for sodium
light (concentration not indicated).

The melting points reported by M. Nierenstein and his collaborators?® for the
acetates of the so-called dl-acacatechin (160°), d-gambircatechin (137°), dl-gambir-
catechin (156°) do not correspond to those for our pure substances. The acetates of
dl-epicatechin, d-catechin and dl-catechin melt at 169°, 131-132°, 164-165°, respec-
tively.2®*

Summary

1. The catechin present in the cacao bean is shown to be identical with
l-epicatechin.
2. Recent work of Dr. Nierenstein is criticized.
30 Ref. 5, p. 1504.
MADISON, WISCONSIN, AND HEIDELBERG, GERMANY

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY oF TuHE COLLEGE OF THE
OzARKS]

THE PREPARATION OF 5,7-DI-IODOISATIN

By WaARrD C. SUMPTER AND LAWRENCE AMUNDSEN
REcCEIVED OCTOBER 19, 1931 PusLISHED MAvY 7, 1932

The preparation of 5,7-di-iodoisatin has been described by Kalb and
Berrer.! These investigators treated an aqueous solution of the sodium
bisulfite addition compound of dehydroindigo with iodine monochloride.
5,7-Di-iodoisatin was obtained by treating the resulting solution with a
solution of potassium dichromate in aqueous sulfuric acid.

The writers attempted to repeat the work of Kalb and Berrer but were
able to obtain enly very poor yields of the compound by this method. A
procedure was then developed for preparing 5,7-di-iodoisatin from 5,7,5',7'-
tetraiodoindigo.- The latter compound was oxidized with an aqueous
solution of chromic and nitric acids and more satisfactory yields of the di-
iodoisatin were obtained.

It has also been stated that 5,7-di-iodoisatin,? as well as a small amount
of tetraiodoisatin, is obtained when a solution of isatin in concentrated
hydrochloric acid is treated with jodine monochloride. Hill and Sumpter
found that this statement? is in error, 5-iodoisatin being the sole product
even when a large excess of iodine monochloride is used.

The writers have further attempted to prepare 5,7-di-iodoisatin by the
action of iodine monochloride on isatin and on iodoisatin in methyl alcohol,
ethyl alcohol, concentrated sulfuric acid, fuming sulfuric acid and acetic
anhydride without success. It appears that iodine cannot be introduced

1 Kalb and Berrer, Ber., 57, 2112 (1924).
2 German Patent 429,101.
3 Sumpter, Ph.D. Dissertation, Yale University, 1930.
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directly into the isatin nucleus in position 7. This is in keeping with the
observations of Borsche* and of Kalb and Berrer,! who also reported that
5,7-di-iodoisatin could not be obtained by the iodination of isatin.

Experimental Part

5,7,5’,7'-Tetraiodoindigo.—This compound was prepared according to the direc-
tions given by Kalb and Berrer.® The yields averaged 60%, of the theoretical.

5,7-Di-iodoisatin. A. By the Method of Kalb and Berrer..—Repeated experi-
ments using 10 g. of the sodium bisulfite addition compound gave yields of 1.7-1.8 g.
or about 109 of the theoretical. Kalb and Berrer reported 489, yields.

" B. By the Oxidation of Tetraiodoindigo.—Ten grams of tetraiodoindigo was sus-
pended in 20 cc. of water and the mixture heated to boiling. A solution of 8.4 g. of
chromic acid in 35 cc. of concentrated nitric acid was slowly added to the mixture and the
boiling continued for ten minutes; 100 cc. of water was added to the mixture and the
insoluble material filtered off. The residue was digested with 150 cc. of hot 109, so-
dium hydroxide, the whole diluted to a volume of 1500 cc. by the addition of water,
boiled for ten minutes and filtered into an excess of dilute hydrochloric acid. The pre-
cipitate of 5,7-di-iodoisatin was filtered off and purified by crystallization from glacial
aceticacid. Itseparated in characteristic red plates, m. p. 261-263°. Kalb and Berrer
reported decomposition at 240°. The compound is identical with that which was ob-
tained in poorer yields by the procedure of Kalb and Berrer. The yield was 6.3 g. or 609,
of the theoretical.

Amnal. Caled. for CsH30.NI,: N, 3.50; I, 63.66. Found: N, 3.50, 3.46; I, 62.85.
Oxidation of the di-iodoisatin with 3%, hydrogen peroxide in alkaline solution gave
2-amino-3,5-di-iodobenzoic acid (m. p. 230°) as stated by Kalb and Berrer.

Summary

5,7-Di-iodoisatin has been prepared by the action of chromic and nitric
acids on 5,7,5",7'-tetraiodoindigo.
CLARKSVILLE, ARKANSAS

4 Borsche, Weussman and Fritzsche, Ber., 57, 1770-1775 (1924).
5 Kalb and Berrer, 7bid., 57, 2105 (1924). .
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[CONTRIBUTION FROM THE RESEARCH LABORATORY OF OrcaNic CHEMISTRY,
MASSACHUSETTS INSTITUTE oF TECHNOLOGY, NoO. 78]

CONDENSATION BY SODIUM INSTEAD OF BY THE GRIGNARD
REACTION. IV. THE PROBABLE EXISTENCE OF A NEW
INTERMEDIATE, “METAL HALYL,” IN THE REACTION

By AVERY A. MORTON AND JOSEPH R. STEVENS

RECEIVED NOVEMBER 6, 1931 PuBLISHED May 7, 1932

The action of an alkali metal on a halogenated hydrocarbon has com-
monly been explained by assuming the intermediate formation of either a
metal alkyl or aryl,! or a free hydrocarbon radical.'** The idea of an
earlier stage in which the metal is attached to the organic halide in a
complex has received scant attention.? Having made a study on this point
we shall present herein experiments for which a reasonable interpretation
lies in the assumption of such an intermediate compound. As examples we
have observed the behavior of sodium with chlorobenzene, bromobenzene,
and butyl chloride. The complexes assumed to occur may be designated
as chlorobenzene sodium,* bromobenzene sodium, and butyl chloride so-
dium, respectively. Because of certain analogies with the metal ketyls, to
be pointed out in the following paragraphs, we shall consider these complexes
as belonging to a new class of compounds to be called ‘“Metal halyls.”

Evidence for the above is found in the action of sodium on triphenyl-
chloromethane carried out, on the one hand, in the presence of benzo-
phenone or tetraphenylethylene and, on the other, in the presence of
chloro- or of bromobenzene. When sodium is allowed to stand with tri-
phenylchloromethane in benzene or ether solution no reaction occurs,
but if benzophenone is added, the sodium first combines with the ketone,
as shown by the color change, forming the metal ketyl, which in turn reacts
with triphenylchloromethane to produce triphenylmethyl, sodium chloride
and benzophenone. In other words, the benzophenone has acted as a
carrier of sodium to triphenylchloromethane. A similar result is obtained

1 For example see (a) Acree, Am. Chem. J., 29, 588 (1903); (b) Schorigin, Ber.,
41, 2717 (1908); (c) Goldschmidt and Schén, ibid., 59, 948 (1926); (d) Ziegler and Colo-
nius, Ann., 479, 135 (1930); (e) Schlubach and Goes, Ber., 55,2889 (1922).

2 For example see (a) Marvel, Hager and Coffman, THIs JOURNAL, 49, 2323 (1927);
(b) Bachmann and Clarke, ibid., 49, 2089 (1927).

3 The formation of the blue color in the Wurtz-Fittig reaction has received con-
siderable attention from investigators. Among others Krafft and Géttig, Ber., 21,
3187 (1888), discuss the formation of a complex. Schlubach and Goes'® find no evi-
dence for organic matter in the blue compound. Wooster, THIS JOURNAL, 51, 1856
(1929), interprets certain statements by Schmidlin in “Das Triphenylmethyl” as re-
ferring to the formula C;HsNaBr. Staudinger, Z. Elektrochem., 31, 549 (1925), has ad-
vanced the idea of a “Mol-Halogenide as an intermediate product to account for the
explosive nature of mixtures of alkali metals and certain halides.

4 In naming the organic metal compounds we have adopted the recent practice of
putting the metal last.
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when tetraphenylethylene is substituted for benzophenone. The sodium
first adds to the ethylenic linkage from which position it reacts with tri-
phenylchloromethane forming triphenylmethyl, and regenerating tetra-
phenylethylene. It is clear that the initial step in each of these cases has
been the addition of sodium to a polar atom, after which the metal is able
to act upon the triarylchloromethane.

Chloro- or bromobenzene acts similarly to benzophenone or tetraphenyl-
ethylene in causing sodium to attack triphenylchloromethane We can
assume, therefore, that sodium first attaches itself to the polar atom in
chlorobenzene, forming a ‘“Sodium Halyl,” but before sufficient time has
elapsed to remove completely the halogen from the phenyl radical, as in a
Fittig synthesis, the complex meets a molecule of triphenylchloromethane
and reacts with the latter forming triphenylmethyl. The only difference
between benzophenone and tetraphenylethylene on the one hand, and
chloro- or bromobenzene on the other, is that the former substances have
no atoms which can be removed readily by sodium, whereas the latter will,
if given time, lose their halogens completely to the alkali metal. Let us
express the action of sodium on bromobenzene as in equation (1). “B”
illustrates the complex designated as a “Sodium halyl.” The dotted lines

QBr + Na —» C>=——Br——l:\]'a — Oi + NaBr (1)
B c

A

represent partial valences, some of which serve to bind the phenyl radical
and the sodium to the polar atom, bromine, and others are unsaturated,
representing unused combining power.® These free partial valences
enable the complex to react either with a molecule of triphenylchloro-
methane forming triphenylmethyl, equation (2); or with another complex
of the same kind forming diphenyl, equation (3); orwith an atom of sodium
forming phenylsodium, equation (4). If left to itself the complex will
eventually form the free radical, phenyl, and sodium bromide as shown in
stage C, equation (1).

5 We wish to acknowledge our indebtedness to Professor Norris for calling to our
attention the fact that Norris and Sanders, Am. Chem. J., 25, 58 (1901), observed the
formation of triphenylmethyl from triphenylchloromethane and bromobenzene in the
presence of sodium. This fact has been the basis for the experiments described in this

aper.
pap 6 We recognize that it is possible to picture the complex by an associated molecule,
a quinoid compound, or some electronic idea. One might also think of the complex as
in a dormant state, awaiting the acquisition of sufficient energy to change to thestate C;
or as in a continual state of change due to the pulling action of the phenyl radical and the
sodium atom for the bromine, as if in a tug of war. These interesting speculations are
beyond the scope of this paper. We have adopted a form of writing this complex which
expresses in the simplest manner possible the reactions and resemblances to the metal
ketyls.
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 rBrXa
—>  (CsHp)C + CeHsBr + NaCl

+ I
(CoHy):CCl

|

+ ' > CeHiCeHs + 2NaBr 3)

(2)

+ { i —> C¢H;Na + NaBr (4)

If such a picture of the role of the halide as a carrier of sodium is correct,
the chloro- or bromobenzene should be recovered at the end practically
unchanged. We have been able to test this hypothesis quantitatively by
comparing the amounts of sodium chloride and bromide formed in the
reaction of sodium on triphenylchloromethane in the presence of bromo-
benzene. If the reaction proceeds by the intermediate formation of the
“Sodium halyl” which later gives up its sodium as shown in equation
(5), sodium chloride will be formed exclusively. If, on the other hand,

CeH;Br + Na —> C:H;BrNa
Ce¢H;BrNa -+ (CoHs)SCCl —_— (CeHs)zC + NaCl + CsH;Br

the reaction occurs through the formation of phenylsodium as shown in

equation (6), sodium chloride and sodium bromide must be formed in

equivalent quantities. Ideal conditions, naturally, will never exist as some
CeH;Br + 2Na —> CgH;Na -+ NaBr ®)
CeH:Na + (CeH;);CCl —> (CeHs)C + 1/,CeH;CeHs + NaCl

sodium bromide will result from a Fittig reaction. As we increase the
concentration of triphenylchloromethane, however, the ratio of chloride to
bromide formed will approach 1009, sodium chloride if the “Sodium halyl”
is the intermediate, and will approach only 50% sodium chloride if phenyl-
sodium is the agent. It is apparent from the analyses of the halides (see
Fig. 1), that the quantity of sodium chloride is well above the 509 line
demanded by equation (6) and under favorable conditions reaches nearly
889, of the total halides formed. This result shows conclusively that the
two are not formed in equivalent quantities and suggests that the probable’
course is through the formation of a ‘“Sodium halyl.”

()

7 It is still possible, of course, to write the changes using a free phenyl radical as an
intermediate. Thus
CsHaBl‘ + Na —> CsHs -+ NaBr
CeHs + Na —> CgHsNa
Ce¢HsNa + (CsHs)aCCI —_— (CQH.;)SC + CeHs + Na(Cl
CeH;s + Na —> Ce¢H;Na, etc.

However, it is exceedingly unlikely that a free phenyl radical would continue such a role
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Application of these ideas to some of the reactions which we have dis-
cussed in previous papers® of this series may be made as in equations (7).

CsH;CINa
+ —> (C4H;),CONa + NaCl
(CeHa)2CONa
C:H;BrNa (]
+ i C.H; H
' —> CONa + NaBr
CsHaéONa CeHs
H

In drawing conclusions as to the mechanism of reactions in which sodium
is involved, it will be necessary in the future to distinguish more closely
between the various possibili-
ties. It is reasonable to con-
sider that all three, viz., the
T | ° “Metal halyl,” the metal alkyl
o] or aryl, and the free radical
/ may, on superficial examina-

tion, appear to bring about
/ identical reactions. We have
/ shown, as a matter of fact,
that phenylsodium, prepared
! separately, will cause the for-
i mation of triphenylmethyl
OO 5 10 15 20 o5 irom triphenylchloromethane
Triphenylchloromethane, moles X 105. and it is very likely that a free
Fig. 1. phenyl radical, if it could be
isolated as such, would also

form triphenylmethyl. Further studies are being made.

100

N
Ot

[\
S

Mole per cent. of chloride.
g

Experiments

The Action of Sodium on Triphenylchloromethane in the Presence of Benzophe-
none.—Triphenylchloromethane, 2 g., and benzophenone, 1 g., dissolved in 25 ce. of
anhydrous ether were put into a closed tube with a small lump of sodium. The surface
of the sodium became coated with the blue color of benzophenone ketyl but the solution
was yellow from the formation of triphenylmethyl. When air was admitted triphenyl-
methyl peroxide precipitated. It was identified by means of a mixed melting point.
When a similar reaction mixture was allowed to stand for three days it went through the
stages of formation of benzophenone sodium ketyl which was blue on the surface of the
sodium, triphenylmethyl which was yellow in solution, triphenylmethyl sodium as the
solution became red, and finally the blue of benzophenone sodium in solution. All of
these changes were clearly evident. After treating the reaction mixture with water

as a carrier of sodium when it could even more readily react with triphenylchloromethane
and with itself.
& THIS JOURNAL, 53, 2244, 2769, 4028 (1931).
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and evaporating the ether, the residue was dissolved in benzene and shaken with con-
centrated sulfuric acid several times to remove all of the peroxide and carbinol present.
A mixture of hydrocarbons was obtained from the benzene layer. This mixture was
washed twice with hot acetone to remove any triphenylmethane present. The mixture
melted up to 185°. The amount present was very small but it is possible that some
hydrocarbon was formed other than triphenylmethane and p-benzhydryltetraphenyl-
methane.

The observation of Schlenk and co-workers,® that benzophenone sodium added to
triphenylchloromethane should cause the formation of triphenylmethyl, was confirmed.
The blue color of the ketyl was instantly discharged and the yellow color of triphenyl-
methyl appeared. From the mixture the peroxide was precipitated when air was ad-
mitted.

The Action of Sodium on Triphenylchloromethane in the Presence of Tetraphenyl-
ethylene.—To a solution of 0.25 g. of triphenylchloromethane in 10 cc. of ether in con-
tact with 0.25 g. of sodium was added 0.25 g. of tetraphenylethylene.® The solution
became yellow, indicating the formation of triphenylmethyl. When air was admitted
triphenylmethyl peroxide was precipitated. It was identified by a melting point and a
mixed melting point.

The Action of Sodium on Triphenylchloromethane in the Presence of Chloro-
benzene, Bromobenzene or Butyl Chloride.—To a solution of triphenylchloromethane,
0.2 g. in 20 cc. of anhydrous benzene in contact with 1 g. of sodium, was added 5 g. of
chlorobenzene. The yellow color of triphenylmethyl formed easily. When air was let
into the tube triphenylmethyl peroxide precipitated. Similar experiments with bromo-
benzene and with #n-butyl chloride gave the same results. A blank experiment of tri-
phenylchloromethane with sodium in benzene showed that no triphenylmethyl had
formed after the mixture had stood for sixty days.

The Action of Phenylsodium on Triphenylchloromethane.—Two grams of tri-
phenylchloromethane in benzene was added toa suspension of phenylsodium in benzene,
made from 2 g. of diphenyl mercury and an excess of sodium wire. Heat was evolved
and a strongly colored solution of triphenylmethyl was formed. When air was admitted
the peroxide precipitated and was identified by means of a mixed melting point. On
evaporation of the mother liquors a small amount of a gummy material remained in
which no evidence of tetraphenylmethane could be found. Our original purpose in this
experiment was to observe if a different product was formed when the metal aryl was an
intermediate in the reaction. The failure to find tetraphenylmethane led to an investi-
gation of the relative quantities of chloride and bromide formed when triphenylchloro-
methane reacts with sodium in the presence of bromobenzene.

The Determination of the Amount of Sodium Bromide and Sodium Chloride Formed
in Mixtures of Triphenylchloromethane and Bromobenzene.—A number of experiments
were made in which mixtures of triphenylchloromethane and bromobenzene in 10 cc. of
benzene were allowed to stand in contact with very nearly enough sodium to combine
completely with all of the bromine in bromobenzene. The quantity of triphenyl-
chloromethane was varied. When the sodium had disappeared the tube was opened
and the solid material filtered. After washing the solid twice with considerable anhy-
drous warm benzene to remove any triphenylchloromethane present, it was washed with
anhydrous petroleum ether and dried. The halides were then dissolved in water and
filtered through the same filter to remove the small quantity of organic insoluble ma-
terial which was present. After acidification with nitric acid, a portion of the filtrate

9 Schlenk and Thal, Ber., 46, 2854 (1913); Schlenk and Ochs, 4bid., 49, 612 (1916).
10 Schlenk and Mark [ibid., 55, 2289 (1922)] added tetraphenylethylene sodium to
triphenylchloromethane forming triphenylmethyl.
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was treated with an excess of standard silver nitrate solution. The mixture of silver
halides was filtered, washed, and weighed. The excess of silver nitrate was titrated with
potassium thiocyanate solution using ferric alum as an indicator. From the volumetric
results the number of moles of silver halides precipitated could be determined, which
value, with the grams of silver halides from the gravimetric analysis of the same sample,
enabled one to calculate the moles of chloride and of bromide present. Table I sum-
marizes the results of these calculations.

TABLE I

GRrRAM ATOMS OF SODIUM, 0.004; MOLES OF BROMOBENZENE, 0.0048; Cc. oF BENZENE, 10

Silver nitrate
. equivalent to
Triphenyl- silver halide

chloro precipitated, Silver Moles of Moles of Mole per
methane, cc. of 0.0918 N halide, bromide chloride cent. of
mole solution grams X 108 X 108 chloride
0.0036 19.93 0.2951 74.2 108.8 59.4
.007 20.74 .2935 45.5 144.9 76.0
.011 24.38 .3392 40.3 183.5 82.1
.014 23.09 .3166 29.0 183.0 86.3
.022 20.76 .2836 23.2 167.4 87.9

In order to make sure that triphenylchloromethane did not react with the sodium
bromide formed during the reaction, a blank test was made by allowing a mixture of
0.0061 mole of triphenylchloromethane to remain in contact with 0.009 mole of sodium
bromide under conditions comparable to those in which the action of sodium has been
observed. From this mixture the halides obtained by the method given above were
found in two separate determinations to be 99.8 and 100.6%, sodium bromide.

Conclusions

Chlorobenzene, bromobenzene and butyl chloride have been shown to
act as carriers of sodium to triphenylchloromethane, in which respect they
are similar to benzophenone and tetraphenylethylene.

Analyses of the halides formed in the reaction of sodium with triphenyl-
chloromethane in the presence of bromobenzene shows that sodium chloride
is formed to a greater extent than sodium bromide.

The above facts are interpreted as indicating the formation of a complex
between sodium and bromobenzene. Complexes of this type are desig-
nated as ‘““Metal halyls” because of their similarity to metal ketyls.

The position of the “Metal halyl” as an intermediate first step in the
formation of a free hydrocarbon radical and metal alkyls or aryls is dis-
cussed.

CAMBRIDGE, MASSACHUSETTS



May, 1932 DERIVATIVES OF d-GLUCOHEPTULOSE 1925

[CONTRIBUTION FROM THE LABORATORY OF PHYSIOLOGICAL CueMISTRY, LOYOLA
UNIVERSITY, SCHOOL OF MEDICINE]
THREE NEW DERIVATIVES OF d-GLUCOHEPTULOSE!
By W. C. AusTIN
RECEIVED NOVEMBER 9, 1931 PusBLISHED MAY 7, 1932

In 1930 the writer,? in association with Hudson, described the prepara-
tion of a new crystalline ketoheptose, d-glucoheptulose, from d-a-glucohep-
tose following rearrangement of the latter with dilute alkali. The d-
glucoheptulose was reported to have a rotation of [a]® +67.5°, without
mutarotation. In order to determine whether the d-glucoheptulose exists
in the alpha or beta form it became necessary to prepare the methyl-d-
glucoheptuloside from it. By heating d-glucoheptulose in methyl alcohol
containing 1% of dry hydrogen chloride there was formed the crystalline
a-methyl-d-glucoheptuloside, of [«]P® -+108.5° in water, melting at
138-140°. It will be shown later in this article that the rotation of this
derivative proves that the d-glucoheptulose exists in the alpha form.

By acetylating the a-methyl-d-glucoheptuloside with acetic anhydride
and sodium acetate, the o-methyl-d-glucoheptuloside pentaacetate has
been prepared in crystalline form. This second new derivative of d-
glucoheptulose has been recrystallized to constant specific rotation,
[a]¥ % +78.5°, in chloroform, with m. p. 110°.

The acetylation of d-glucoheptulose with acetic anhydride and sodium
acetate has given the crystalline d-glucoheptulose a-hexaacetate, which
has been purified to constant specific rotation, [«]5** +87.0°, in chloro-
form, with m. p. 112°.

Calculation of the Rotations of the Beta Forms of the above Deriva-
tives of d-Glucoheptulose.—The rotations of the above alpha forms
of the three derivatives of d-glucoheptulose will now be examined in connec-
tion with those of a-methyl-d-fructoside and its tetraacetate, recently
described by Schlubach and Schréter.® These workers have called atten-
tion to the fact that the values of the rotations of the end asymmetric car-
bon atoms may now be calculated for these derivatives of d-fructose by the
application of the rule of Hudson,* taking one-half the difference between
the molecular rotations of the alpha and beta isomers. The 8-methyl-d-
fructoside and its tetraacetate, beta isomers of the two alpha compounds
recently prepared by Schlubach and Schréter, were made in 1916 by
Hudson and Brauns.®® The alpha and beta forms of d-fructose penta-

1 Announced, in part, on the program of the meeting of the American Chemical
Society in Minneapolis, Minn., Sept. 9-13, 1929. The author desires to thank Mr. B. J.
Gregory for valuable technical assistance.

2 Austin, THIS JOURNAL, 52, 2106 (1930).

8 Schlubach and Schréter, Ber., 61, 1216 (1928); 63, 363 (1930).

4 Hudson, Tuis JOURNAL, 31, 66 (1909).

% (a) Hudson and Brauns, ibid., 38, 1216 (1916); (b) 37, 1283, 2736 (1915).
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acetate were also prepared by Hudson and Brauns®™ and furnish values of
rotations for determining the value of the end asymmetric carbon atom
in the d-fructose pentaacetate. The determinations on the three pairs of
isomers are shown in Table I for these fructose derivatives. For purposes
of comparison the corresponding values given by Hudson® for the aldoses
are also given in the tabulation.

TaBLE 1
VALUES OF THE COEFFICIENT a@ume, AmMe AND A, IN THE FRUCTOSE SERIES
[« Rotation of 4 for dcor_tesgond-
ti

Substance Mol. wt. in w:ter [M]p Carbe:n, A mgf aelgg:esves
a-Methyl-d-fructoside 194 + 46.0° + 8,900 ame =21,200 ay, = 18,700
B-Methyl-d-fructoside 194 —172.7° —33,500
Tetraacetates of [«]}), in CHCL
a-Methyl-d-fructoside 362 + 45.5° +16,850 Ame = 31,050 Ay, = 26,900
B-Methyl-d-fructoside 362 —125.0° —45,250
Pentaacetates of
a-d-Fructose 390 + 34.7° +13,5833 Aa. = 30,458 Aa. = 19,100
B-d-Fructose 390 —121.5° —47,384

Schlubach and Schroter have called attention to the fact that the values
of aye and Ay, are greater for the derivatives of fructose than for the
corresponding derivatives of aldoses. Differences of the same nature are
observed in comparison of the value 4 5. from derivatives of fructose with
that from derivatives of aldoses. The reason for these differences between
the corresponding coefficients of fructose and the aldoses is not definitely
known. The differences may be due to the fact that the end asymmetric
carbon atom in fructose is attached to —CH,OH or to —CH,OR instead of
to —H, as in the aldoses and their derivatives. The attachment of addi-
tional weight to the end asymmetric carbon in the fructose series may
cause its rotation to be larger than in the aldose series; this explanation
would lead one to expect that the rotation coefficients of the fructose series
will be found to apply in other 2-ketose series. For the present it is as-
sumed that the values of ay, Ame and A4, are the same in the fructose
and glucoheptulose series on account of the like groups attached to carbon
2 in these ketoses.” The values of the rotations of the unknown beta
isomers of the three known alpha derivatives of d-glucoheptulose may
now be calculated by deducting from the molecular rotation of the alpha
isomer twice the value of the rotation of the end asymmetric carbon atom
for the corresponding derivative of fructose and dividing the difference so
obtained by the molecular weight of the beta isomer.

The value of the [M]p of a-methyl-d-glucoheptuloside is (4108.5°)

¢ Hudson, THIS JOURNAL, 48, 1428 (1926).

7 I am indebted to Dr. C. S. Hudson for the suggestion that the coefficients of the
fructose series may apply to the series of the 2-ketose sugars in general.
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(224) = +24,300. The value of 2ay. from the fructose series is +42,400,
and the difference is — 18,100, which is the calculated [M]p for S-methyl-
d-glucoheptuloside. The corresponding specific rotation is [a]p =
—18,100/224 = —81.0°.

The value of the [M]p of a-methyl-d-glucoheptuloside pentaacetate is
(+78.5°) (434) = +34,069. The value of 24e from the fructose
series is +62,100, and the difference is —28,031, which is the calculated
[M]p for B-methyl-d-glucoheptuloside pentaacetate. The corresponding
specific rotation is [a]p = —28,031/434 = —064.6°.

The value of the [M]p of d-glucoheptulose a-hexaacetate is (+87.5°)
(462) = +40,424. The value of 24 4. from the fructose series is +60,917,
and the difference is —20,493, which is the calculated [M]p for d-gluco-
heptulose f-hexaacetate. The corresponding specific rotation is —20,493/-
462 = —44.3°.

On page 1928 the rotation of the unknown beta form of d-glucoheptulose
is calculated by a slightly different method.

The Ring Structure of the Derivatives of d-Glucoheptulose.—In the
article describing the preparation of d-glucoheptulose, shown as structure I,
evidence was given that the new sugar contained the 2,5 ring. Proof may
now be advanced that the ring structure of the derivatives of d-gluco-
heptulose is also 2,5, and that the structures of the new derivatives are
those represented in II, IIT and IV.

H H
H H O H H H O H
CH,0H—C—C—C—C—C—CH,OH CH,0H—C—C—C—C—C—CH.;0OH
[e) H O MO (0] H O N0
H H H H H CH;,
—0 —0
I II
d-Glucoheptulose(2,5) a-Methyl-d-glucoheptuloside (2,5)
Ac Ac
H H O H H H OH
CH;0Ac—C—C—C—C—C—CH:0Ac CH;0Ac—C—C—C—C—C—CH,0Ac
(0] H O MO (o) H O |0
Ac Ac | CH; Ac Ac | Ac
—O0—— O
II1 v
a-Methyl-d-glucoheptuloside d-Glucoheptulose a-hexaacetate(2,5)

pentaacetate(2,5)

In each of the structures shown the asymmetric carbon atoms (Nos.
3, 4, 5 and 6) have the same configurations as the corresponding asymmetric
carbon atoms (Nos. 2, 3, 4 and 5) of d-glucose, or the corresponding deriva-
tive of this sugar with the 1,4 ring. The rotations of d-glucose and its
derivatives with this ring have not been measured because the substances
are not known, but the values of the rotations have been calculated by
Hudson.®! Using the values for the corresponding derivatives of d-glucose-

8 Hudson, THiS JOURNAL, 48, 1434 (1926); 52, 1680 (1930).
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(1,4) it should be possible to calculate the rotations of the derivatives of
d-glucoheptulose, with the same type of ring(2,5).

Hudson has calculated for the a-methyl-d-glucoside(1,4) the rotation
[alp +114° or [M]p (+114°) (194) = +22,120. By subtracting from
the [M]p of this compound the value of anme for aldoses, +18,700, there
is obtained the value of By giucose1,4y = +3420. The [M]p for a-methyl-
d-glucoheptuloside(2,5) should be the value By giucose(1,4) plus ayre from the
fructose series, 421,200, giving +24,620. The corresponding [«]p value is
+24,620/224 = +110°. This calculated value is so near the observed
value of +108.5° that it may be safely concluded that the a-methyl-
d-glucoheptuloside is an alpha form and has the 2,5 ring.

Haworth and Porter’ have prepared a-ethyl-d-glucoside(1.4) and 8-
ethyl-d-glucoside(1,4), with [a]p values of +98 and —86°, respectively.
By taking one-half the sum of the values of the [M]p of these compounds,
+20,384 and —17,888, the value of By glucose(1,4) 1S obtained = 41248,
The [M]p of a-methyl-d-glucoheptuloside(2,5) should be the value of
By glucose(1,4) Plus ane from the fructose series, +21,200, giving +22,448,
which corresponds to the [a]p value of +100°. By subtracting from
the value of Bigucoseq1,9y the value of ay from the fructose series the
[Mlp of B-methyl-d-glucoheptuloside(2,5) is found to be —19,952, cor-
responding to the [a]p value of —89°. The differences of 8° between the
values calculated by this method and the values found for the a-methyl-d-
glucoheptuloside(2,5), or calculated for the B-methyl-d-glucoheptuloside-
(2,5) by the method on page 1926, are not in conflict with the conclusions
from the calculations in the preceding paragraph and are due to the slight
differences in the values of By giucose(1,4y as calculated from the data of
Hudson or from the observations of Haworth and Porter.

The specific rotation of the a-methyl-d-glucoheptuloside pentaacetate-
(2,5) may be calculated similarly. The [M]p of the corresponding com-
pound of d-glucose(1,4) is (+83°) (362) = +30,046. From this value
of +30,046 the value of Ay, for aldoses, 426,900, is subtracted to give the
value By glucose(1,4), Ac = -+3146. By adding the value of 4 e for ketoses,
+31,050, to the value of 3146 there is obtained the [M]p value for the a-
methyl-d-glucoheptuloside pentaacetate(2,5) = +34,196. The correspond-
ing [a]p value is +34,196/434 = +78.8°. This calculated value for the
derivative with the 2,5 ring is so near the observed value of +78.5° that
the 2,5 ring is also assigned to the a-methyl-d-glucoheptuloside pentaacetate.

The specific rotation of the d-glucoheptulose o-hexaacetate(2,5) may
be calculated in the following manner. The [M]p of d-glucose penta-
acetate is obtained, (4+55°) (390) = +21,450. From this value of +21,-
450 is subtracted the value of 4, for aldoses, 19,100, giving the value
of By giucose(1,4), se = +2350. Adding to the value of 42350 the value

® Haworth and Porter, J. Chem. Soc., 2796 (1929).
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of A, from the fructose series, 430,458, there is obtained the value of
432,808, the calculated [M]p for d-glucoheptulose a-hexaacetate-2,5.
The corresponding [alp value is -+32,808/462 = +7 1°. This value
of +71° is lower than the observed value of +87.5°, but not sufficiently
different to indicate any ring but the 2,5 type in the hexaacetate. In
consideration of the values of the rotations of the basal acetylated chains
in derivatives of d-fructose and of d-glucoheptulose the observation has
been made that the values are larger in the pentaacetates of fructose and
in the hexaacetates of d-glucoheptulose than in the methylfructoside tetra-
acetates and methyl-d-glucoheptuloside pentaacetates by 2725 and
6896. At present no valid explanation can be given for the abnormally
large value calculated for B’y glucoheptulose(2,5), Ac from the hexaacetates.
The question of the differences in the values of the basal acetylated chains
is one peculiar to the 2-ketose sugars and can only be solved by the
preparation and study of corresponding derivatives of other 2-ketoses.
It is interesting to note that, using the value By stuconeptulose(2,5), Ac =
43019 (one-half the sum of the values of [M]p from the methyl-d-
glucoheptuloside pentaacetates), one may calculate the value of the specific
rotation of the a-d-glucose pentaacetate(1,4) by adding the value of
A, for aldoses and dividing by the molecular weight, 390, of the com-
pound of d-glucose. The value calculated is [e]lp +56.1°, which is so
near the value of +55° calculated for this substance by Hudson, from
other rotations, as to warrant the suggestion that the normal value of
Bl glucoheptulose(2,5), Ac 1S found by consideration of the methyl-d-glucohep-
tuloside pentaacetates rather than the hexaacetates of the ketose. The
use of the value B’y giuconeptulsse(@,5), ac = +9915 in a similar calculation
leads to the value [a]p +74.4° for the a-d-glucose pentaacetate(1,4). As
there is no other evidence for the existence of an acetate of d-glucose of
such rotation, the value of B’y guconeptulose(2,5), Ac Tust be considered ab-
normal, pending the preparation of similar acetates of other ketoses.

The above methods of allocation of ring structure in the derivatives of
d-glucoheptulose may be applied to a determination of the ring in d-
glucoheptulose itself. From one-half the sum of the [M]p values of
the two forms of methyl-d-fructoside the value of Bjfructose iS obtained,
—12,300. If this value is subtracted from the [M]p value of §-d-fructose,
—24,000, there is obtained the value Aoy for fructose, —11,700. The
[M]p value of a-d-glucose(1,4), calculated by Hudson, is (+66°) (180) =
+11,880. From this value of 411,880 the value of Biglucose(1,4) =
43380 is obtained by subtraction of the value of Aoy for aldoses,
48500. Adding the values of +3380 and +11,700 there is obtained the
calculated [M]p of a-d-glucoheptulose(2,5) = +15,080. The correspond-
ing [a]p value is +15,080/210 = +72°. This is so near the observed
rotation, [«]X +67.5°, as to constitute further proof, independent of
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that in the previous paper by the writer, that the d-glucoheptulose which
has been synthesized is of the alpha form and contains the 2,5 ring.

The specific rotation of the B-d-glucoheptulose may now be calculated.
The value of the [M]p of a-d-glucoheptulose(2,5) is (+67.5°) (210) =
+14,175. The value of 24y from the fructose series, as derived in the
preceding paragraph, is 423,400, and the difference is —9225, which
is the calculated [M]p for B-d-glucoheptulose(2,5). The corresponding
specific rotation is [a]p = —9225/210 = —44.0°.

Experimental Part

Preparation of o-Methyl-d-glucoheptuloside.—This substance was prepared by the
method used by Fischer!® in the preparation of a-methyl-d-glucoheptoside. d-Gluco-
heptulose, 8.4 g. of [«]5 +67.3°, was finely powdered and dissolved, with heating, in 100
cc. of methyl alcohol containing 1 g. of dry hydrogen chloride. The solution of the
sugar was accomplished in twenty minutes of heating on the steam-bath. The reaction
mixture was allowed to stand at room temperature for twelve to fourteen hours and was
then freed of hydrogen chloride by warming with an excess of silver carbonate and
filtering. The filtrate was diluted to 150 cc. with methyl alcohol. A quantitative
copper reduction test on a 5-cc. portion of this solution showed that only 3.29, of the used
ketose remained uncombined. The remaining 145 cc. of solution was concentrated to
a thin sirup by evaporation under reduced pressure. After holding this sirup for several
days in a desiccator over calcium chloride crystal tufts appeared. On stirring these
into the sirup the entire mass became semi-crystalline. This mass was dissolved in
35 cc. of warm methyl alcohol and 500 cc. of warm acetone was added. The solution
was cooled to zero, decanted from an impurity of sirup and refrigerated overnight. The
next day the crop of crystals, which formed as tufts of prisms, was filtered out and dried
dat 37° The precipitated sirup was worked over twice by solution in methyl alcohol
and dilution with acetone, followed by cooling to zero, decantation of the cleared solu-
tion, and crystallization of more of the substance by refrigeration. The three crops
of material were united to give 5.5 g., 63% of the theoretical yield. This fraction was
found to have [a]3~2° 4-109.38° (0.6342 g. of substance in water to 25.0 cc. read a =
+5.55°, using a 2-dm. tube). The material softened at 135° and melted at 138-140 °,
The remaining 4.9 g. was recrystallized from 20 cc. of warm methyl alcohol by the addi-
tion of 250 cc. of acetone, followed by refrigeration overnight. No sirup separated and
the next day the mother liquor was decanted and the crystals washed with acetone by
decantation and dried at 37° to 4.2 g. of substance, melting at 138-140° of [a]%9-25
+108.78° (0.5890 g. substance in solution with water to 25.0 cc. read a = +513°,
using a 2-dm. tube). These values did not change on further recrystallization and the
[@]%7?° +108.5 = 0.5°, with melting point 138-140°, are accepted as constants for the
pure substance.

Anal. Estimations of OCH; were made on 0.3089 and 0.2160 g. samples of the
substance and gave 0.3216 and 0.2295 g. of Agl, corresponding to 13.76 and 14.049
OCH;.  Caled. for CsHj607:  mol. wt., 224.12; OCHy, 13.849%,.

The combustions!! of 0.15 to 0.23 g. samples showed C, 42.93, 42.30; H, 7.57, 7.17;
caled.: C, 42.83; H, 7.19.

0 Fischer, Ber., 28, 1157 (1895).

11 All of the combustions reported herein were made by the writer in the Chemical
Laboratory of the College of Liberal Arts, Northwestern University, by the kind per-
mission of Dr. C. D. Hurd.
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Preparation of a-Methyl-d-glucoheptuloside Pentaacetate.—A mixture of 2.3 g.
of pure a-methyl-d-glucoheptuloside, 15 cc. of acetic anhydride, and 1.5 g. of anhydrous
sodium acetate was heated for one and one-half hours on the steam-bath with frequent
shaking. The solution was then poured into a mixture of ice and water, 100 g. of each.
The acidity of the mixture was reduced with additions of solid sodium bicarbonate.
The sirup which immediately separated hardened and crystallized in thirty minutes. The
next day the crystalline material was filtered out and dried at 37° to 3.5 g. Extrac-
tion of the filtrate with chloroform resulted in the recovery of 0.2 g. more of the sub-
stance, making a yield of 879 of the theoretical. The 3.5 g. of substance was recrys-
tallized three times from solution in 10-15 cec. of absolute alcohol by the addition of 5
volumes of water to give 2 g. of substance with a melting point of 110° and a rotation
of [a]0-%° +78.44° (0.5466 g. substance in chloroform to 25.0 cc. read @ = +3.43°,
using a 2-dm. tube). A fourth recrystallization did not alter the value of the rotation
or the melting point. Accordingly, the constants, [az]zl?_26 4-78.5 = 0.5°, and m. p.
110°, are accepted for the pure a-methyl-d-glucoheptuloside pentaacetate.

Anal. Estimations of OCH; were made on 0.4120 and 0.3103 g. samples of the
substance, and gave 0.2337 and 0.1749 g. Agl, corresponding to 7.50 and 7.45% OCHa.
Caled. for CisHpeOn: mol. wt., 434.2; OCH,;, 7.14. The combustions! of 0.15 g.
samples of the substance showed C, 49.67, 49.58; H, 6.12, 6:30; calcd.: C, 49.75;
H, 6.04. By the directions of Kunz!? 0.3840 and 0.4081 g. samples of the substance
were equivalent to 44.04 and 46.74 cc. of 0.1 N KOH. Caled., 44.23, 46.99 cc.

Preparation of d-Glucoheptulose a-Hexaacetate.—A mixture of 10 g. of finely
powdered d-glucoheptulose with 70 ce. of acetic anhydride and 6 g. of anhydrous sodium
acetate was heated for one and one-half hours on the steam-bath with frequent shaking.
The dark colored reaction mixture was then poured into a mixture of ice and water, 200
g. of each. The acidity of the mixture was reduced with additions of solid sodium bi-
carbonate. The dark sirup which separated slowly crystallized overnight. The soft
dark mass was then filtered out and dried at 50° to 10 g. This crude product was re-
crystallized from solution in 15 cc. of alcohol by the addition of 7 cc. of water to give 5.5
g. of material. This material was combined with 16.0 g. of similar material made from
30 g. more of the d-glucoheptulose. The average yield of recrystallized acetate was
approximately 25% of the theoretical, much lower than the customary yield of 609
in acetylating d-a-glucoheptose. Extraction of all mother liquors with chloroform and
carbon tetrachloride has given no evidence of the formation of isomeric acetates. The
continued darkening during the acetylation by heating the reaction mixture is indica-
tive of decomposition of the acetate. In future preparations it is hoped that shorten-
ing the period of heating will result in a larger yield of pure product. The 21.5 g. of
material was recrystallized twice from solution in three times its weight of alcohol by
the addition of its weight of water, and gave 20.0 g. of hexaacetate, of [a]®7?% +87.8°
(0.4907 g. substance in chloroform to 25.0 cc. read @« = +3.45°, using a 2-dm. tube).
The substance melted at 112°. A third recrystallization gave 17.5 g. of substance of
[«]025 487.08° (0.4923 g. of substance in chloroform to 25.0 cc. read @ = 3.43°,
using a 2-dm. tube). The melting point was unchanged, at 112°.  The values [@]X-25
+87.0 = 0.5°, m. p. 112°, are accepted for the pure crystalline d-glucoheptulose a-
hexaacetate. The substance crystallizes from alcohol by the addition of water in very
slender, interlaced and silky prisms. It was found that recrystallized preparations
must be dried in vacuum over calcium chloride at room temperature to avoid decomposi-
tion, which is slight but detectable at 50°.

Anal. The combustions!! of 0.15 to 0.22 g. samples of the substance showed C,

12 Kunz and Hudson, THIS JOURNAL, 48, 1982 (1926).
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48.94, 48.99; H, 5.72, 5.77; caled.: C, 49.32; H, 5.67. By the directions of Kunz!?
0.5285 and 0.4592 g. samples of the substance were equivalent to 70.18 and 61.01 cc.
of 0.1 NXKOH. Caled., 70.20 and 61.00 cc.

The author desires to thank Dr. C. S. Hudson for his helpful interest
and many valuable suggestions in connection with the above contribution.

Summary

The following three new crystalline derivatives of the ketoheptose,
d-glucoheptulose, have been prepared and purified to constant rotation
and melting point: a-methyl-d-glucoheptuloside, [@]5™* +108.5°, in
water, m. p. 138-140°; a-methyl-d-glucoheptuloside pentaacetate, [a]f
+78.5°, in chloroform, m. p. 110°; and d-glucoheptulose a-hexaace-
tate, [«]57*° 4-87.0°, in chloroform, m. p. 112°.

d-Glucoheptulose and d-fructose are alike in configuration about carbon
atoms No. 1 and 2, and d-glucoheptulose contains about carbon atoms
3, 4, 5 and 6 the same configurations as carbon atoms 2,3,4and 5 of d-
glucose. By applying to the above-mentioned rotations and those of the
corresponding derivatives of d-glucose the rotation coefficients of the 9-
ketose series (given in large part by Schlubach and Schroter from the
fructose series) and of aldoses (given by Hudson) it has been shown that
the new derivatives of d-glucoheptulose are alpha forms and contain the
2,5 ring.

The rotations of the corresponding unknown beta forms of this sugar
and its derivatives have been calculated from those of the known alpha
forms by applying the rotation coefficients of the 2-ketose series.

By the use of the above rotation coefficients in connection with the rota-
tion of d-glucose (1,4 ring), predicted by Hudson, the rotation of the alpha
form of d-glucoheptulose has been calculated; the fair agreement with the
observed value lends further support to the conclusion in the previous
paper that the ring in the known form of this ketoheptose is 2,5. Con-
versely, the rotations of d-glucoheptulose and its derivatives, containing
~ the 2,5 ring, lend added support to the values given by Hudson for d-glucose
and its corresponding derivatives of the 1,4 ring.

The rotations of the alpha and beta forms of methyl-d-glucoheptuloside-
(2,5) have also been calculated by considering the rotation coefficients of
the 2-ketose series in connection with the rotations of the alpha and beta
forms of ethyl-d-glucoside(1,4), recently prepared by Haworth and Porter.
These calculated rotations agree so closely with the values found, or calcu-
lated by the other methods, that they are accepted as added confirmation
that the ring in these derivatives of d-glucoheptulose is 2,5 and corresponds
to the 1,4 ring in the new ethyl glucosides of Haworth and Porter.

CHICAGO, ILLINOIS
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THE ACTION OF DILUTE ALKALI ON ¢-XYLOSE, d- AND /-ARA-
BINOSE, d-o-GLUCOHEPTOSE AND J-GLUCOHEPTULOSE!
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The recent investigations of Lewis? and co-workers have aroused new
interest in the Lobry de Bruyn? conversion. Wolfrom and Lewis® found
that saturated calcium hydroxide induces rearrangements in sugar struc-
tures with minimal formation of caramel and saccharinic acids. Ad-
vantage was taken of this finding by Montgomery and Hudson* in the
conversion of lactose to lactulose and by Austin® in the conversion of
d-a-glucoheptose to d-glucoheptulose. The more widely accepted theory
of the mechanism of the conversion is that the reducing sugar, when dis-
solved in alkali, forms a common enol which then rearranges to form new
reducing sugars. The new reducing sugars so formed are predominantly
those differing from the starting sugar only with respect to the configura-
tions about the first and second carbon atoms.! The general structures
shown in the formulas illustrate the extent and mechanism of the pre-
dominating interconversions between reducing sugars under the influence of
alkali. The arrows indicate that the reactions are reversible and that the
three remaining substances are formed from any one in solution with alkali.

H H H
C=0 COH _— HCOH
I | C=0
HCOH COH H |
R . R -~ HO(“,H Ketose
Aldose Common R
enol Aldose

1 Abstracted in part from dissertations submitted by Smalley and Sankstone to
the Graduate School of Loyola University in partial fulfilment of the requirements for
the degree of Master of Science. A portion of the results described here was given on
" the program of the meeting of the American Chemical Society in Indianapolis, March
30-April 3, 1931, and on the program of the meeting of the American Society of Bio-
logical Chemists in Montreal, April 8-11, 1931. The authors desire to thank Mr.
B. J. Gregory for valuable technical assistance.

2 (a) Gustus and Lewis, THIS JOURNAL, 49, 1512 (1927); (b) Wolfrom and Lewis,
ibid., 50, 837 (1928); (c) Greene and Lewis, ibid., 50, 2813 (1928); (d) Gross and Lewis,
ibid., 53, 2772 (1931).

'3 Lobry de Bruyn and van Ekenstein, Rec. trav. chim., 14, 156 (1895); 14, 195
(1895); 14, 207 (1895); 16, 262 (1897); 19, 1 (1900); 27, 1 (1908).

¢ Montgomery and Hudson, THis JourNaL, 52, 2101 (1930).

& Austin, ibid., 52, 2106 (1930).

¢ For more complete consideration of the theories of the Lobry de Bruyn con-
version, the reader is referred to the papers cited by Gross and Lewis.2d
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With d-xylose as the starting sugar it would be expected from the above
theory that a common enol would be formed by the action of the alkali and
from it d-lyxose and d-xyloketose would next form to constitute an equi-
librated system.

In like manner l-arabinose in solution with alkali would be expected to
form a common enol which would form I-ribose and l-araboketose and
constitute another equilibrated system. Also d-a-glucoheptose would be
expected to form a common enol which in turn would give rise to d-g-
glucoheptose and d-glucoheptulose and constitute a third equilibrated
system.

Before beginning experiments with the purpose of isolating products
of rearrangement of d-xylose and of l-arabinose, it was thought advisable
to follow quantitatively the changes which these sugars undergo when
dissolved in saturated calcium hydroxide. It was found that the rotation
of a solution of d-xylose in this medium changed from [a]X%® 4-18.2°
to the constant value of [a]§ ™ +10° in twenty-four hours at 30-35°.
The PH changed in a month of observation from 10.19 to 6.01. During this
longer period the percentage of reducing pentose fell from 99.73 to 91.539,
of the used d-xylose, while the aldose concentration decreased from 97.5
to 88.29%, of the used d-xylose. These concentrations of reducing pentose
and aldopentose indicated that at no time was more than 5% of reducing
ketose evident. Solutions of d-xylose which have attained such equi-
librium values have been freed of unchanged d-xylose by evaporation and
crystallization, leaving sirupy residues from which as yet no d-lyxose or
d-xyloketose has crystallized. One such sirup showed a rotation of
[«]B7%* —0.26°, with 1189, apparent aldose pentose, with only 709, reduc-
ing pentose. When a portion of this sirup was dissolved in saturated
calcium hydroxide, it changed from [«]8*® —0.26 to +2.07° in rotation in
one hundred forty-four hours.

It was found that the solution of l-arabinose in calcium hydroxide
changed in rotation from [a]}* +99.6° to the constant value of 462.2°
in seventy-two hours. The PH changed in two months from 10.8 to 5.28.
During this longer period of observation the percentage of reducing pentose
fell from 94.5 to 86.4% of the used l-arabinose, while the aldose concentra-
tion decreased from 95.02 to 82.09, of the used l-arabinose. These con-
centrations of reducing pentose and aldopentose indicated that at no time
was more than 5% of reducing ketose present. Solutions of l-arabinose
which have attained equilibrium values have been freed of unchanged
l-arabinose by evaporation and crystallization, leaving sirupy residues from
which no /-ribose or l-araboketose has crystallized. A sirup so prepared
has shown [a]B +4.73° with 78.36%, reducing pentose and 75.7%, aldose
pentose. Attempts to form the known p-bromophenylhydrazone of
l-ribose from such sirups have met with uniform failure. Portions of the
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sirups have been oxidized with bromine and the reaction products used in
futile attempts to form the known phenylhydrazide and the cadmium salt of
[-ribonic acid.

By solution of d-arabinose in saturated calcium hydroxide, the initial
value of [a]¥ ™ —100.4° changed in ninety-six hours to [a]f>® —54.4°.

Evaporation of this solution and removal of unchanged d-arabinose by

crystallization left a sirup with the value of [a]5*® —7.4°. This sirup

showed 74.04%, of reducing pentose and 60.329, of aldopentose. A por-
tion of this sirup was dissolved in saturated calcium hydroxide and the
rotation changed very slightly in one hundred twenty hours to the con-
stant value of [a]® % —4.9°. Another portion of this sirup was seeded
with d-ribose without any crystallization of this pentose resulting.

In contrast with the apparent lack of reversibility between d-xylose and
its products, and between d-arabinose and its products, it has been found
that alkali forms d-a-glucoheptose from d-glucoheptulose in a reversible
manner. With either of these heptoses as the starting material in solu-
tion with alkali the final equilibrium value of [a]fy *® +40 to +45° is
attained. In the equilibrium mixture from the d-glucoheptulose there is

about 239, aldose and 77%, ketose. Resaturation of such an equilibrated.

solution with calcium hydroxide caused the value of the [a]} *®> +45° to

decrease further to the constant value of [«]®*® +36°, when the solution
contained 429, aldose and 589, ketose.

Experimental Part

The Action of Dilute Alkali on d-Xylose.—d-Xylose (37:5 g. with [«]% +19.9°) was
dissolved in calecium hydroxide solution, previously saturated at 30-35° and filtered, to
make 500 cc. of solution, half-molal in concentration of the sugar. Before the sugar was
dissolved the P of the solution of calcium hydroxide was 12.3, determined poten-
tiometrically with the hydrogen electrode. Five minutes after solution of the d-xylose
in this medium the Pu was 10.19. A portion of the solution was used to fill a 2-dm.
tube and found to have the value of [a]%3® 418.19°, five minutes after the solution of
the sugar. A second portion of the solution was diluted and used for the iodine titra-
tion by the directions of Goebel,” employing a fifteen-minute oxidation time. This es-
timation accounted for 97.56% of the used d-xylose, five minutes after solution. At the
same time interval a portion of the diluted solution was used to estimate the total re-
ducing pentose by the directions of Bertrand,® and showed the value of 99.739%, of the
used d-xylose. The solution was preserved with xylene and kept at 30-35°. From time
to time other portions of this stock solution were withdrawn for repetition of the analyses,
with the addition of iodine oxidations on portions of the solution which had been de-
enolized by the directions of Wolfrom and Lewis,?® holding the sample in 2 N sulfuric
acid for twenty-four hours before neutralization and oxidation with iodine in the usual
manner. The changes in the solution are shown in Table I, and graphically in Fig. 1.

Further Studies of the Products from d-Xylose.—A solution, containing in 1180 cc.
the products of the action of calcium hydroxide on 88.5 g. of d-xylose, was clarified and

7 Goebel, J. Biol. Chem., 72, 801 (1927).
8 Bertrand, Bull. soc. chim., 35, 1285 (1906).
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TABLE I
CHANGES OF d-XYLOSE IN DILUTE ALKALI AT 30-35°
Eime, [ a]so-ss“ Aldopentose, %c Reducing
ours D Ab B pentose, % Pu
0.08 18.19 97.56 99.73 10.19
.66 - 18.33 10.06
2.5 16.20 9.93
2.8 100.60 100.83 97.53
4.5 13.72 9.01
5.6 100.60 96.92 97.33
24.0 10.20 93.60 91.52 93.80
51.0 10.41 9.24
72.0 10.35 90.40 90.29 93.33 9.65
142.0 10.01 88.39 92.23 7.69
166.0 87.30 92.0
720.0 10.40 88.26 91.24 91.53 6.01

¢ C = M/2 solution of d-xylose in 0.04 N calcium hydroxide. ? Before de-enoliza-
tion. € After de-enolization.

evaporated to a thick sirup under reduced pressure. The sirup was diluted with 20
cc. of water and 480 cc. of hot methyl alcohol, filtered from an amorphous precipitate,
and again reduced by evaporation to a sirup under reduced pressure. This sirup was
thinned with 90-95%, ethyl alcohol and allowed to crystallize overnight. Eighteen g. of

E
o +20 9 g IOT ]
T T19 8 g \
82 +18 § 102 § . 9 e _
3 e - 5 DE 2 \"m
< +17 w g 100 85 \ <]
g+16 5§25 8 58 8 X L L
3} b T~
§4+15 58 % g3 TS o
S uTE 7 e
2] o« S g‘ \ \5\\ B ats - SHON I_I_‘_‘_ !
g 413 @ 92 w I St e
3] b o ~— m
&+12 & 903 6 =
19} g > s .
+11 ¢ 83 | fod ST
3] || o
A

20 40 60 80 100 120 140 160 180
Time, hours.

Fig. 1.—Changes in a solution of 37.5 g. of d-xylose in 0.04 N calcium hydroxide to
500 cc., at 30-35°: I, change in PH; II, change in percentage of reducing pentose;
111, change in percentage of aldopentose; IV, change in specific rotation, [o]%735.

crude d-xylose was then removed by filtration. Concentration of the filtrate gave 6.0
g. more of crystalline d-xylose in three crops. The mother liquor of the last crop was
dissolved in 50 cc. of methyl alcohol and the solution then diluted with 200 cc. of an-
hydrous ether. After one hour the supernatant solution was decanted from the hygro-
scopic brown precipitate and evaporated to a very clear and lightly colored sirup, from
which 1.0 g. more of d-xylose was crystallized and removed. The sirup was then dried
in a vacuum desiccator to 11.2 g. A sample of 1.9316 g. of the purified sirup was dis-
solved in water to 50 cc. A portion of this solution was saturated with calcium hydrox-
ide and filtered into a 2-dm. tube for the reading @ = —0.03°, corresponding to [«]%0~3®
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—0.26°. Seventy-two hours later the value was [«]373® +1.67° and in 144 hours
+2.07°. Before the solution was saturated with calcium hydroxide, the apparent aldo-
pentose was 118.19), with 69.37% reducing pentose. At the end of the one hundred and
forty-four hour period the apparent aldopentose was 46.79%, with 45.729, reducing
pentose.

The Action of Dilute Alkali on /-Arabinose.—I-Arabinose (37.5 g., [«]% +101.5°)
was dissolved in calcium hydroxide solution, previously saturated at 30-35° and fil-
tered, to make 500 cc. of solution, half-molal in concentration of l-arabinose. Before
the sugar was dissolved the PH of the calcium hydroxide was 12.3, determined poten-
tiometrically by the hydrogen electrode method. Twenty-five minutes after solution
of the sugar the Pa was 10.80. A portion of the solution was used to fill a 2-dm. tube
and found to have the value of [«]27%% 109.6°. At the same time interval a second
portion of the solution was used for the iodine titration by the method of Goebel,” em-
ploying fifteen minutes’ time for oxidation. This estimation accounted for 95.02%,
of the used l-arabinose as aldopentose. A portion of the diluted solution was held for
twenty-four hours in 2 N sulfuric acid, the solution then neutralized and oxidized with
iodine in the usual manner. This estimation on the de-enolized sample accounted for
96.439%, of the used l-arabinose as aldopentose. At the same time interval, twenty-five
minutes after solution of the sugar, another portion of the diluted solution showed
94.56%, of the used l-arabinose as reducing pentose, using the directions of Bertrand.?
The remaining solution was preserved with xylene and kept at 30-35°. From time to
time portions of this stock solution were withdrawn for repetition of the mentioned ex-
aminations. The changes in the l-arabinose are shown in Table II, and graphically in
Fig. 2.

TaBLE II
CHANGES OF J-ARABINOSE IN DILUTE ALKRALI AT 30-35°
Thime, [a]"’f”a Aldopentose, % Reducin
ours D Ab Be pentose, % Pr
0.42 99.60 95.02°  96.43 94.56 10.80
3.25 95.23
5.08 96.08 96.28 93.60 10.63
6.60 88.27
9.00 85.20
23.30 70.66 88.27 87.97 88.27 10.10
29.66 69.14
47.00 85.33 83.84 87.20 9.60
48.33 65.00
71.10 62.20 )
119.20 82.40 83.69 . 86.27 7.84
191.20 61.66 81.24 82.51 85.43 7.21
1614.25 61.87 82.00 78.20 86.40 5.28

o

@ C = M/2 solution of l-arabinose in 0.04 N calcium hydroxide.
enolization. ¢ After de-enolization.

Before de-

Further Studies of the Products from /-Arabinose.—Sixty grams of l-arabinose of
[«]%® +101.8° was dissolved in saturated calcium hydroxide solution and allowed to
change to the final constant value [«]% 3% +56.7°insevendays. The solution was then
evaporated to a sirup under reduced pressure, diluted with 400 cc. of methyl alcohol, and
filtered from an amorphous precipitate of 7 g. The filtrate was concentrated to a sirup
again and allowed to crystallize overnight. Twenty grams of crude sugar was filtered
out and recrystallized to 15.6 g. of crude l-arabinose of [«]% +97.7°. From the sirup
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5.2 g. more of l-arabinose was crystallized in three crops. The sirup was no longer crys-
tallizable and showed the rotation of [«]% +5.34° (0.6544 g. in water to 25 cc. to read
a = +40.28° using a 2-dm. tube). The sirup was diluted with 300 cc. of methyl alcohol
and 300 cc. of anhydrous ether and the solution then filtered with carbon from an
amorphous colored precipitate of 3 to.5 g. The solution was again reduced to a sirup
from which 0.6 g. more of /-arabinose was removed after crystallization. The residual
sirup showed [a]% +4.73° (0.8455 g. in water to 25 cc. for reading & = 4-0.32°, using a
2-dm. tube). The sirup showed 78.36%, of reducing pentose and 75.7%, of aldopentose.
The remaining 7.5 g. of the sirup was mixed with 5 g. of p-bromophenylhydrazine and
35 cc. of absolute alcohol. The mixture did not form any I/-ribose p-bromophenylhydra-
zomne crystals in forty-eight hours at 30-35°, as described by Fischer and Piloty.® The
solution was freed of alcohol by evaporation and diluted with 300 cc. of water containing
19 ce. of 509, acetic acid, 20 g. more of p-bromophenylhydrazine hydrochloride and
15.0 g. of sodium acetate. No /-ribose p-bromophenylhydrazone formed in one hour of

:% é "‘*“\\ﬂ |
8 2 1008 1 Tl
| =1 ~N-
88 +105 & 98 § 3 <3
S0 2y 05 o
E+9 g o4 o \‘\‘ i~y
E+9 58 2§y
S 00 ° A
£+8 g 888§ 7 <~ s
&+ 75 g 8 ?z N -311\-\; -
+7 § 8 & 6 = =%
+65 8 82 ‘mi

20 40 60 80 100 120 140 160
Time, hours.

Fig. 2.—Changes in a solution of 37.5 g. of l-arabinose in 0.04 N calcium hydroxide
to 500 cc. at 30-35°: I, change in PH; II, change in percentage of reducing pentose;
111, change in aldopentose; IV, change in specific rotation, [a]% %5,

standing as described by van Ekenstein and Blanksmal? so 20 g. of /-arabinose in 30 cc.
of water was added. The l-arabinose p-bromophenylhydrazone began to crystallize in
two minutes. After one and one-half hours this insoluble hydrazone was filtered off
and dried to 30 g., the customary yield from /-arabinose.

By the action of calcium hydroxide solution on 80 g. of /-arabinose, followed by re-
moval of 26 g. of unchanged l-arabinose by crystallization, and purification of residual
sirup, there was prepared 16 g. of sirup of [«]% +10.1°. This sirup was oxidized by the
directions of Hudson and Isbell!! to form sugar acids of any remaining aldose and the
solution freed from benzoate, bromide and silver ions. The solution of about 80 cec.
was divided into two equal parts, each containing 3 to 4 g. of aldonic acids by estimate.

9 Fischer and Piloty, Ber., 24, 4214 (1891).

1 Van Ekenstein and Blanksma, Chem. Centr., 11, 1562 (1915); Chem. Weekblad,
10, 664 (1913).

11 Hudson and Isbell, THIis JOURNAL, 51, 2225 (1929).
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One portion was heated with an excess of cadmium hydroxide suspension, according to
the directions of Fischer and Piloty,? who have described the crystalline cadmium salt
of l-ribonic acid. The solution was filtered from the excess of base and evaporated to a
brown sirup which contained dissolved cadmium, but which has deposited no crystalline
salt of I-ribonic acid. The second portion of the solution suspected of containing I-
ribonic acid was evaporated on the steam-bath, after the addition of 5 g. of phenyl-
hydrazine, to a sirup which was heated for one hour longer in an attempt to form the I-
ribonic acid phenylhydrazide described by Fischer and Piloty.? The mass deposited
only a brown tarry residue on dilution with water. Attempts to crystallize material
from this mass with the use of various solvents have resulted in uniform failure.

The Action of Dilute Alkali on d-Arabinose.—By the process of Clark!? and Ruff,!3
degradation of calcium gluconate with 3%, hydrogen peroxide and ferric acetate, 267
g. of pure d-arabinose was made with a yield of 119%,. The d-arabinose showed [2]%
—103.7°, with m. p. 154-156°. The 267 g. of the sugar was dissolved in saturated cal-
cium hydroxide to the volume of 3780 cc. Readings on a portion of the solution, kept
at 30-35°, were [a]27%® —100.4° after fifteen minutes, —68.2° after twenty-two hours,
—55.1° after seventy hours, and constant at —54.4° after ninety-four hours. The solu-
tion was then clarified with carbon and concentrated to 170 cc. of sirup under reduced
pressure. This sirup was diluted with 220 cc. of methyl alcohol and, after three days of
refrigeration, filtered from 133 g. of d-arabinose of [«]® —99.5°, m. p. 148-149°. The
mother liquor and washes were concentrated to 75 cc., diluted with 250 cc. of methyl
alcohol and saturated with 60 cc. of absolute alcohol. Two grams more of d-arabinose
was crystallized and removed. The filtrate was seeded with d-ribose!* without any
crystallization being induced. The solution was held in the refrigerator for several days
and did not crystallize. It was then diluted to 500 cc. with methyl alcohol and a 25-cc.
portion evaporated under reduced pressure in a tared beaker to a residue of 5.1804 g.,
indicating that 100 to 105 g. of sirup was produced from the 267 g. of d-arabinose by{re-
arrangement. The 5.1804 g. of sirup was dissolved in water to 50 cc. for reading ([]®
—6.99°, a = —1.45°, using a 2-dm. tube). Analyses of this solution showed that the
sirup contained 74.049, of reducing pentose and 60.32% of aldopentose. A solution of
1.2951 g. of this sample of sirup in 25 cc. of water was saturated with calcium hydroxide
and showed [a]%07%% —7.42° fifteen minutes after saturation, —6.17° twenty-four hours
later, and —4.91°, constant, one hundred and forty-four hours after saturation. The
reducing pentose had decreased to 67.729%, of the sample and the aldopentose to 56.49%.

The remaining larger portion of the solution of 95 to 100 g. of the sirup was evapo-
rated under reduced pressure to a thick sirup of 90 cc. This was thinned with 35 cc. of
methyl alcohol and 10 cc. of absolute alcohol and again seeded with d-ribose. Beyond
the formation of 6 g. more of crystalline d-arabinose, no crystallization has occurred in
three months.

The Action of Dilute Alkali on d-a-Glucoheptose and a-Glucoheptulose.—In order
to determine whether the reaction d-a-glucoheptose «—> d-glucoheptulose is reversible
in dilute alkali, a 109 solution of d-glucoheptulose in saturated calcium hydroxide was
made at 30-35°. The [«]297%® changed from an initial rotation of [«]% +67.4°, the
value of the ketose, to +66.9° in three hours, +64.7° in five hours, 455.9° in twenty-
two hours, and became constant in one hundred and twenty hours at +45.4°. An io-
dine estimation of aldoses in this solution showed 239, aldoses, with 77% ketoses. The
remainder of the solution was resaturated with alkali and the [«]%%® value decreased

12 Clark, J. Biol. Chem., 31, 605 (1921).

13 Ruff, Ber., 32, 554 (1899).

14 We are indebted to Mr. F. P. Phelps, U. S. Bureau of Standards, who kindly
supplied crystalline d-ribose for this use.
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further over six days to a new equilibrium rotation of +35.0°. The solution now showed
that 429, of the ketose had been transformed to aldose capable of iodine consumption.
The balance of 589, of unchanged ketose was shown by difference. These results are
compared graphically in Fig. 3 with those published by Austin® on the extent of change
of d-a-glucoheptose in dilute alkali. Taken together the results indicate reversibility
of the interconversion between d-a-glucoheptose and d-glucoheptulose.

+170
-+60 N
+50 =
+40
+30
+20
+10
0

—10 f

—20

Specific rotation, [a]% 35,

20 40 60 80 100 120 140 160
Time, hours.

Fig. 3.—Changes in specific rotations of half-molar solutions of
d-glucoheptulose and d-a-glucoheptose in 0.04 N calcium hydroxide,
at 30-35°: I, d-glucoheptulose; II, d-a-glucoheptose.

In Table III is shown a summary of the changes observed in these
sugars and their products by solution in saturated calcium hydroxide.

TABLE III
SuMMARY OF CHANGES CAUSED BY DILUTE ALKALI AT 30-35°
[a]g_ﬁ Reducing si’g;:entages a ose
Substance Initial Final Initial Final Initial Final
d-Xylose + 18.2 +10.0 99.7 91.5 98.5 88.2
Sirup from d-xylose - 0.26 + 2.1 70.0 46.0 118.0 47.0
l-Arabinose + 99.6 +460.0 95.0 86.4 95.0 82.0
Sirup from J-arabinose + 4.73 79.0 75.0
d-Arabinose } —100.4 -—54.4
Sirup from d-arabinose — 7.4 — 4.9 74.0 68.0 60.0 56.0
d-a-Glucoheptose — 20.0 +440.0 99.0 40.0
d-Glucoheptulose + 67.5 +445.0 (35)* 0.0 23.0 (42.0)*

% The values shown in parentheses represent further changes observed after re-
saturation of the equilibrated solution with calcium hydroxide.

Discussion

Assuming that d-xylose formed only d-lyxose in alkali, it was calculated
that the equilibrium mixture contained about 249 of the used d-xylose as
d-lyxose, from a consideration of the rotation of the system and those of
the two sugars. By similar assumptions the equilibrium mixture from
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l-arabinose was calculated to contain about 379, of the used l-arabinose
as l-ribose. These calculations are proved to be unwarranted by the
behavior of the sirups from the two pentoses and by the findings of Gross
and Lewis® that polymerized xyloketose is present in the equilibrium
mixture from d-xylose. A polymerized ketose of the nature described by
Gross and Lewis would not be fully detected by the Bertrand copper reduc-
tion procedure, calculating results in terms of percentage of used d-xylose.
The iodine titrations and copper reduction values are subject to the
criticism that it is possible that still other substances than aldopentoses
and reducing pentoses may have been present in small quantity to react
with the reagents and introduce error. Thus Gross and Lewis have
isolated the xyloketose in yield of 9.8%, of the used d-xylose, while our
results indicate that only about 5%, of the used d-xylose was transformed
into reducing ketose. Gross and Lewis have confirmed the findings of
van Ekenstein and Blanksmal® that d-lyxose is also formed from d-xylose
by the action of dilute alkali, although the d-lyxose was not crystallized
as such by either group of investigators. Although Gross and Lewis have
employed molar solutions of d-xylose for rearrangement as compared
with half molar in our experiments, the final rotations and quantitative
studies on each system indicate formation of mixtures of the same nature.

The apparently slight degree of reversibility between the pentoses and
the sirups produced from them by the action of alkali, and the apparently
large degree of reversibility between the d-a-glucoheptose and d-gluco-
heptulose, are indications that the composition of the equilibrium mixture
is determined to a large extent by the nature of the sugar dissolved in the
alkali. Spoehr and Strain'® have observed that d-glucose, d-mannose,
and d-fructose are mutually interconvertible by the action of a weakly
alkaline disodium phosphate solution. They have found, however, that
the compositions of the equilibrium mixtures are determined by the nature
of the sugar dissolved in the weak alkali.

Before it can be concluded that the systems l-arabinose «— I-ribose
and d-xylose «— d-lyxose are not reversible by the action of the solution
of calcium hydroxide, further experiments with J-ribose and d-lyxose as
starting sugars are desirable. It is quite possible that these crystalline
sugars would exhibit greater reversibility than the sirups made from d-
arabinose and d-xylose have shown.

We have been unable to confirm the findings of van Ekenstein and
Blanksmal that J-arabinose is partially transformed into l-ribose in alkaline
solution. These workers have heated the l-arabinose in normal sodium
hydroxide and then oxidized the mixture to J-arabonic and /-ribonic acids.

5 Van Ekenstein and Blanksma, Chem. Weekblad, 11, 182 (1914).

16 Spoehr and Strain, J. Biol. Chem., 85, 370 (1929).
7 Van Ekenstein and Blanksma, Chem. Weekblad, 10, 213-214 (1913).
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The I-ribonic acid was separated from the l-arabonic acid by fractional
crystallization of the mixed phenylhydrazides. We have employed
0.04 N calcium hydroxide, removed unchanged /-arabinose, oxidized the
remaining sirup and attempted to form by their directions the phenyl-
hydrazide of l-ribonic acid without success. In the light of our further
negative experiments of seeding with d-ribose the sirups from the rearrange-
ment of d-arabinose, the different findings can at present be best ex-
plained as due to differences in the temperatures, nature of the alkali and
concentrations.

The authors are pleased to note here the recent findings of Neher and
Lewis'® on changes of a solution of /-arabinose in calcium hydroxide.
Although they have studied changes in a molar solution of this sugar with
respect to rotation and content of aldopentose, while we have measured
changes of a half-molar solution with regard to rotation, contents of aldo-
pentose and reducing pentose, and PH, the results given by the two in-
dependent studies are close agreement.

The authors desire to thank Dr. C. S. Hudson for his helpful interest
and valuable suggestions in connection with the above studies.

Summary

1. When a half molal solution of d-xylose was made in saturated
calcium hydroxide at 30-35° the value of the [a]3*® changed in twenty-
four hours from +18.2° to the constant value of +10.2°. The PH of the
solution decreased more slowly from 10.19 to 6.01 during one month. The
percentages of the reducing pentoses and of the aldopentoses decreased
slowly from initial values of 99.73 and 97.5 to 91.53 and 88.20 during the
month. The sirup prepared from d-xylose by the action of the alkali was
dissolved again in calcium hydroxide solution and changed slightly from
[a]} —0.26° to +2.0° in one hundred forty-four hours, indicating very
little reversibility toward the equilibrium value obtained from d-xylose.

2. When a half-molal solution of /-arabinose was made in saturated
calcium hydroxide at 30-35°, the value of [a]}y * changed in seventy-
two hours from +100.0° to the constant value of +62.0°. The Pu of
the solution decreased more slowly from the initial value of 10.8 to 5.28
during seventy days. The percentages of the reducing pentoses and of the
aldopentoses decreased from beginning values of 94.5 and 95.0 to 86.4
and 82.0 during the seventy days. Sirups prepared from d- and /-arabinose
by the action of the alkali have not been convertible to crystalline ribose,
ribose p-bromophenylhydrazone, or to crystalline derivatives of ribonic
acid (phenylhydrazide or cadmium salt). A sirup prepared from d-
arabinose by the action of the alkali was dissolved again in calcium hy-
droxide solution. The [a]® changed slightly from the initial value of

18 Neher and Lewis, THIS JOURNAL, 53, 4411 (1931).
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—7.5° to —5.0° during five days, indicating very little reversibility toward
the equilibrium value obtained from d-arabinose.

3. In contrast to the very small reversibility in the pentose systems,
d-a-glucoheptose and d-glucoheptulose are mutually interconvertible
by the action of saturated calcium hydroxide solution to give a common
equilibrium value of [a]}* of approximately 45.0°.

CHicaco, ILLINOIS

[A COMMUNICATION FROM THE LABORATORY OF ORGANIC CHEMISTRY OF THE UNIVERSITY
OF WISCONSIN]
CERTAIN FACTORS INFLUENCING THE YIELD OF GRIGNARD
REAGENTS AND THE RATIO OF R:Mg TO RMgX

By GEORGE O. JounsoN AND HOMER ADKINS
REecCEIVED NOVEMBER 16, 1931 PuBLISHED Mavy 7, 1932

The ratio of Grignard reagent to hydrocarbon formed in the reaction
of magnesium with alkyl halides is in part determined by the presence of
compounds other than the two essential components of the reaction mix-
ture. Metallic chlorides have long been known to modify this ratio of
Grignard to Wurtz reactions and more recently copper has been shown
to exert a similar influence.'’? It has sometimes been assumed that the
hydrocarbon formation was dependent upon the reaction of the Grignard
reagent with some of the alkyl halide which had not yet reacted with mag-
nesium as illustrated in equation 1.

RMgX + RX —> R; + MgX, ¢))
Equation 1 represents a reaction known to occur, for example, between
allylmagnesium bromide and allyl bromide.?

It has become increasingly evident that the Grignard reagent in many
cases is not exclusively or even predominantly in the form RMgX but
rather as RyMg, these compounds being in more or less stable combination
with MgX, and the solvent.*>®” Therefore, a possible explanation of
the effect of copper in modifying the ratio of the Grignard and Wurtz
reactions is that it modifies the ratio of RMgX and R:Mg, thus increasing
the amount of the former available for the reaction represented in equa-
tion 1. This explanation of the effect of copper upon the proportion of
products would rest on the further assumption that RsMg does not react as
rapidly, if at all, with RX. The foregoing hypothesis has now been tested.

t Johnson and Adkins, THIS JOURNAL, 53, 1520 (1931).
2 Gilman and Zoellner, ¢bid., 53, 1581 (1931).

3 Spath, Monatsh., 34, 1965 (1913).

4 Schlenk and Schlenk, Ber., 62B, 920 (1929).

s Gilman and Fothergill, THis JoURNAL, 51, 3149 (1929).
¢ Noller, ibid., 53, 635 (1931).

7 Schlenk, Ber., 64B, 734 (1931).
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The yields of active Grignard reagent and of R;Mg for sixteen alkyl
halides with pure magnesium and with magnesium—copper alloy have
been determined. It has been ascertained previously that the only reac-
tions of any consequence occurring under the experimental conditions used
in this work are the Grignard reagent formation and the Wurtz reaction,
so that the extent of the latter is given by the difference between 1009, and
the figures given for the yield of Grignard reagent, except in the case of
the more inactive chlorides. The determination of the effect of various
experimental conditions upon the ratio of the Grignard and Wurtz reac-
tions was made as previously described.! The amount of R,Mg in the
Grignard reagent was determined in general according to the method of
Schlenk as modified by Noller. A summary of the experimental data is
presented in Table I. The alkyl halides have been arranged in the order
of the magnitude of the effect of copper in modxfymg the yield of Grignard
reagent.

TABLE I
TrE EFFecT oF COPPER UPON THE FORMATION OF THE GRIGNARD REAGENT

Eff

Vield of Grignard reagent, 9, Grignard reagent as R:Mg, % Upgcr:lt %p%‘tlx

Alkyl halide Mg (pure) Mg-Cu Mg (pure) Mg-Cu total R:Mg
Allyl bromide 72.3%+0.2(2) 5.7=2.0(6) 49.4=3.6(2) ........ —-67 ...
Benzyl bromide 83.8=0.2(2) 49.4=1.9(3) 70.5=2.5(3) 49.2+6.6(4) —34 —21
Ethyl bromide 93.1=0.8(2) 62.4=1.0(2) 42.2=1.8(3) 30.2+0.4(2) —31 —12
S-Phenylethyl bromide 91.6=0.1(2) 73.4=1.0(2) 76.0=2.2 (4) 75.4=2.8(4) —18 0
Cyclohexyl bromide 79.8+0.4(2) 64.4+3.2(2) 81.6=1.7(2) 72.9=1.2(2) —15 — 8
Isobutyl bromide 87.5+0.9(5) 73.6=2.1(2) 79.7=1.8(6) 76.0=3.3(2) —14 — 4
n-Butyl bromide 91.8=0.4(2) 74.9 (1) 81.6=1.7(2) 76.9 1 =17 -5
Benzyl chloride 93.6=0.7(2) 76.5+4.0(3) 73.4=2.5(2) 72.8=+6.1(3) —17 0
Ethyl iodide 86.6=2.3(3) 72.56=1.7(2) 6.9=2.7(3) 5.9=1.9(2) -—-14 -1
n-Butyl chloride 91.3=1.0(2) 79.5=0.5(2) 84.2=1.5(2) 81.6=1.6(3) —12 — 2
n-Butyl iodide 82.1=0 (2) 74.3=*1.1(2) 76.7=1.4(3) 62.6=7.9(2) — 8 -—14
n-Heptyl bromide 80.6=1.0(2) 72.8=1.3(2) 66.8=9.1(2) 72.8%+6.8(2) — 8 + 6
Phenyl bromide 94.7=0.5(3) 92.3=1.5(2) 75.8=2.7(3) 81.5=3.2(2) — 2 + 6
Tert.-butyl bromide 23.7=1.5(2) 27.1=1.1(2) 39.4=2.6(2) 39.83=2.8(3) -+ 3 0
Tert.-butyl chloride 28.1+0.5(2) 43.4=1.7(2) 62.2=2.8(3) 74.9=0.5(2) +15 13
Tert.-amyl chloride 25.3=+0.3(2) 38.6=0 (2) 67.7=1.2(3) 71.1=1.1(2) +13 + 3

The effect of copper upon the course of the reaction of magnesium with
the halides may be summarized as follows. The presence of copper in
the magnesium decreased the yield of the Grignard reagent in the case
of all of the primary and secondary halides, the depression of the yield
varying from 66.6%, in the case of allyl bromide to 2.49, in the case of
phenyl bromide. The depressing effect of the copper was more marked
with the bromides than for the chlorides, and more for the chlorides than
for the iodides. Copper very definitely raised the yield of Grignard re-
agent from the three tertiary halides, the effect being more in the case of
tertiary butyl chloride than it was in the case of the bromide. The po-
tency of copper in depressing the Grignard reaction decreased with in-
creasing length of chain in the alkyl halide.
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The proportion of active Grignard reagent existing as R,Mg was in nine
cases very definitely modified when copper was added to the magnesium.
The magnitude of the effect of copper upon the proportion of R.Mg
(column 7 of table) was in general less than it was upon the yield of Grig-
nard reagent (column 6 of table). However, the sign of the effect, ex-
cept for heptyl and phenyl bromide, was the same for both phenomena,
i. e., when copper brought about a considerable decrease in the yield of
Grignard reagent it also brought about a decrease in the proportion of
R,Mg, and when copper increased the Grignard reaction it also increased
the proportion of R;Mg.?

The question now arises as to the rate at which alkyl halides react with
the Grignard reagents prepared from them, and also with the corresponding
solution of RyMg. In order to test this point Grignard reagents were
prepared from twelve halides. Four aliquots were removed from each
reaction mixture. The first two were analyzed for total Grignard reagent
and R;Mg, respectively. The third aliquot was treated with a small excess
of the corresponding alkyl halide. An excess of alkyl halide was also
added to the solution of RyMg from_the fourth aliquot, from which the
RMgX had been precipitated with dioxane. The two solutions comn-
taining the allyl halide were then refluxed for ten minutes and the residual
active CGrignard reagent in each determined in the usual manner, <. e., by
hydrolyzing and titrating the basicity so developed.

TaBLE II
THE EFFECT OF ADDED RX ON SOLUTIONS OF GRIGNARD REAGENTS AND OF DIALKYL
MAGNESIUM
Change in amount
Halide Of Grignard reagent Of R:Mg

Allyl bromide —50.0=3.5 (2) ~7.8 (1)
Allyl bromide® —31.9=3.1(3) —8.0=1.4 (3)
Ethyl bromide — 0.7=0.7 (2) —-3.9 (1)
Ethyl iodide + 2.0%=3.0 (3) +3.5=3.0 (3)
n-Butyl bromide — 0.2 1) +1.5 (1)
Isobutyl bromide + 1.3=1.0(6) +1.7=1.6 (4)
n-Butyl chloride 0 —4.3 1)
n-Butyl iodide +1.8+2.0 (4) +5.0=5.0 (4)
n-Heptyl bromide -1.0 1) L.
Cyclohexyl bromide —2.5=2.0(5) —2.8=2.2 (3)
Phenyl bromide —0.4=0.1(2) —3.5=3.1(2)
Benzyl bromide — 0.4=0.6 (2) .
Benzyl chloride — 5.5=2.0 (6) —3.5=6.5 (5)

¢ Zinc dust was added to the reaction mixture.

The data so obtained are summarized in Table II. These data show:
(1) that allyl bromide reacted to a considerable extent with the Grignard

8 Data are not available to show what effect, if any, the concentration of the
Grignard reagent in the ether has upon the ratio of R.Mg to RMgX.
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reagent prepared from it under the conditions under which the latter is
formed; (2) that diallyl magnesium reacted very slowly, if at all, with allyl
bromide; (3) that in the case of the other halides there was little if any
reaction of either the Grignard reagent or R;Mg with the corresponding
alkyl halide. It is true that for certain pairs of reactants there was a
decrease in the amount of ReMg or Grignard reagent. However, the
magnitude of the changes and the variations in duplicate analyses rob these
changes of any significance.

There are recorded in Table III data which indicate the effect of zinc and
mercuric chloride upon the yield of Grignard reagent and the proportion of
it which is in the form R;Mg. These data show that the addition of zinc
to the reaction mixture increased the yield of the Grignard reagent in the
case of allyl bromide, but was without effect upon the other halides. Mer-

TaBLE III

ErrFecT OF VARIOUS METALLIC CHLORIDES AND ZINC UPON THE FORMATION OF THE
GRIGNARD REAGENT®

Change in
Yield of Reagent yield of Changein
Alkyl halide reagent, %, as R:Mg, % reagent,b 9, R:Mg,b 9,
Allyl bromide® 80+2.1 (8) ° 4641.2 (3) + 8 -3
Ethyl iodide? 90 o -1 .
Isobutyl bromide® 884-0.6 (2) 76+1.0 (2) + 1 — 4
n-Butyl iodide’ 83 61 + 1 —15
Cyclohexyl bromide’  8240.1 (2) 68 -1 ..
Cyclohexyl bromide? 41 53 —37 —28
Cyclohexyl bromide” 44 ... —20 ..
Tert.-butyl bromide? 15 20 -9 —19
Benzyl bromide’ 90 . 70 + 6 0
Benzyl bromide”® 64 63 +14 +13
Benzyl chloride’ 94 70° + 1 + 5
Benzyl chloride” 91+0.5 (4) 81 +12 +9

¢ The following changes in the yield of Grignard reagents were obtained by adding
approximately 0.01 g. of various chlorides to a reaction mixture containing 0.06 mole of
the alkyl halide and 1.7 g. of a 129, copper—magnesium alloy: cyclohexyl bromide
with ferric chloride, —29%; with aluminum chloride, —13%; with mercuric bromide,
—17%; with zinc chloride, —32%,; benzyl chloride with ferric chloride, —25%:; n-
butyl bromide with aluminum chloride, —1%; with magnesium bromide, +1%; with
zinc chloride, —219%,. ® These figures represent the differences in percentage between
the values given in columns 2 and 3 of this table, and the values given in Table I for the
yield of Grignard reagent and R;Mg obtained in the absence of mercuric chloride or zinc.
¢ There is a change of several per cent. in the value when the solution is allowed to stand
for from one to twenty-three hours. The percentage of R.Mg increases and the amount
of halogen in the solution decreases, due no doubt to the precipitation of MgCl;. Thisis
in agreement with Schlenk, Ber., 64, 734 (1931). 2 0.2-0.4 g. of zinc, 6.5 g. of magne-
sium, 0.06 mole of alkyl halide. ° 0.2 g. of zinc, 1.53 g. of magnesium and 0.06 mole of
alkyl halide. 7 0.2 g. of zinc, 4.0 g. of magnesium, 0.06 mole of alkyl halide. 7 0.04
g. of mercuric chloride, 1.53 g. of magnesium and 0.06 mole of alkyl halide. *0.04 g.
of mercuric chloride, 1.53 g. of magnesium in an 889 magnesium-129% copper alloy,
and 0.06 mole of alkyl halide.
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curic chloride in some cases markedly increased the yield of Grignard re-
agent while with other halides the effect was the more normal one for
metallic chlorides, 4. e., it decreased the yield. Both copper and mercuric
chloride affected the proportion of Grignard reagent existing as R.Mg.
With mercuric chloride the effect upon the yield of Grignard reagent for a
given alkyl halide was the same as it was upon the proportion of R:Mg, 7. e.,
both were increased or both were decreased.

Conclusions and Summary

The yields of Grignard reagent and the proportion of dialkyl magnesium
(R:Mg) contained in each of them, as conditioned by the presence of
copper, mercuric chloride, etc., have been ascertained for sixteen alkyl
halides. The results so obtained and other data on certain related reactions
seem to lead to the following conclusions.

1. The proportion of Wurtz and Grignard reactions which occur
when an alkyl halide reacts with magnesium varies with the particular
alkyl group and the halogen involved. It is also modified by the presence
in the reaction mixture of small amounts of the metals copper and zinc
and of mercuric and other metallic halides. The effect of copper, for
example, upon the proportion of the two competitive reactions is not fixed
but varies both in amount and in direction of change. For example, copper
decreased the Grignard reaction from 72 to 69 for allyl bromide and -
creased the same reaction with tert.-butyl chloride from 28 to 43%,.

2. The proportion of the active Grignard reagent existing as R;Mg
varies with the alkyl halide from which it is prepared, the variation being
from 69, for ethyl iodide to 849, with n-butyl chloride. The proportion of
R;Mg is also modified by the presence of copper, mercuric chloride, etc.,
the variation being from a decrease of 21%, in R;Mg for benzyl bromide to
an increase of 139, of R:Mg from fert.-butyl chloride.

3. Those added reagents which for a given alkyl halide decrease the
yield of Grignard reagent also in general decrease the proportion of the
reagent existing as R,Mg, and those reagents which for a given alkyl
halide increase the yield of Grignard reagent also increase the proportion of
R,Mg in that reagent.

4. The alkyl halides except allyl bromide were quite inactive toward
the Grignard reagent made from them (and also toward the R:Mg com-
ponent of that reagent) under the conditions under which the reagent is
formed. It seems very improbable, therefore, that the formation of hydro-
carbons (Wurtz reaction) during the reaction of magnesium with alkyl
halides is dependent upon the reaction of the Grignard reagent with the
alkyl halide.

Map1soN, WISCONSIN
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THE CONSTITUTION OF ABNORMAL AMMONIUM SALTS!
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Investigations of the systems in which abnormal ammonium salts are
reported to exist are far from numerous. Kuriloff? studied the system,
ammonium nitrate-hydrogen nitrate, and showed that the only abnormal
compound was HNO;4NH;. Kendall and Davidson?® investigated the
systems of ammonia with halogen hydrides, and demonstrated the exist-
ence of the compounds HX-4NHj; in which X is chlorine, bromine and
iodine and also the compound HI.5NH;. These authors state that the com-
pounds of the types HX-2NH; and HX-7NH; reported by Troost* do not
exist. They found no abnormal compounds in the hydrogen fluoride
system and no compounds in any of these systems in which the ratio of
acid to base was greater than one.

While there are, apparently, no investigations of the systems of amines
with halogen hydrides,® there are numerous compounds in the literature
which belong to these systems. The compounds reported by Berliner and
Hann® of the type Base-4HF are especially interesting. The bases were
aromatic amines of the most diverse sorts. Three of the hydrogen fluoride
molecules were ‘‘titratable with alkali’’ while the last was combined as the
normal salt of the base. These compounds are all solids and are well
characterized by elementary analysis for carbon, nitrogen and fluorine.

Most of the other compounds which are reported in the literature?
have been reported on the basis of absorption experiments. In general,
the method was to pass the anhydrous halogen hydride over the dry normal
salt until no further absorption took place at the particular temperature
chosen. Kaufler and Kunz,® using this method, reported a dihydrochloride

1 The work described in this paper constituted part of a thesis submitted to the
Graduate Faculty of the University of Minnesota by Gordon D. Byrkit in partial
fulfilment of the requirements for the degree of Doctor of Philosophy, September, 1929.
This paper was prepared by the junior author after the death of Dr. W. H. Hunter,
which occurred on August 19, 1931. [L. I. SmiTH.]

2 Ruriloff, Z. physik. Chem., 25, 107 (1898).

3 Kendall and Davidson, THIS JOURNAL, 42, 1141 (1920).

4 Troost, Compt. rend., 88, 578 (1879); ibid., 92, 715 (1881).

5 Except that of Leopold [Z. physik. Chem., 71, 59 (1910)] on the system aniline—
hydrogen chloride. This investigation, however, is incomplete in the range 19.6 to
49.7 mole per cent. of aniline, in which abnormal compounds of the type CeHs:NH,-#HCI
(n = 2, 3 or 4) would occur.

¢ Berliner and Hann, J. Phys. Chem., 32, 1142 (1928).

7 Scholl and Escales, Ber., 30, 3134 (1897); XKorczynski, sbid., 41, 4379 (1908);
ibid., 43, 1820 (1910); Weinland and Reischle, ibid., 41, 3671 (1908); Weinland and
Lewkowitz, Z. anorg. Chem., 45, 39 (1905); Rohler, Z. Elektrochem., 16, 431 (1910).

8 Kaufler and Kunz, Ber., 42, 385, 2482 (1909).
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of dimethylamine, liquid di- and trihydrochlorides of trimethylamine and
also reported that methylammonium chloride absorbed no hydrogen
chlotide. This is a series of abnormal compounds in which the maximum
number of halogen hydride molecules added is equal to the number of
alkyl groups in the amine. The influence of alkyl groups in this case
would constitute an exception to the usual view, since the effect of the
type and number of alkyl (and aryl) groups on the character of the ammo-
nium salts formed is usually very small with respect to all other properties.
Except for the work of Wieland® and Rheinboldt,”® who showed that the
number of molecules of desoxycholic and other bile acids'* which added
to one molecule of fatty acids, esters, etc., was directly dependent on the
number of methyl and methylene groups in the molecule, there seems
to be no work indicating a relation between the size and character of alkyl
groups and the additive power of the molecule.

Experimental Method

The purposes of the present investigation were two: first, to determine
whether or not the compounds reported by Kaufler and Kunz exist, and,
second, to investigate further the systems obtained from amines and halogen
hydrides, in order to ascertain whether there is a discoverable relation
between the number and nature of the groups in a substituted ammonia
and the amount of halogen hydride which may be added to it. Two types
of measurements accordingly were made. We determined the amounts
of halogen hydride absorbed by the amines at various temperatures, and
also investigated the thermal behaviors of the systems thus formed.

Preparation of Materials

Dimethylammonium Chloride.—Kahlbaum’s liquid dimethylamine was dissolved
in ice cold toluene and dry hydrogen chloride passed into the cold solution until precipi-
tation was complete. The crystals were filtered off, washed with dry benzene and dried;
m. p. 167°.

Trimethylammonium Chloride.—This was prepared by students from ammonium
chloride and paraformaldehyde. A solution of this material was made strongly alkaline,
the base distilled into concentrated hydrochloric acid and the salt crystallized out. The
process was repeated and the salt recrystallized several times from water, finally being
dried over anhydrous calcium chloride in a desiccator; m. p. 273-275°, with decom-
position.

Tetramethylammonium Chloride.—This was prepared by dissolving dry trimethyl-
amine in purified methanol and saturating this solution with methyl chloride. The
solution was concentrated to crystallization and the product recrystallized from meth-
anol. The salt was treated with silver oxide in aqueous solution and, on crystallizing it

9 Wieland and Weil, Z. physiol. Chem., 80, 287 (1912); Wieland and Sorge, ¢bid.,
97, 1 (1916); Wieland, Z. angew. Chem., 42, 421 (1929).

10 Rheinboldt, ibid., 37, 834 (1924); Rheinboldt, Pieper and Zervas, Ann., 451,
256 (1926); Rheinboldt, Konig and Otten, ibid., 473, 249 (1929).

11 Boedecker, Ber., 53, 1853 (1920).
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from methanol, a product was obtained which gave no odor of trimethylamine with
aqueous alkali.

Methylphenylammonium Chloride.—Vacuum distilled methylaniline was dissolved
in dry toluene and dry hydrogen chloride passed in to complete precipitation. The salt
was filtered off, washed with dry benzene, dried and recrystallized from purified aceto-
nitrile; m. p. 123.7-124.2°.

Absorption Experiments

Dry hydrogen chloride was passed over a weighed quantity of the normal
salt in a weighed absorption bulb placed in a constant temperature bath
until no more absorption took place. The increase in weight is the amount
of hydrogen chloride absorbed by the salt. Results, expressed as the
ratio of moles of hydrogen chloride to moles of base in the saturated mix-
ture at various temperatures, are given in Table I. In most cases the
resulting product was liquid.

TaBLE I
ABSORPTION OF HYDROGEN CHLORIDE BY AMINES AT VARIOUS TEMPERATURES
Moles HC1 Moles HCI Moles HCI Moles HCl
Temp., °C. Moles Me:NH Moles MesN Moles MesNCl Moles MePhNH
31.8 2.41 )
Room 1.928
24.0 2.50
21.9 2.48
0.0 2.99 1.079
— 3.6 2.45
—13.1 1.181
—21.8 3.81
—22.0 3.82
—24.7° 4.02
—24.8" 3.95

¢ It was difficult to maintain these low temperatures constant, hence the variation in
results.

Discussion of the Absorption Experiments

The data in Table I show that the amount of absorption of hydrogen
chloride by the normal salts depends on the temperature; as this is lowered,
the amount of absorption increases. It is true as Kaufler and Kunz state
that trimethylammonium chloride absorbs two additional moles of the gas
at 0°. However, since the amount of absorption shows a continuous
change, so that any ratio whatever may be obtained by a proper choice of
temperature, it appears that the report of the compound (CH;);N-3HCI is
erroneous. The same authors report a dihydrochloride of dimethylamine
on the basis of the amount of hydrogen chloride absorbed by the normal
salt at ordinary temperatures.!? This again seems to be a fortuitous choice

12 Their statement® ““0.1624 g. Dimethylaminhydrochlorid nahmen bei gewdhn-
licher Temperatur 0.971g. Chlorwasserstoff auf = 1.00 Mol HCl,” however, is erroneous
either in data or calculation. The data given correspond to the absorption of 13.26
moles of hydrogen chloride by the normal salt.
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of temperature since at —3.6° the normal salt absorbs 1.45 moles of hydro-
gen chloride or a total of 2.45 moles per mole of base.

< Other salts as well show a non-stoichiometric absorption of hydrogen
chloride at various temperatures. In such experiments as these we seem to
be determining the solubility of hydrogen chloride in the liquid phase pres-
ent, and this changes gradually with the temperature without reference to
the stoichiometric relation between the two components. A! the same time,
there is a sirong force acting between many of these normal salts and hydrogen
chloride. Trimethylammonium chloride, especially, absorbs the gas with
an avidity which is comparable only with the absorption of water vapor by
potassium hydroxide.

l\ :

|
! |
1 !

Fig. 1.

Thermal Investigation

Preparation of the Mixture.—The apparatus shown in Fig. 1 was used. The ther-
mocouple tube, k, was first weighed, filled with pure normal salt,® reweighed and sealed
to the apparatus at j. Hydrogen chloride was generated in b. After passing through
the bubbler of concentrated sulfuric acid, ¢, the gas continued through two long tubes,
d, packed with anhydrous calcium chloride to remove oxides of sulfur. With both the
buret and bulb filled with mercury and stopcock h opened to E, the system was flushed
with hydrogen chloride until all the air was removed, while a water pump attached at i
removed the air from the thermocouple tube. With h closed and the buret, f, filled with
mercury, the calibrated bulb of five hundred cubic centimeters’ capacity was filled with
hydrogen chloride to the lower mark. With stopcocks e and i closed, h was opened to
the bulb, k, which was surrounded by a Dewar flask of liquid air. Hydrogen chloride
was condensed into k until when the stopcock, h, was closed and the mercury leveled, it
stood at the upper mark of the calibrated bulb. The temperature and pressure were
noted during this process. By using the bulb and/or buret (for quantities less than 500

13 On account of the great hygroscopicity of these salts, this operation was ac-
complished in a desiccator box.
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cubic centimeters) any desired quantity of hydrogen chloride could be condensed into
k, resulting in a mixture of any desired composition. )

Melting Point Determination.—With stopcock h closed, the tube k was surrounded
by liquid air until all of the hydrogen chloride had been condensed (five minutes was
sufficient). Stopcock i was opened to the air,'¢ and the tube sealed off at j. The tube
was then warmed until the contents were melted and thoroughly mixed. The thermo-
couple tube was air jacketed and fitted with the wires of the cold junction of the thermo-
couple while the hot junction was placed in a stirred bath of ice and water. The jack-
eted tube was surrounded by a cooling bath about 20° below the approximate freezing
point of the mixture, and the millivoltmeter (calibrated at the freezing point of several
highly purified organic liquids) was read at regular intervals. The horizontal portion
of the cooling curve thus obtained represented the freezing (melting) point of the mix-
ture and the corresponding temperature was read from the calibration chart of the ther-
mocouple.

In cases in which the melting point of the mixture was near or above 0°, a tube
without provision for the thermocouple junctions replaced k. The procedure for the
preparation of the sample was precisely the same. The melting points were deter-
mined by placing the sealed tube in a stirred glycerin bath which was warmed very
slowly. Several determinations, at twenty-four hour intervals, were made on each
tube. The necessity for the long interval between determinations is, of course, the
fact that as the temperature is raised to the melting point, hydrogen chloride passes into
the vapor phase, which changes the melting point. More consistent results were there-
fore obtained if the contents of the tubes were allowed to return to equilibrium before a
second determination was made.

The systems trimethylamine— and methylphenylamine-hydrogen chlo-
ride were investigated in this way. The results are given in Tables II and
IITI and the corresponding Figs. 2 and 3.

TABLE II
THERMAL DATA ON THE SYSTEM TRIMETHYLAMINE-HYDROGEN CHLORIDE
Mole % HCl M. p., °C. Mole % HCl M. p., °C. Mole % HC1 M. p., °C.
55.4 270 dec. 66.6 56.3 72.5 —54.5
56.7 260 dec. 67.1 49.1 74.0 —87.3
59.6 199.6 68.1 15.4 75.0 —126.8
60.5 125-130 69.1 — 1.4 76.6 —126.0
65.3 62.9 72.4 —54.5 78.1 —116.3
TABLE III
THERMAL DATA ON THE SYSTEM METHYLPHENYLAMINE-HYDROGEN CHLORIDE
Mole % HCl M. p., °C. Mole % HCl M. p., °C. Mole % HC1 M. p., °C.
60.10 79.5 66.99 36.4 72.95 34.0
61.99 55.4 67.50 36.6 75.37 31.2
63.36 38.4 68.03 34.8 77.48 20.9
63.96 32.8 68.39 38.4 80.22 1.3
64.48 33.7 68.94 - 36.8 81.53 —17
65.21 34.6 69.07 36.7 82.11 <—24
65.74 34.9 69.52 38.4 84.96 <-—24
66.45 37.6 70.15 37.6

14 When a tube prepared as described and surrounded by liquid air for five minutes
was broken off at j and held at the mouth of a bottle of 289, ammonia, no fumes were
formed; hence there was no loss of hydrogen chloride.
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Investigations in the systems methylamine- and dimethylphenylamine—
hydrogen chloride offered considerable difficulty and were finally laid aside.
In the first case, the normal salt seemed to have no tendency to absorb
hydrogen chloride and the pressures developed on warming were almost
invariably greater than the glass tubes would stand. In the second case,
the normal salt was too hygroscopic to be handled even in the desiccator
box. Attempts to use the free base were also unsuccessful because of the
high melting point of dimethyl-

aniline (2°) which prevented the 300 j
base from reacting with the hy- ’\Qc\
drogen chloride as it was con- 250
densed into the bulb. Before
the base was warm enough to 200 4
react, the pressure of the hydro-
gen chloride was always suffi- 150
cient to break the tube. \
Discussion of Thermal Inves- g w0
tigations é &
That di- and trihydrochlo- & % A

rides of trimethylamine do not

exist is evident from the thermal 0

diagram of the system (Fig. 2),

since there are no maxima at —50

either 662/; or 75 mole per cent.

of hydrogen chloride. On the 100 it
other hand, it is equally evident ij{

from Fig. 3 that a dihydrochlo-

ride of methylaniline is formed. T 0 80 90
That the high point of the curve Mole 9% of HCL

is at 69 mole per cent. hydrogen  pig, 2 —Trimethylamine-hydrogen chloride.
chloride rather than at 662/3%

is to be expected because at the temperatures at which these mixtures
melted, much of the hydrogen chloride was in the vapor phase. Thus,
while sufficient gas had been placed in the tube to give a mixture of the
composition 699, hydrogen chloride, enough was probably in the vapor
phase and therefore without effect on the melting point, to reduce the
amount in the solid and liquid phases to 662/5%.%

15 Tp, general, the melting points below —83° (the boiling point of hydrogen chloride)
are the most accurate. As the temperature of fusion rises, the observed melting points
become higher and higher than they would be were all the hydrogen chloride in the
solid and liquid phases. This accounts for the extreme flatness of the curves in the
neighborhood of the normal salt.



1954 W. H. HUNTER AND GORDON D. BYRKIT Vol. 54

A General System of Molecular Compounds of Higher Order
Werner’s'® formulation of normal and abnormal ammonium salts as
[HeN... H]X and [H;N....H... NH;X, respectively, is usually ex-
tended in the case of abnormal salts with extra (“ex0”’)! acid molecules by
assuming the addition of the exo molecules to the anion of the salt, thus

e B el o

However, these formulas do not express experimental facts in that, while
ammonium chloride does not add hydrogen chloride,!8 many substituted

140

120>~

100 \

80
60 \
40

20

Temp., °C.

—20

\

50 55 60 65 70 75 80 85
Mole %, of HCI.

Fig. 3.—Methylphenylamine~hydrogen chloride.

ammonium chlorides do. Since the difference here is in the character of
the cation of the salt, formulas for dihydrochlorides, etc., must be based
on the cation of the salt, and must not involve the anionic chlorine, which is
identical in both cases.

The attempt to correlate the additive properties with the change in
character of the cation depends on a development of the conception of

¢ Werner-Pfeiffer, “Neuere Anschauungen auf dem Gebiete der anorganischen
Chemie,” fifth edition, Braunschweig, 1923.

17 Werner—Pfeiffer, Ref. 16, p. 310; Weinland, “Einfithrung in die Chemie der
Komplex-Verbindungen,” second edition, Stuttgart, 1924, p. 327.

'8 Kendall and Davidson, THIS JOURNAL, 42, 1141 (1920).
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“pseudo atoms’ of Grimm' and Glockler.? According to these authors,
the well-known similarity of the ammonium and potassium ions, the former
a pseudo atom of neon and the latter of argon, lies in that the L electrons
of the nitrogen atom are so altered by the sphere of four protons (which
are inside their respective electron pairs in the ammonium ion) that they
behave almost as the M electrons of the potassium jon. That neither the
alkali halides nor ammonium halides add halogen hydrides, as Kendall and
Davidson® observed, is not surprising when their electronic structure is

T e [eh ] ]

alkali halide ammonium halide hydrogen halide
In the terminology of Sidgwick,?! these are all donors.

However, substituted ammonium halides do absorb halogen hydride
even when there is no formation of definite compounds. It is conceivable
that in these the alkyl and aryl groups are of such size that in replacing
the protons they so distort the electronic arrangement of the atom that
some or all of the remaining protons lie without the L shell, thus

o B3

With such a configuration as this, it is possible that the protons so “‘extrapo-
lated”’ may possess the power of codrdination in quite a weakened sense.
It is possible to account on this basis for the absorption of hydrogen chlo-
ride, for example, by trimethylammonium chloride, even though the addi-
tive power of the extrapolated proton is insufficient to cause the forma-
tion of a definite compound. With methylphenylammonium chloride,
on the other hand, the comparatively great size of the phenyl group, to-
gether with the methyl group, makes this extrapolation so pronounced that
a definite compound, CH;3(CsH;)NH-2HC], is formed. T he exo molecule
is bound in the “‘second sphere” of Werner,?? the substituted ammonium
jon acting as the center of the complex. It is possible to conceive of a
third zone in which the forces available to bind additional molecules are
much weaker than those of the second sphere, and may even attract mole-
cules without binding them in a stoichiometric way.

No matter how they may be written in a Werner type formula, it seems
of great importance that these compounds with exo molecules form a transi-
tion from the codrdination compounds of Werner, in which groups of
definite number are geometrically arranged about a central atom, to the
“on atmosphere” of Debye and Hiickel, in which there is an indefinite

¥ Grimm, Z. Elektrochem., 31, 474 (1925).

% Glockler, THIS JOURNAL, 48, 2021 (1926).

21 Gidgwick, “Electronic Theory of Valency,” Oxford University Press, 1927.
22 Werner—Pfeiffer, Ref. 16, p. 234.
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“cloud” of electrostatically attracted dipole molecules or ions about an-
other jon or about another strongly dipolar molecule. These forces are
often considered to be all of the same nature, that is, electrostatic,2® and
it is on this basis that an organization of our knowledge is possible with the
aid of Table IV. In the compounds of the first and second orders, the
groups about the central atom, which are definite in number and position
in the molecule, are held by the strong forces of primary valence in the
first-order compounds and by the weaker forces of secondary valence in the
second-order compounds. Intermediate between these two types are the
compounds in which, while the number and position of the groups about
the central atom are definite, it is difficult to say whether the groups are
held by primary or secondary valence. The nitroprussides, metal car-
bonyls, etc., are examples.

Compounds of the third order are those in which, while the number of
added molecules is stoichiometric, it is at present impossible to determine
the exact arrangement of the constituents of the molecule, as in many di-
hydrochlorides of monacid ammonium bases. Between the second and
third orders are those compounds formed by addition to molecules al-
ready coérdinatively saturated, as, for example, NiCly:SNH;.

Those compounds in which the number of bound molecules is indefinite
even though there is marked affinity between the two components (for
example, trimethylammonium chloride and hydrogen chloride) lie between
the compounds of the third order and the class of Debye and Hiickel. In
the latter there is an indefinite cloud of dipoles, which may be either op-
positely charged ions or neutral molecules, about a central dipole, which
again may be either an ion or a molecule. The exo compounds in which
we have been especially interested include compounds of the third order
and the intermediate types on both sides.

TABLE IV )
ComMPOUNDS OF HIGHER ORDERS
Order First Second Third Debye-Hiickel
Type compounds CCl, [Co(INHj;)e] +3 [MePhNH.2HCI] [K+(C1™)n]
Intermediate types [Fe(CN)s(NO)]—4 NiCl,.8NH; Me;NHC1 4+ HCI
Number of groups Definite Definite Definite Indefinite
Location of groups Definite Definite Indefinite Indefinite -
Strength of binding Strongest ———-> Decreases — — ———— — -> Weakest
<-—-- Exo0 compounds — — — —->
Summary

1. It has been shown that di- and trihydrochlorides of trimethylamine
do not exist. This is another example of the fallacy of assuming the
3 Magnus, Z. anorg. allgem. Chem., 124, 289 (1922); van Arkel and de Boer,

Rec. trav. chim., 47, 593 (1928). Compare also the cluster theory of gas reactions of
Lind [*“Chemical Effects of Alpha Particles and Electrons,” New York, 1928].
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existence of abnormal compounds on the basis of absorption experiments
only.

2. The existence of a dihydrochloride of methylaniline has been shown
by means of a thermal diagram of the system.

3. An explanation of the absorption of hydrogen chloride by the normal
ammonium salts with and without the formation of stoichiometric com-
pounds has been advanced.

4. An attempt has been made to bring all molecular compounds of
higher orders into one general system.

MINNEAPOLIS, MINNESOTA

[CoNTRIBUTION FROM THE CHEMICAL LABORATORY OF Iowa State COLLEGE]

AN IMPROVED PROCEDURE FOR THE PREPARATION OF
ORGANOLITHIUM COMPOUNDS

By HeNrRY GILMAN, E. A. ZOELLNER AND W. M. SELBY

RECEIVED DECEMBER 4, 1931 PuBLISHED MAY 7, 1932

Introduction

The chief and outstanding chemical difference between organometallic
compounds containing alkali metals and those prepared from alkaline
earth metals is the general tendency of the former to add to some ethylenic
linkages and the absence of such addition with organometallic compounds
like the Grignard reagent. There are, of course, occasional differences in a
series of organolithium compounds, for example, just as there are differ-
ences between RMgX compounds. It is reasonable to expect that, in
general, the mechanisms of reaction of these two groups of organometallic
compounds with a given reactant would be similar and, in many cases,
identical. However, the literature contains numerous cases where the
mechanism proposed with organoalkali compounds does not agree with
that established with organomagnesium compounds. It was in connection
with such studies, as they concern terminal cumulated unsaturated linkages
and allylic systems, that we needed phenyl-lithium in quantity.

Organolithium compounds were first prepared by Schlenk and Holtz!
by the reaction of lithium with an R.Hg compound in accordance with
this general reaction, which has recently been shown to be reversible?

R,Hg + Li —> 2RLi + Hg (1)

The technique in this operation was subsequently improved and excellent

1 Schlenk and Holtz, Ber., 50, 272 (1917). See, also, Groll, THIs JourNAL, 52,
2998 (1930).

2 Ziegler and Colonius, Ann., 479, 135 (1930). For other studies on the reaction
between RX compounds and lithium, see Spencer and Price, J. Chem. Soc., 97, 385
(1910), and Wittig and Leo, Ber., 64, 2395, 2405 (1930).
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yields of alkyl-lithium compounds were obtained more conveniently.?
More recently, the elegant studies by Ziegler and Colonius? have shown
that it is possible to prepare many organolithium compounds by the direct
interaction of lithium with an RX compound in ether or benzene, the latter
solvent being preferred with alkyl-lithium compounds because they react
much more rapidly with ether than do aryl-lithium compounds.

RX + 2Li —> RLi + LiX (IT)

An essential and long-practiced difference in manipulation of organo-
alkali compounds and compounds like Grignard reagents lies in the use of
glass-sealed containers of various modifications for the preparation and
subsequent reactions of the organoalkali compounds. The purpose of the
sealed containers is to exclude rigidly the deleterious effects of the atmos-
phere and moisture. However, because RMgX compounds are also sensi-
tive to moisture, oxygen and carbon dioxide and yet can be prepared and
manipulated very satisfactorily with a minimum of refinements to dimin-
ish the destructive action of moist atmosphere, it occurred to us that a
corresponding simpler technique might be used with organoalkali com-
pounds like phenyl-lithium, etc.

This finds support in experiment. Phenyl-lithium, for example, can be
prepared very readily and in excellent yields from lithium and bromobenzene
in ether. The general manipulation is that used in the preparation of
Grignard reagents. Actually, the 95%, yield of phenyl-lithium, obtained
about as rapidly as the usual 959 yield of phenylmagnesium bromide, is
15-25% in excess of that reported recently.? The yields were determined
by the acid-titration method of analysis used in studies on organomag-
nesium compounds. As a check on this analytical procedure, the phenyl-
lithium was treated with an equivalent of benzophenone and the yield of
triphenylcarbinol obtained in this manner was essentially that expected.
For this reason, it was considered unnecessary to use also the #n-butyl
bromide-dibenzylmercury indirect method of analysis.2

The yield of phenyl-lithium from iodobenzene, lithium and ether was
80%. The yield of phenylmagnesium iodide prepared under corresponding
conditions is 85.6%. There is then a resemblance in the effect of various
phenyl halides on the yields of phenyl-lithium, and of phenylmagnesium
bromide and phenylmagnesium iodide. However, this correlation breaks
down apparently when the yields are compared in corresponding experi-
ments where the phenyl halide is added very rapidly to the metal in ether.
When bromobenzene is added rapidly to magnesium in ether the yield is
89.8%, or a drop of 4.9%, from that obtained under “normal” conditions.
With phenyl-lithium prepared by the rapid addition of bromobenzene the
drop in yield is of the same order, namely, 3.9%. But with phenyl-

3 Hager with Marvel, THIS JOURNAL, 48, 2689 (1926). The latest paper by Marvel
and co-workers with organolithium compounds is ibid., 52, 376 (1930).
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lithium prepared by the rapid addition of iodobenzene, there is no drop in
yield, whereas the rapid addition of iodobenzene to magnesium in ether
gives a 71.8%, yield of phenylmagnesium iodide, or a drop of 13.8%,.

Tt might have been predicted that the rapid addition of #-butyl chloride
to lithium would not decrease the yield, because the 91.9% yield of #-
butylmagnesium chloride obtained under so-called normal conditions is
not decreased by a rapid addition of the halide. This prediction is sup-
ported by experiment, and there is no essential drop in yield with the rapid
addition of n-butyl chloride to lithium in ether. The reaction between
lithium and #-butyl chloride in benzene is slow,? and under our conditions
the yield of #-butyl-lithium after six hours is 70%. However, the forma-
tion of n-butyl-lithium in ether is more rapid and yields of 75-809, are
readily obtained. No study was made of the optimal conditions for the
preparation of #-butyl-lithium since our prime need was phenyl-lithium.

The practical significance of the observation that there is no appreciable
drop in yields in the preparation of phenyl-lithium and n-butyl-lithium
lies in the fact that these organolithium compounds can be prepared con-
veniently without regard to the rate of addition of halide. If analogies
between organometallic compounds prepared from alkali metals and al-
kaline earth metals have any significance, then it is probable that the yields
of other organolithium compounds will vary with the rate of addition.*
This is based on published studies on the preparation of such Grignard re-
agents as allylmagnesium bromide, fert.-butylmagnesium chloride, cin-
namylmagnesium chloride, etc.

The advantages of manipulating organolithium compounds in either
open containers, or with a slow stream of nitrogen in essentially open con-
tainers, provided with the conventional mercury-sealed stirrers, will un-
doubtedly apply with other organoalkali compounds. A case in point
is the addition of sodium to benzophenone-anil and the subsequent car-
bonation of the di-sodium compound, (C¢Hs):C(Na)N(Na)CeHs, to give
ultimately diphenylanilinoacetic acid, (CeHs):C(NHC¢H;)COOH, in prac-
tically quantitative yields.® It is significant that carbon dioxide, one of the
atmospheric constituents that has a deleterious effect on reactive organo-
metallic compounds, reacts with phenyl-lithium to give a very poor yield?.
of benzoic acid. This is in striking contrast with RMgX compounds which
generally give very high yields of carboxylic acids.* Oxygen with phenyl-

4 Another important factor is the excess of lithium used. An excess of lithium
has no effect? on the yields of organolithium compounds mentioned in this paper. An
excess of magnesium is very helpful in obtaining high yields of RMgX compounds like
allylmagnesium bromide, etc.

¢ Studies by Mr. R. H. Kirby. The original reaction was carried out by Schlenk
and Michael, Ber., 47, 483 (1914).

6§ The only two exceptions in our experience are with the carbonation of allyl-
magnesium bromide and 8-styrylmagnesium bromide.
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lithium, as with phenylmagnesium halides, induces chemiluminescence.
In these incidental studies the color test for reactive organometallic com-
pounds has been found to be highly useful to determine whether an organo-
lithium compound was formed, and when it was used up in a given reac-
tion. In reactions with ketones, it appears that any unused lithium might
act as an indicator by developing distinctive colors (possibly those of
ketyls) when the ketone is used up in its reaction with the organolithium
compound. For example, in a preparation of triphenylcarbinol from
benzophenone and phenyl-lithium, when the phenyl-lithium was used up
(as indicated by a negative color test), a violet color developed near some
small pieces of unused lithium which had not been removed. Character-
istic colors were also observed when the ether solution of n-butyl-lithium
was treated with a-naphthyl isocyanate in the preparation of n-valero-a-
naphthalide as a derivative.

Experimental Part

The apparatus and general procedure were those used in related studies on organo-
magnesium compounds. Some modifications, concerned largely with the cutting of
lithium, used in the small quantitative studies are unnecessary in the preparation of
phenyl-lithium and #-butyllithium in large quantities. A few details of the small-
sized quantitative experiments are given because they serve to correlate the present
procedure with that of organomagnesium halides, and because they may prove of assist-
ance to others in not only determining optimal conditions for some organolithium com-
pounds which cannot now be prepared satisfactorily, but also in determining the relative
labilities of halogens in RX compounds toward various metals.

The small quantitative studies were all carried out in a nitrogen atmosphere for
two reasons. First, organolithium compounds undergo ready reaction with oxygen.
Second, the purity of RX compounds appears to have a greater influence on initiating
reaction with lithium than with magnesium. In larger runs it may be unnecessary to
use a nitrogen atmosphere with most aryl halides. Such an atmosphere is necessary
with a slow reacting compound like chlorobenzene and with the alkyl halides, in order
to reduce appreciable decomposition due to the diffusion of atmospheric oxygen.

The metal was cut by means of a chisel and hammer into pieces measuring about
7 X 7 mm. in cross section and 30 mm. in length. These were shaped into prisms of
about the above-mentioned dimensions by means of pliers having smooth-faced jaws,
and this operation apparently served to press out most of the kerosene under which the
original metal was kept. Incidentally, the lithium prisms were shaped fairly uniformly
to ensure an approximately constant thin oxide layer. These prisms were readily scraped
and cut so that they weighed 0.76 g. (1.1 atoms), the quantity used in the 0.05 mole
experiments, allowing a 109, excess. They were then kept, for a few minutes prior to
use, under dry ether in an inverted test-tube arrangement provided with a small hole
near its upper end to permit escape of any entrapped air. The ether level was over this
orifice in the test-tube, and a handle made it convenient to remove the tube from the
Erlenmeyer flask in which it was contained.

The simplified, analytical reaction flask used in organomagnesium studies
was heated in an oven at 110°, and swept out with pure, dry nitrogen which was ad-
mitted through the side neck. After adding 15 cc. of ether, the prism of lithium was
cut transversely (by means of a scissors) into about thirty pieces which were allowed to
drop into the flask through the main neck, from which issued a stream of nitrogen.
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The flask was then attached to the mercury-sealed stirrer (fitting the main neck)
and dropping funnel which entered the main neck through a second boring in the rubber
stopper holding the stirrer, and a spiral condenser (fitting the side neck). The top of the
spiral condenser and the top of the dropping funnel were connected by tubes provided
with pinchcocks which made it possible to admit nitrogen through the condenser or
(and) through the dropping funnel. The nitrogen now left the system through a U-tube
having a 2-3 mm. head of mercury pressure. This gage permitted the subsequent opera-
tions with a minimum actual flow of nitrogen, and very little loss of ether.”

Then 40 drops of the halide was added to the lithium and ether. Gentle warming
by means of a micro-burner was sufficient to induce prompt reaction. Reaction having
set in, the remainder of the halide in 15 c¢. of ether was added either over a period of
thirty to thirty-five minutes in a so-called normal run or all at once in those experiments
concerned with the effect of rapid addition on the yield. Stirring was used throughout
the preparation. )

When the preparation was completed, the flask containing nitrogen was detached
from the rest of the apparatus, stoppered and allowed to stand for thirty minutes, at
the end of which time any precipitate settled. The visible unused lithium was readily
removed by long-handled tweezers, and aliquots were taken for analysis.® As in re-
lated quantitative studies with organomagnesium compounds, each of the experiments
was checked at least twice and the degree of accuracy for aliquots from a given prepara-
tion is that obtained with Grignard reagents.

Miscellaneous Observations

Size of Lithium.—When the 0.76 g. prism of lithium was cut lengthwise into two
pieces, the yield of phenyl-lithium from bromobenzene was 93.1%,. In this experiment,
the apparent reaction continued for fifty to fifty-five minutes; whereas under standard
conditions with smaller pieces of lithium the apparent reaction continued for ten to
twenty minutes. The mixture was then refluxed for an additional forty-five minutes.
For practical purposes it is, therefore, unnecessary to cut the lithium into small pieces
if the slightly greater time required for completion of the reaction is of secondary conse-
quence.

Tarnishing of Lithium.—In one experiment with lithium and bromobenzene, the
30-33 pieces of metal (totaling 0.76 g.) were exposed to moist air for one minute, which
was sufficient to coat them entirely with a black film. Reaction set in at once, probably
because the sharp-winged small stirrer removed some of the oxide, as was evidenced by
the clean, silvery patches on the metal after stirring for a few minutes. The yield of
phenyl-lithium was 86.8%. It is possible that an adequate excess of tarnished metal
may prevent a decrease in yield. When one piece (0.76 g.) of tarnished lithium was
used, the yield was 88.6%, and about five minutes of stirring with the application of
heat was required for the starting of reaction. Stirring was obviously less effective with
the single piece of lithium in the small flask.

Time of Reaction.—In every case it appears desirable to apply heat and to use
stirring in initiating reaction. With Grignard reagents it is generally better not to use
stirring until after the reaction has commenced. The time of apparent reaction, after
all of the halide had been added very rapidly (in so-called drop runs) to the lithium in
ether, varies with the RX compound and is probably a measure of the labiltiy of the
halogen toward a given metal. With iodobenzene this time is ten to fifteen minutes;

7 In large-sized runs, particularly with slow acting RX compounds, it may be suf-
ficient to use a trap to exclude the atmosphere subsequent to sweeping out the apparatus
with nitrogen.

8 During these operations, nitrogen was admitted through the side neck.
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with bromobenzene, thirty-five to forty minutes; and with #-butyl chloride, forty to
forty-five minutes. The corresponding times when these halides are added separately
to magnesium in ether are: ten to fifteen minutes; ten to fifteen minutes; and forty-five
to fifty minutes, respectively.

When the apparent reaction is ended, refluxing with stirring should be continued for
forty-five minutes. There is no improvement in yield of phenyl-lithium from bromoben-
zene when this period of refluxing exceeds thirty minutes; and with a fifteen minute
period of refluxing the yield was 92%,.

Yields of Some Other Aryl-lithium Compounds.—Under corresponding conditions
the following yields were determined from RBr compounds, the number in parentheses
being the percentage yield when the RBr compound was added rapidly to the lithium:
o-tolyl-lithium, 93.3 (85.6); m-tolyl-lithium, 86.4 (80.0); p-tolyl-lithium, 94.9 (95);
o-anisyl-lithium, 85 (85); p-anisyl-lithium, 66.1 (65.3); a-naphthyl-lithium, 79 (80);
and B-naphthyl-lithium 75.3 (47.8).

n-Butyl-litthum.—The time of apparent reaction when all of the n-butyl chloride
is added to the lithium in ether is forty to forty-five minutes. Gentle refluxing is con-
tinued for about two hours, and the yield is 75-809. In one experiment when the time
of refluxing was one-half hour the yield was 679%. When twelve instead of the cus-
tomary six molecular equivalents of ether were used the yield was 68%,. As previously
mentioned, the reaction in benzene is much slower than in ether. Because the very high
yields of #-butyl-lithium in benzene were obtained in twenty-four hours,? it may be de-
sirable to prepare #-butyl-lithium in benzene in sealed containers; however, effective
stirring would probably reduce the time required for complete reaction. The n-butyl-
lithium was characterized by the preparation of #-valero-a-naphthalide from a-naphthyl
isocyanate in accordance with the general directions suggested for this reaction in the
preparation of derivatives of reactive organometallic compounds. The preparation of
n-butyl-lithium in ether can be simplified by adding the freshly cut lithium to all of the
halide in ether and thereby dispensing with the use of a dropping funnel.

The authors are grateful to Dr. F. Breuer, Dr. B. Barrett Gilman, Mr.
E. B. Towne and Mr. P. Van Ess for valuable suggestions and assistance.

Summary

Directions are given for the preparation of aryl-lithiums and #n-butyl-
lithium, from lithium and the corresponding halides. Excellent yields
are readily obtainable under conditions essentially like those used with the
related Grignard reagents.

Attention is directed to some simplifications in procedure which make
it possible to prepare and to manipulate some organoalkali compounds in
readily available apparatus and without the use of glass sealed containers.

AMEs, Iowa
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FURTHER STUDIES IN KETO-ENOL DETERMINATION

By GLapyYs A. MicHALEK AND HowarRD W. PosT
ReceiveEp DECEMBER 9, 1931 PUBLISHEED May 7, 1932

Previous work of ours!' included evidence that ethyl a-phenylaceto-
acetate exists in the enol form to the extent of about 28.69, at room tem-
peratures. Later work by K. von Auwers? presented values of approxi-
mately 39.29, for the same property.

We did not find in our first contribution sufficient agreement between
bromine titration values representing the enol content of ethyl a-phenyl-
acetoacetate and like figures derived from refractive indices by von Auwers,
Brithl or anyone else, in spite of the existence of corrections which might be
applied to the latter. It should be noted also that this ester required -
several days to reach equilibrium after distillation even when the same type
of Pyrex glass was used for all operations and for all containers throughout
the work.

We have accordingly repeated our work in the hope of being able to
reconcile our values with those of von Auwers.

Preparation of the Ester.—Ethyl a-phenylacetoacetate was prepared by the same
method outlined in our first paper on this subject. The hydrolysis of acetobenzyl
cyanide was, however, modified in that the solution was kept at room temperature
instead of at zero degrees during the addition of hydrochloric acid and later was poured
into water at room temperature instead of ice water. Asin earlier work fractionation
was carried out under vacuum using a flask with fractionating column attached. The
ester was first collected over a range of fifteen degrees and refractionated to boil at 145-
147° under 11 mm. pressure. Two batches of crude ester were purified separately in
order to have a check on the index of refraction. Both showed an index of refraction
of 1.5130 at 20° when given time to reach equilibrium. Freshly distilled material
always showed a high index.

Bromine Titration.—Titration of the enol content was carried out as
before. The sample, which was weighed by difference, was introduced into
30 ce. of alcohol at —7° and sufficient freshly prepared alcoholic bromine
solution added quickly to give a slight color, which was immediately dis-
charged with alcoholic g-naphthol solution. To this was added 10 cc. of
59, potassium iodide solution and the whole heated on the steam-bath for
twenty minutes in the dark, then titrated with N/10 sodium thiosulfate
solution. The latter had a factor of 1.1227 at 20°. The buret was cali-
brated and found to be correct at 20° within the accuracy of the titration.

Some trouble was experienced in obtaining g-naphthol sufficiently pure
that it could effectively remove the excess of bromine. Distillation of g-
naphthol followed by two recrystallizations from water gave a product
requiring not more than 0.3 cc. of thiosulfate solution to discharge the color

1 Post and Michalek, THIS JOURNAL, 52, 4358 (1930).
2 Von Auwers, ibid., 53, 1496 (1931).



1964 H. T. CLARKE AND H. B. GILLESPIE Vol. 54

of the blank. Calculations were made with and without this correction,
however; in the actual titration the amount of thiosulfate accounted for
in this way is probably much smaller since the excess of bromine is much
less. We know of no way of calculating the actual excess of thiosulfate
used in the titration due to the impurity of the B-naphthol. In the pre-
vious work a correction of 0.5 cc. was made in the results.

Dara
% Enol
Temp., °C. Na2S:03, cc. Sample, g. Titrated - Corrected
21.5 19.8 0.7353 31.15 30.68
22.0 16.0 .6213 29.76 29.18
22.0 17.9 L6911 29.93 29.44
22.0 13.9 . 5256 30.59 29.93
Average 30.36 29.81

Conclusions.—Our results agree within the limits of experimental
error with those of our former paper. In view of the discrepancy still ex-
isting between these values and those of von Auwers, we are forced to con-
clude that the only further light which can be thrown on the question should
come from an isolation of enol and keto in the pure state, followed by a
determination of the refractive index and the bromine titration value of each.

Summary

The enol content of ethyl a-phenylacetoacetate has been redetermined
both by bromine titration and by the determination of the refractive index.
The values so obtained check within the limits of experimental error with
those previously published by the authors.

BurraLo, NEw YORK

[CONTRIBUTION FROM THE DEPARTMENT OF BIOLOGICAL CaeEMmisTRY, COLLEGE OF
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BENZENESULFONYLGUANIDINES!

By H. T. CLARKE AND H. B. GILLESPIE
RECEIVED DECEMBER 10, 1931 PusLiseED Mavy 7, 1932

In the course of an investigation, now in progress, of the benzenesulfonyl
derivatives of proteins and peptides, it became necessary to ascertain the
effect of benzenesulfonyl chloride upon guanidine and its derivatives under
various conditions. Ackermann? treated guanidine carbonate with
benzenesulfonyl chloride in the presence of excess sodium hydroxide,
thereby obtaining the sparingly soluble benzenesulfonylguanidine. He
also reported failure to produce a sparingly soluble derivative of arginine
under analogous conditions. The corresponding B-naphthalenesulfonyl

! Work supported by a research grant from The Chemical Foundation.
? Ackermann, Z. physiol. Chem., 47, 366 (1906).
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derivatives of certain guanidines have recently® been employed for their
characterization in urine. -

We have been able to confirm Ackermann’s observation with guanidine,
but find that the yield of benzenesulfonylguanidine depends upon the
amount and the concentration of the sodium hydroxide, as well as upon the
amount of benzenesulfonyl chloride employed. The reason for this is not
far to seek. Quanidine is a strong base which furnishes a titration curve?
almost indistinguishable from that obtained with sodium hydroxide, and
replacement of a hydrogen atom apparently takes place with guanidine
only in its undissociated form.

This view is borne out by the behavior of guanidine carbonate toward
benzenesulfonyl chloride in the presence of potassium carbonate, under
which conditions the sole product is a well crystalline benzenesulfonate of
guanidine.

Analogous results are obtained with methylguanidine, asymmetrical
dimethylguanidine and piperidoguanidine, which are bases as strong as
guanidine.* The resulting benzenesulfonyl derivatives display weakly
basic properties, forming crystalline hydrochlorides which appear to be
readily hydrolyzed in aqueous solution. Benzenesulfonylguanidine also
forms an acetyl derivative and an unstable picrate. It shows no tend-
ency to form salts with alkalies, thereby differing from the majority of
primary sulfonamides. This may be interpreted as being due either to the
preponderance of the benzenesulfonimino form or, more plausibly, to the
inability of the single benzenesulfonyl group entirely to suppress the basic
properties of the guanidine molecule. Guanidine nevertheless shows no
tendency to form derivatives containing more than one benzenesulfonyl
group, nor do the benzenesulfonyl guanidines yield nitrogen by the action of
sodium nitrite in presence of acetic acid, therein resembling guanidine.®

The guanidine group in arginine appears, from the dissociation curve of
arginine® and from the fact that benzylidenearginine is incapable of forming
a sodium salt,” to be as strongly dissociated as guanidine itself. It should
therefore be possible, by treating arginine with benzenesulfonyl chloride in
the presence of sodium carbonate, to attach a benzenesulfonyl group to
the a-nitrogen atom, while leaving the terminal guanidine group untouched.
This appears to be the case; monobenzenesulfonylarginine, isolated in the
form of its picrate, yields very little nitrogen under the conditions adopted
by Van Slyke’ and must, in consequence, possess the anticipated structure.
This is confirmed by the regeneration of the amino group on acid hydrolysis.

8 Stockholm and Cerecedo, Proc. Soc. Exptl. Biol. Med., 29, 78 (1931).
4 Davis and Elderfield, THis JOURNAL, 54, 1499 (1932).
§ Van Slyke, J. Biol. Chem., 9, 185 (1911).

¢ Foster and Schmidt, ibid., 56, 551 (1923).
7 Bergmann and Zervas, Z. physiol. Chem., 152, 282 (1926); 172, 277 (1927).
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On the other hand, when the benzenesulfonylation is carried out in
presence of a large excess of concentrated sodium hydroxide, benzene-
sulfonyl groups attach themselves to the guanidine group as well. While
it was not found possible to isolate the resulting product in crystalline
condition, analysis showed it unquestionably to consist of dibenzenesul-
fonylarginine.

Attempts to prepare benzenesulfonyl derivatives of acetamidine were
unsuccessful, benzenesulfonamide being the only product isolated ; analo-
gous experiments with creatine also failed.

Experimental

Guanidine Benzenesulfonate.—To a solution of 18 g. of guanidine carbonate
(0.2 m. of guanidine) in 125 cc. of water were added 26 cc. (0.2 m.) of benzenesulfonyl
chloride and 14 g. (0.2 m.) of potassium carbonate. The mixture was stirred vigorously;
the temperature rose to 43°. The crystals which formed on cooling were collected
(22 g.) and recrystallized from 50 ce. of water from which they separated in diamond-
shaped plates melting at 209-210° (corr.). The product was soluble in nine parts of
water at 26°; it was readily soluble in alcohol and insoluble in ether. It could be re-
crystallized unchanged from dilute sodium hydroxide solution.

Anal. Caled. for C;H,O3N5S: C, 38.7; H, 5.07; N, 19.4; S, 14.8. Found: C,
38.7; H, 5.01; N, 19.0; S, 15.1.

On adding a hot concentrated solution of picric acid to a solution of the salt, guani-
dine picrate melting at 330° (uncorr.) separated; this picrate contained no sulfur,

Benzenesulfonylguanidine.—Solutions of 3 g. of guanidine carbonate in 35 ce. of
water were treated with varying amounts of sodium hydroxide and 6-cc. quantities of
benzenesulfonyl chloride. After stirring mechanically until the odor of benzenesulfonyl
chloride had disappeared (thirty to sixty minutes), the resulting precipitate was col-
lected, washed with cold water and weighed. The crude product so obtained was re-
crystallized from the minimum quantity of 95%, alcohol, when it separated in leaflets
melting at 212° (corr.). The maximum yield (42%) of recrystallized product was ob-
tained with 6.4 g. of sodium hydroxide; with 3.2 g. of alkali the yield was 179,; inter-
mediate yields were obtained with intermediate quantities of alkali. With 8.6 g. the
yield was only 30%. Decreasing the amount of benzenesulfonyl chloride to 4 cc. had
only slight effect on the yield.

The pure product is no more readily soluble in cold aqueous alkali than in cold water;
on boiling 0.250 g. with 200 cc. of N sodium hydroxide for twenty-four hours, 94.69%,
of the total amount of nitrogen was recovered as ammonia.

Benzenesulfonylguanidine hydrochloride was prepared by dissolving 0.5 g. of
benzenesulfonylguanidine in 10 cc. of concentrated hydrochloric acid and evaporating
the excess acid at room temperature in a current of air under reduced pressure. It
melted at 160-163° (corr.).

Anal. Caled. for C;H;00:N,SCl: Cl, 15.1. Found: Cl, 14.9.

The picrate separated in yellow needles, melting at 190-191° (corr.), on adding
picric acid to a solution of benzenesulfonylguanidine in hot alcohol. On attempting to
recrystallize from alcohol or ethyl acetate, dissociation took place with loss of picric acid.

The acetyl derivative was prepared by boiling benzenesulfonylguanidine for fifteen
to thirty minutes with eight parts of acetic anhydride; m. p. 197-197.5° (corr.) from
ethyl acetate.
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Anal. Caled. for CoHuO:N3S: S, 13.3. Found: S, 13.4.

The benzenesulfony! derivatives of alkyl guanidines were prepared by the procedure
which had been found to give the best yields with guanidine.

Benzenesulfonylmethylguanidine.—M. p. 180.5-181° (corr.).

Anal. Caled. for CsH;;O:N5S: C, 45.1; H, 5.20; N, 19.7; S, 15.0. Found: C,
45.2; H, 5.26; N, 19.2; S, 15.1.

Hydrochloride: M. p. 123-126° (corr.).

Anal. Caled. for CsHi20.N,SClL: Cl, 14.2. TFound: Cl, 14.0.

Benzenesulfonyl-as-dimethylguanidine.—M. p. 164.5-165.5° (corr.).

Anal. Caled. for CoHisO,NsS: C, 47.6; H, 5.75; N, 18.4; S, 14.1. Found: C,
47.8; H, 5.65; N, 17.2; S, 14.1.

Benzenesulfonylpiperidoguanidine.—Three and one-half grams of a pure product,
m. p. 168.5-169° (corr.), was obtained from 4 g. of piperidoguanidine sulfate.4 )

Anal. Caled. for Ci2H;:0:N;S: C, 53.9; H, 6.36; N, 15.7; S, 12.0. Found: C,
53.7; H, 6.28; N, 15.1; S, 11.7.

Monobenzenesulfonylarginine.—To a solution of 6 g. of arginine nitrate (0.025 m.)
in 30 ce. of water were added 11 g. (0.08 m.) of potassium carbonate and 5 cc. of
benzenesulfonyl chloride (0.039 m.). After stirring mechanically for a half hour at room
temperature the clear solution was weakly acidified with 7 cc. of concentrated hydro-
chloric acid and evaporated to dryness under reduced pressure. The residue was ex-
tracted with ethyl alcohol; the alcoholic solution was again evaporated to dryness and
taken up in the minimum quantity of alcohol. The glassy sirup left on evaporation
was dissolved in 100 cc. of water and treated with 6 g. of picric acid in hot concentrated
aqueous solution. The oily precipitate became crystalline on standing. On recrys-
tallization from alcohol, 9.5 g. of yellow needles, melting at 161-162° (corr.), was ob-
tained.

Anal. Caled. for CsHuOuN-S: C, 39.8; H, 3.87; N, 18.0; S, 5.89; picric acid,
42.2. Found: C,38.9; H,4.02; N, 16.9; S, 5.60; picric acid, 41.9.

A 39, solution of the picrate in N/10 sodium hydroxide when treated by Van Slyke’s
method gave 4.2% of the amount of amino nitrogen theoretically obtainable from a
corresponding quantity of arginine. This solution was mixed with an equal volume of
concentrated hydrochloric acid, freed of precipitated picric acid by filtration, and boiled
under reflux; 2-cc. portions removed at intervals were analyzed for amino nitrogen,
the hydrochloric acid being neutralized by first adding 1.5 cc. of 259, sodium hydroxide
and 0.5 ce. of acetic acid to the reaction mixture.

Hours boiling.............. ... ... .. 0 1 3 8 16 24 44
Amino nitrogen, % of theoretical....... 4.2 17.0 24.1 43.8 68.6 79.7 106.0

Dibenzenesulfonylarginine.—To a solution of 4 g. of arginine monohydrochloride
in 8 cc. of water was added 20 ce. of 25%, sodium hydroxide solution; 6 cc. of benzene-
sulfochloride was added in two equal portions, the mixture being shaken vigorously
after each addition. The temperature was not allowed to rise above 25°.  After stand-
ing for half an hour, the mixture was freed of crystals (about 6 g., largely sodium ben-
zenesulfonate), and the filtrate shaken with a further 3-cc. portion of benzenesulfo-
chloride. After standing overnight, the mixture was rendered strongly acid with con-
centrated hydrochloric acid; the gummy precipitate was taken up by shaking with a
mixture of butyl alcohol (75%) and ethyl acetate (25%). Undissolved salts were re-
moved and the solution concentrated to a sirup. This was taken up in dioxane; the
filtered solution was evaporated to a sirup and treated with excess of ethyl ether. The
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sticky insoluble product was washed with ether, treated with 60 cc. of boiling water
until free of steam-volatile and water-soluble impurities, and finally dried at 100°.
On cooling, it formed a colorless resin, soluble in acetic acid, acetone, chloroform, ethyl
acetate and ethyl alcohol, but insoluble in benzene, carbon tetrachloride, ethyl ether and
water. A sample gradually dissolved in boiling sodium hydroxide solution, giving off
the odor of butyl alcohol; it thus appeared to consist principally of the butyl ester of
dibenzenesulfonylarginine.

Amnal. Caled. for CpHgs0eN.S:: C, 51.34; H, 6.79; N, 10.87; S, 12.42. Found:
C,50.4; H,5.97; N, 10.43; S, 11.45.

Hydrolysis was effected by warming on the steam-bath a solution in ethyl alcohol
to which small quantities of concentrated ammonia were added from time to time. Af-
ter twelve hours no precipitation occurred on diluting with water; the solution was
evaporated to dryness, and the residue taken up in boiling water, filtered hot and al-
lowed to cool. The clear resin which separated was rinsed with water and dried at 100°;
it appeared to counsist of the ammonium salt.

Anal. Caled. for CisHasO6NsS:: N, 14.85; S, 18.59; acid equiv., 471. Found:
N, 15.25; S, 11.9; acid equiv., 465.

The free acid was thrown out as an oil on adding a slight excess of mineral acid to a
saturated solution of the ammonium salt in cold water. After rinsing with cold water
and drying at 100° it solidified to a colorless resin, soluble in acetone, acetic acid, ethyl
alcohol and hot water, but insoluble or sparingly soluble in benzene, carbon tetrachloride,
chloroform, ethyl acetate and ethyl ether.

Anal. Caled. for CisHpOeN,S,: N, 12.34; S, 13.84. Found: N, 12.39; S, 13.07.

The authors wish to express their indebtedness to Mr. William Saschek
for carrying out the microanalyses recorded in this paper.

Summary

The introduction of the benzenesulfonyl group into guanidine and its
derivatives takes place only in the presence of strong alkalies, and not with
alkali carbonates. Similarly, with arginine, the benzenesulfonyl group
attaches itself only to the a-nitrogen atom in the presence of carbonate,
but when alkali hydroxide is present in excess, the guanidine group is
acylated as well.

Benzenesulfonyl guanidine is a weak base, and exhibits no tendency to
form a sodium derivative analogous to that formed by benzenesulfonamide.
It yields an acetyl derivative on treatment with acetic anhydride.

NEew York CiTy
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In continuing the study of the pinacol-pinacolin rearrangement,! we
have investigated the rearrangement of a number of 9,10-diaryldihydro-
phenanthrenediols. These glycols correspond to pinacols and it appeared
that they would be formed by the reduction of 2,2’-diacylbiphenyls by a
mixture of magnesium and magnesium iodide in the same manner that
ketones are reduced to pinacols.?

) 1 1

C=0 C—OMgl HOH C—OH
+ Mg + Mgl —>

?:0 C‘i-—OMgI C——OH

R R R

It was found that 2,2’-dibenzoylbiphenyl (R = C¢Hj;) reacts with the
binary mixture and is reduced to a mixture of stereoisomeric 9,10-diphenyl-
dihydrophenanthrenediols. The product formed in the largest propor-
tion is a pinacol which melts at 179-180°; a small amount of a pinacol
melting at 202° is produced. Our products were found to be identical
with the two stereoisomeric forms of diphenyldihydrophenanthrenediol
that had been obtained by Werner and Grob? and by Acree! by other
methods. These investigators prepared the low-melting pinacol by the
action of phenylmagnesium bromide on phenanthrenequinone; the high-
melting isomer was obtained by the reduction of dibenzoylbiphenyl by
zinc and potassium hydroxide. On repeating the latter reaction we ac-
tually obtained a mixture of the two isomers and not a single compound.

Werner and Grob reported that the two isomeric diphenyldihydro-
phenanthrenediols when treated with a mixture of sulfuric acid and hy-
drochloric acid at 200° gave the same pinacolin, 10,10-diphenylphenan-
throne (9). We have repeated the rearrangement reaction using acetyl
chloride at a lower temperature and also acetic acid containing a small
amount of iodine? in order to be certain that the product was not the re-
sult of a secondary action® but was the initial product of rearrangement.

1 Bachmann and Moser, THIS JOURNAL, 54, 1124 (1932).
2 Gomberg and Bachmann, 1bid., 49, 236 (1927).

3 Werner and Grob, Ber., 37, 2887 (1904).

4 Acree, Am. Chem. J., 33, 186 (1905).

8 “Annual Reports,” 1930, Vol. 27, p. 120; also Bergmann and Schuchardt, A»nn.,
487, 285 (1931).
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Under these conditions each pinacol gave diphenylphenanthrone, show-
ing that of the two possible rearrangements, I and II, only the mechanism
I, involving the migration of the phenyl group, takes place.

CeHs CsH;
CEH4~C=O Cqu—C'—OH C5H4 C=O
CeHy—C—CeH; C6H4—(|:—OH CeH—C
CeHjs CsHs CeHs
I II

Since in symmetrical mixed pinacols the relative migration aptitudes
of the p-tolyl and the anisyl groups were found to be greater than that
of the phenyl group, it was predicted! that in the rearrangement of di-
p-tolyldihydrophenanthrenediol and of dianisyldihydrophenanthrenediol
the p-tolyl group and the anisyl group, respectively, would migrate prac-
tically exclusively. These new pinacols were synthesized and subjected
to rearrangement. It is found that the predictions are confirmed. Re-
arrangement of di-p-tolyldihydrophenanthrenediol gives 10,10-di-p-tolyl-
phenanthrone(9); dianisyldihydrophenanthrenediol gives 10,10-dianisyl-
phenanthrone(9).

It was possible to prepare two stereoisomeric di-p-tolyldihydrophenan-
threnediols and two stereoisomeric dianisyldihydrophenanthrenediols. A
high-melting compound was obtained by reduction of the corresponding
2,2'-diacylbiphenyl by magnesium and magnesium iodide or by zinc and
potassium hydroxide; a low-melting isomer resulted from the action of a
Grignard reagent on phenanthrenequinone. The two stereoisomeric di-
p-tolyldihydrophenanthrenediols were rearranged to the same pinacolin;
in like manner the pair of dianisyldihydrophenanthrenediols gave the same
compound on rearrangement. All of the pinacols are oxidized by chromic
acid to the corresponding 2,2’-diacylbiphenyls.

The investigation of the rearrangement of substituted dihydrophenan-
threnediols is being continued.

Experimental

Reduction of 2,2’-Dibenzoylbiphenyl by Mg + Mgl.—Two grams of 2,2’ -di-
benzoylbiphenyl was added to a mixture of magnesium and magnesium iodide prepared
from 2 g. of iodine and 1 g. of magnesium powder in 15 cc. of ether and 30 cc. of benzene;
an insoluble oily complex of ketone and magnesium iodide precipitated. The mixture
was refluxed until the oily complex had disappeared. The pinacol which was obtained
on hydrolysis of the filtered solution was recrystallized from n-propyl alcohol. In this
way there was obtained 1.1 g. of needle-like crystals of 9,10-diphenyldihydrophen-
anthrenediol melting at 202°; from the alcoholic filtrate 0.65 g. of the low-melting
pinacol was isolated. When this latter product was recrystallized from acetic acid, it
was obtained in the form of prisms melting at 179-180°. These prisms were found to
be identical with the pinacol which was prepared by the action of phenylmagnesium
bromide on phenanthrenequinone according to the directions of Acree.t Acree ob-
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tained 25 g. of product from 20 g. of phenanthrenequinone. Recently, Schlenk and
Bergmann® reported that they obtained only one-half of this yield. We obtained, in
agreement with Acree, a yield of 26 g. of recrystallized pinacol from 20 g. of phen-
anthrenequinone.

When dibenzoylbiphenyl was treated with zinc and potassium hydroxide according
to the directions of Werner and Grob, there was obtained a 76%, yield of the high-
melting pinacol and a 13%, yield of the low-melting compound. Reduction of diben-
zoylbiphenyl by zinc and acetic acid at room temperature gave the high-melting pinacol
as the principal product; when the reaction was carried out in a warm solution the
product was not pinacol but the pinacolin, diphenylphenanthrone.

Rearrangement of 9,10-Diphenyldihydrophenanthrenediol.—The product obtained
by heating 1 g. of pinacol of m. p. 179-180° with a mixture of 10 cc. of acetyl chloride,
5 cc. of acetic acid and 20 cc. of benzene was practically pure 10,10-diphenylphenan-
throne-(9). The same compound was obtained by rearrangement under the same
conditions of the pinacol melting at 202°; from 0.5 g. of pinacol there was obtained
0.44 g. (92%) of pure diphenylphenanthrone.

2,2’-Di-p-toluylbiphenyl, CH;CsH,COCH,CsH,COC:H,CHs—This compound was
prepared from 2-bromo-4’-methylbenzophenone by the Ullmann reaction. The sub-
stituted benzophenone was obtained by the action of the Grignard reagent from 17 g.
of p-bromotoluene in 35 cc. of ether on 12 g. of o-bromocyanobenzene in 35 cc. of ben-
zene. After twelve hours of refluxing, the reaction mixture was treated with water
and the ketone-imine was hydrolyzed in the usual manner. The ketone was recrystal-
lized from alcohol; yield, 15 g. (83%). Heidenreich” obtained this ketone from o-
bromobenzoyl chloride and toluene. Our method of synthesis proves that it was the
p-methyl derivative that was formed in the Friedel and Crafts reaction carried out by
him.

A mixture of 2 g. of 2-bromo-4'-methylbenzophenone and 5 g. of copper powder
was heated with stirring at 200° for one-half hour. The mass was cooled and extracted
with acetone. Evaporation of the acetone gave 2,2’-di-p-toluylbiphenyl. Recrystal-
lization from acetic acid gave needle-like prisms melting at 137°; yield, 0.95 g. (68%).

Anal. Caled. for CosHa0s: C, 86.1; H, 5.7. Found: C, 85.9; H, 5.6.

Reduction of 2,2’-Di-p-toluylbiphenyl. (a) By Mg + MgL.—Two grams of
2,2/-di-p-toluylbiphenyl was added to a mixture of magnesium and magnesium iodide
prepared from 2 g. of iodine and 1 g. of magnesium powder in 15 cc. of ether and 30 cc.
of benzene. The mixture was refluxed until the insoluble oily complex of ketone and
magnesium iodide had disappeared. The pinacol which was obtained by hydrolysis
of the filtered solution was recrystallized from a mixture of benzene and alcohol. The
product (1.8 g.) appeared to be a mixture of pinacols. When it was recrystallized
from #n-propyl alcohol, there was obtained 1.0 g. of di-p-tolyldihydrophenanthrenediol
in the form of transparent prisms; m. p. 213°.

Anal. Caled. for CosHOs: C, 85.7; H, 6.2. Found: C, 85.9; H, 6.2.

(b) By Zn + KOH.—One gram of 2,2’-di-p-toluylbiphenyl was dissolved in 40
cc. of 95%, alcohol, several grams of zine dust and 5 cc. of 40% potassium hydroxide solu-
tion were added and the resulting mixture was refluxed for eight hours. The solution
was filtered and the filtrate was poured into water. The solid which precipitated was
filtered off and recrystallized from #-propyl alcohol; m. p. 213°; yield, 0.6 g. (60%).
This compound was identical with the product obtained by means of magnesium and
magnesium iodide. From the filtrate 0.1 g. of pinacol melting at 136° was isolated.

¢ Schlenk and Bergmann, Ann., 463, 209 (1928).
7 Heidenreich, Ber., 27, 1452 (1894).
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9,10-Di-p-tolyldihydrophenanthrenediol (Low-melting Isomer).—To the Grignard
reagent which had been prepared from 42 g. of p-bromotoluene in 80 cc. of ether was
added 50 cc. of benzene and then 17 g. of phenanthrenequinone in portions. The
mixture was refluxed for five hours, cooled and hydrolyzed. The crude ditolyldihydro-
phenanthrenediol which was obtained by evaporation of the ether-benzene solution
was digested with cold alcohol in order to remove oily impurities and it was then re-
crystallized from a mixture of benzene and alcohol; m. p. 103°; yield, 18 g. (57%).
When the product was recrystallized again from n-propyl alcohol the melting point
remained unchanged. When, however, a small amount was recrystallized from ethyl
alcohol, the melting point was changed to 136°. This represents a second modification
of the compounds, for both behaved alike on oxidation and rearrangement. The low-
melting form is very soluble in hot organic solvents; it crystallizes from acetic acid in
needle-like prisms containing solvent of crystallization which melt at 84°. The 136°
modification is not very soluble in cold or in hot alcohol but is readily soluble in hot
acetone; it crystallizes from acetic acid without solvent.

Anal. Caled. for CpsHyO,: C, 85.7; H, 6.2. -Found: C, 85.3; H, 6.1.

Oxidation of 9,10-Di-p-tolyldihydrophenanthrenediol.—Eight grams of pinacol
(m. p. 103°) was added to a solution of 1.6 g. of chromic anhydride in 4 cc. of water
and 100 cc. of acetic acid. The mixture was warmed on a steam-bath for one-half
hour and was then poured into water. The colorless solid which precipitated was
filtered off and was recrystallized from acetic acid; yield of 2,2-di-p-toluylbiphenyl,
6 8. (76%); m.p.137°. The product was identical with 2,2’-di-p-toluylbiphenyl which
was synthesized from 2-bromo-4’-methylbenzophenone by the Ullmann reaction.

In another run, oxidation of 1 g. of pinacol gave needles melting at 125.5-126.0°.
This product proved to be a second form of di-p-toluylbiphenyl. This low-melting
form can be converted to the modification melting at 137° by inoculation of an acetic
acid solution of the low-melting form or of the melted compound with a crystal of the
high-melting form.

Oxidation of 1 g. of pinacol of m. p. 136° gave 0.80 g. (80%) of 2,2'-di-p-toluyl-
biphenyl. In like manner oxidation of the pinacol of m. p. 213° gave an 809 yield
of the diketone.

Rearrangement of 9,10-Di-p-tolyldihydrophenanthrenediol.—One-half gram of
pinacol (m. p. 213°) was heated for five minutes with 3 cc. of acetic acid to which a
crystal of iodine? had been added. Two cc. of alcohol saturated with sulfur dioxide
was added in order to remove the iodine. On cooling, 0.41 g. of 10,10-di-p-tolylphen-
anthrone (9) melting at 159° crystallized out. From the filtrate an additional 0.04 g.
of the same product was isolated, making a total yield of 95% of that theoretically
possible. Bergmann and Schuchardt® report 158° for the melting point of di-p-tolyl-
phenanthrone which they obtained by rearrangement of di-p-tolylbiphenylene ethylene
glycol.

One-half gram of the pinacol of m. p. 103° was heated with acetic acid and iodine
in the same manner; again the product was ditolylphenanthrone. Rearrangement by
means of acetyl chloride gave the same product. Finally, the same compound resulted
on rearrangement of the second modification (m. p. 136°) of this stereoisomeric pinacol.

2,2'-Dianisoylbiphenyl, CH;OCH,COCH,CeH,COCH,OCH;.—The ketone, 2-
bromo-4’-methoxybenzophenone,” was prepared by the action of anisylmagnesium
bromide from 19 g. of p-bromoanisole on 12 g. of o-bromocyanobenzene; yield, 13 g.
(69%). A mixture of 4.4 g. of this ketone and 10 g. of copper powder was heated at
200° for thirty minutes. Extraction of the cooled mass with acetone gave 2,2'-dj-

8 Bergmann and Schuchardt, 4nn., 487, 225 (1931),
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anisoylbiphenyl. The compound was recrystallized from acetic acid and was obtained
in the form of needle-like prisms; yield, 1.6 g. (50%). The compound melted at 147°,
then solidified and melted at 152-153°. The low-melting modification can be changed
to the high-melting form by inoculation of a solution of the former with a crystal of
the latter.

Anal. Caled. for CosHnOg C, 79.6; H, 5.2. Found: C, 80.0; H, 5.4.

Reduction of 2,2’-Dianisoylbiphenyl.—Reduction of 1 g. of 2,2-dianisoylbiphenyl
by a mixture of magnesium and magnesium iodide gave 0.62 g. of 9,10-dianisyldihydro-
phenanthrenediol. After two recrystallizations from z-propyl alcohol it was obtained in
the form of prisms (0.43 g.); m. p. 188-190°. The pinacol is not very soluble in cold
or in hot alcohol; it is somewhat more soluble in hot propyl alcohol.

Anal. Caled. for CosHoOs: C, 79.2; H, 5.7. Found: C,79.8; H,5.7.

By refluxing a mixture of 2.5 g. of 9,2'-dianisoylbiphenyl, 10 g. of zine dust, 100
cc. of alcohol and 10 cc. of 409, potassium hydroxide for six hours, there was obtained
9,10-dianisyldihydrophenanthrenediol. From hot n-propyl alcohol there crystallized
1.3 g. of pinacol of m. p. 188-190°; from the filtrate a 109, yield of the stereoisomer
melting at 154-155° was isolated.

Oxidation of the dianisyldihydrophenanthrenediol (m. p. 188-190°) by a solution
of chromic anhydride in acetic acid gave an 809, yield of 2,2’-dianisoylbiphenyl; m. p.
152-153°.

9,10-Dianisyldihydrophenanthrenediol (Low-melting Isomer).—Seventeen grams
of phenanthrenequinone was added in portions to the Grignard reagent which had been
prepared from 46 g. of p-bromoanisole in 80 ce. of ether and 50 cc. of benzene. After
being refluxed for six hours, the mixture was hydrolyzed. A viscous oil was obtained
which partly crystallized after three weeks. The mass was digested with a cold mix-
ture of benzene and alcohol; this dissolved the oil but not the crystals. By recrystal-
lization from #-propyl alcohol the dianisyldihydrophenanthrenediol was obtained as
heavy diamond-shaped plates; m. p. 154-155°; yield, 8 g.

Anal. Caled. for CesHaiOs: C, 79.2: H, 5.7. Found: C, 78.9; H, 5.7.

Oxidation of 3.0 g. of this pinacol by a solution of 0.6 g. of chromic anhydride in
36 ce. of acetic acid and 2 cc. of water at 100° gave 2.52 g. (839%,) of 2,2’-dianisoylbi-
phenyl.

Rearrangement of 9,10-Dianisyldihydrophenanthrenediol.—By heating 0.5 g. of
dianisyldihydrophenanthrenediol (m. p. 154-155 °) with 3 cc. of acetic acid containing
a small amount -of iodine, there was obtained 0.46 g. (95%) of 10,10-dianisylphenan-
throne(9) melting at 151-152°. This product was found to be identical with dianisyl-
phenanthrone which was synthesized in a yield of 80% by the action of dimethyl sulfate
on bis-(p-hydroxyphenyl)-phenanthrone.®

The dianisyldihydrophenanthrenediol of m. p. 188-190° gave a quantitative yield
of dianisylphenanthrone when it was treated with acetic acid and iodine.

Summary

The binary system Mg + Mgl. reduces 2,2'-dibenzoylbiphenyl to a
mixture of stereoisomeric diphenyldihydrophenanthrenediols. 2,2’-Di-p-
toluylbipheny! and 2,2’-dianisoylbiphenyl are reduced in the same manner
to the corresponding substituted diaryldihydrophenanthrenediols.

The three pairs of stereoisomeric diaryldihydrophenanthrenediols readily
undergo the pinacol-pinacolin rearrangement; in these rearrangements

9 Goldschmidt, Vogel and Bredig, Ann., 445, 123 (1925).
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migration of the phenyl, p-tolyl and anisyl groups occurs practically ex-
clusively.

ANN ARBOR, MICHIGAN
[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF NORTHWESTERN UNIVERSITY]

THE INTERACTION OF AMIDES WITH ANILINE

By CrarRLEs D. Hurp, MarcoLm F. DuLL anp K. E. MARTIN

RECEIVED DECEMBER 14, 1931 PuBLISHED Mavy 7, 1932

Very little information is to be found in the literature regarding the
interaction of amides with aniline. To study this question, two methods
were chosen: (1) to leave the amides in contact with aniline for varying
periods at several temperatures, and (2) to conduct the amide vapors
through a hot tube, discharging them into cold aniline.

Except for a catalytic transformation of acetamide into methylamine
(or HCN -+ H;) and carbon monoxide using nickel! at 400°, the only
recorded course of pyrolysis of acetamide is the one into acetonitrile? and
water. In our high temperature experiments there was the possibility of
deammonation into ketene. With acetamide the equation would be
CH;CONH; —> CH,CO 4+ NH;. If so, the acetanilide might originate
either from acetamide or ketene.

Actually, aniline was found to be quite non-reactive at 100° with such
amides as acetamide, propionamide or isobutyramide. In fact, a mixture
of the amide and aniline could be distilled (to 240°) without giving rise to
anilide in the residue. Continued refluxing, however, was found to
generate small yields of anilide, the best yields coming from propionamide.
It was found that isobutyramide was exceedingly sluggish.

When the amides were passed through a tube which was maintained at
500-700°, some pyrolysis undoubtedly occurred because of nitrile forma-
tion. By passing the hot, effluent gases directly into cold aniline, fairly
good yields of propionanilide or acetanilide, but no isobutyranilide, were
obtained. The data for a few representative runs out of seventy-five which
were performed are collected in Table I. The percentage yield of anilide
is based on the amide which was not recovered. Examination of the data
shows the best yields of acetanilide and propionanilide at tube tempera-
tures of about 500° and contact times of but a few seconds. As high as
45-49%, yields of propionanilide resulted, as compared with a 289, yield
of acetanilide and no yield of isobutyranilide. Somewhat higher yields of
acetanilide were obtained on a few occasions, but the selected runs seem
more characteristic.

! Mailhe, Mat. grasses, 15, 6488, 6531 (1923); Bull. soc. ckim., 37, 1394 (1925).
? Boehner and Andrews, TH1S JOURNAL, 38, 2503 (1916); Boehner and Ward,
7bid., p. 2505.
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Whether or not ketene and methyl ketene were pyrolytic products can-
not be answered. If they were, they never persisted in the gases when a
condenser (to remove amide, etc.) was inserted between the hot tube and
the cold aniline. To establish whether or not an amide as such could react
with aniline, benzamide was passed through the hot tube and thence into
cold aniline. In this case there exists no possibility of deammonation into
a ketene, yet a 339, yield of benzanilide was obtained. ‘While this does
not eliminate the possibility of ketenes as intermediates in the case of
acetamide and propionamide, certainly they are not essential intermediates
for anilide formation.

Experimental Part

Liquid Phase Experiments.—When 15 cc. of aniline was left for four hours with 5
g. of either acetamide, propionamide or isobutyramide® and then distilled at 20 mm.
until the aniline and amide were removed, no residue of the anilide remained. Heating

TaBLE I
DatA FOR Hotr TUBE REACTIONS OF AMIDES
Inner Hot
diam. Dura- contact
Temp., Amide, g. tube, tion, time, Nitrile, Water, Anilide,
+5°C. Taken, Recov. cm. min. sec. g % g. g- %
Acetamide
505 50 33 2.2 20 3.4 6.3 53.5 .. 10.6 27.2
510 50 24.5 1.6 17 2.5 9.5 51.6 4.0 17 28.1
505 50 12.1 1.6 62 8.8 15.7 59.6 9.3 25 28.8
550 50 9.8 1.6 33 4.5 20 71.6 11.6 18 19.5
600 50 14.5 1.6 16 1.8 20.5 83.3 9.3 8.5 10.4
650 50 3.0 1.6 23 3.2 27.6 84.5 14.8 2.8 2.6
710 50 0.0 1.6 16 1.8 24.2 69.8 13.1 7.5 6.6
710 50 0.0 1.6 21 2.4 24.5 70.6 13.3 1.5 1.3
Propionamide
505 40 17.5 1.1 12 0.9 2.5 14.8 1.0 22.5 49.1
500 75 35.5 1.6 20 2.5 5.5 18.5 2.5 36.5 45.3
500 40 16.0 1.6 8 1.8 3.0 16.6 1.0 24.0 49.0
530 50 32.5 2.2 25 5.1 7.0 53.1 4.2 10.0 28.2
545 40 18.0 1.1 10 0.7 5.5 33.2 2.0 20.5 45.6
560 50 22 2.2 15 2.9 12.0 57.0 5.1 14.0 24.5
645 50 5 2.2 90 16.0 12.5 36.9 11.0 2.5 2.7
Isobutyramide
510 50 47.8 1.6 20 4.2 Trace Trace Nil 0.0
650 50 12.5 1.6 20 3.6 20.0 67.5 8.0 Trace 0.0
Benzamide

500 50 6.2 1.6 16 5.1 22.1 59.2 .. 23.5 33

$ By stirring a mixture of ethyl isobutyrate (250 g.) and concd. ammonium hy-
droxide (1 liter), an 80%, yield of isobutyramide resulted in fifty days, whereas the yield
was negligible in five days.
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the mixtures for an hour at 100° prior to distillation gave no acetanilide or isobutyranilide
but yielded a minute quantity of propionanilide. Reaction was produced by refluxing.
When equal weights (20 g. each) of aniline and the three amides (three separate experi-
ments) were refluxed for forty minutes, ammonia was evolved. Distillation at at-
mospheric pressure to 240° revealed a 13.7%, yield of acetanilide, a 179, yield of pro-
pionanilide and a 5%, yield of isobutyranilide: RCONHjy 4 CsH;NH; —> RCONHC:H,
<+ NH,.

Reaction of Cold Aniline with Hot Amide Vapors.—Each amide was distilled in
turn into a quartz or Pyrex combustion tube, packed with porcelain chips, which was
heated by an electric furnace. A slow stream of nitrogen was blown through the sys-
tem to maintain a uniform flow of the vapors. Experiments were performed at tem-
peratures varying from 400 to 800°, the temperature being measured by a thermocouple
placed inside of the tube. The thermocouple wires were encased in a sealed-off piece of
Pyrex tubing. The vapors passed from the hot tube into a flask containing an excess of
ice-cold aniline. Any carbon which formed was burned from the tube at the end of each
run.

Distillation methods were used in working up the contents of the aniline solution.
The nitrile and water were taken off below 105°. Aniline was then collected to 200°
and the original amide between 200-240°, For the most part, the residue was the ani-
lide, which was recrystallized from water.

The details of seventeen out of seventy-five experiments have been collected in
Table I. Less than a liter of gases, collected over water, was formed in the 500° experi-
ments. At 800°, the volume was 5 to 6 liters. Carbon monoxide was present, together
with lesser amounts of carbon dioxide and methane.

Summary

Amides do not react with aniline at room temperature or at 100° but
refluxing for an extended period gives rise to small yields of anilides.
Amide vapors issuing from hot tubes were found to react with cold aniline
to give fair yields of anilides. These results were obtained with acetamide,
propionamide and benzamide, but isobutyramide gave almost negligible
yields in all cases. The possibility of ketene formation from amides was
discussed.

EvansToN, ILLINOIS
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STEREOCHEMISTRY OF DIPYRIDYLS. PREPARATION AND
RESOLUTION OF 2,4,2’,4’-TETRACARBOXY-6,6'-DIPHENYL-3,3'-
DIPYRIDYL. XX»?

By E. H. WoODRUFF AND ROGER ADAMS

RECEIVED DECEMBER 19, 1931 PuBLISHED MAY 7, 1932

The extension of the study of optical isomerism in certain substituted
diphenyls to other binuclear ring systems has already been accomplished
in certain cases, notably the N-phenylpyrroles, the N,N’-dipyrryls, and
the phenylquinones. However, attempts to obtain optically active com-
pounds with a phenyl and a heterocyclic ring linked through a —C—C—
linkage have thus far met with failure.

Steele and Adams? and Lions* have reported several unsuccessful at-
tempts to resolve a —C—C— linked phenylpyridine. In spite of this fact
it still seemed probable that with correctly selected groups in the o-posi-
tions, especially if all four positions are substituted, compounds might be
found which could be resolved.

In this communication the study of a substituted dipyridyl is reported.
There are six types of dipyridyls containing —C—C—linkage. The un-
substituted compounds are all known.®

N

Mo oNoNs!
R

I II

If such molecules are analogous to diphenyl compounds, it might be an-
ticipated that resolvable compounds of Type I and possibly of Types IV
and V might not exist unless, perhaps, the nitrogen atoms were converted
to quaternary ammonium groups.
A compound of the general type (II) has been prepared and resolved

into optically active isomers. It is 2,4,2’,4'-tetracarboxy-6,6’-diphenyl-

1 This communication is an abstract of a thesis submitted by E. H. Woodruff in
partial fulfilment of the requirements for the Degree of Doctor of Philosophy in Chem-
istry at the University of Illinois.

2 The previous papers in this field are: Bock and Adams, Tuis JourNaL, 53,
3519 (1931); Hill and Adams, ¢bid., 53, 3453 (1931).

3 Steele and Adams, bid., 52, 4528 (1930).

4 Lions, 1bid., 53, 1176 (1931).

§ C. R. Smith, THIS JOURNAL, 46, 414 (1924).
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3,3’-dipyridyl (VII). The active forms have rotations, [a]p -+6.1°,
[alp —5.9°, and readily racemize upon warming in alcohol solution.
It would appear, then, that the resistance to free rotation between the rings
is very slight. It is probable that the interfering effect of two of the car-
boxyl groups is partially diminished due either to the smaller size of the
ions found because of the presence of the basic nitrogen, or to the electrical
characteristics of the ions or to the distortion of the forces on account of the
internal neutralization of the carboxyl and the nitrogens. It is quite proba-
ble, moreover, that the character of a pyridine ring as regards conditions
necessary for resolution of phenylpyridines and dipyridyls is different from
that of benzene. Such a dipyridyl as has been described in this communica-
tion is quite analogous to a diphenyl of the formula 2,6,2,6-tetracarboxy-
3,3’-diaminodiphenyl (VIII) which has not yet been prepared. By past
cl:GHﬁ

N NH,
HOOC! COOH HOOC COOH

|

HOOC, COOH HOOC COOH
N H,

I
CeH;

VII VIII
experience it would be expected that any ortho-tetracarboxydiphenyl with
the two rings asymmetrically substituted but without other complicating
factors should be relatively stable to racemization. However, in the
diamino derivative the interfering effect of the two carboxyls adjacent to
the two amines might be lessened to such an extent that the active com-
pound would racemize readily.

The 2,4,2',4'-tetracarboxy-6,6’-diphenyl-3,3’-dipyridyl was synthesized
by the following reactions. p-Phenylenediamine was condensed with
benzaldehyde and pyruvic acid to 1,10-dicarboxy-3,8-diphenyl-4,7-
phenanthroline. Although the exact structure of this compound was not
determined, the conclusion that both nitrogen rings closed toward each
other in the position indicated is supported by the results of previous in-
vestigators,® who have proved that the unsubstituted phenanthroline
made from p-phenylenediamine by the Skraup synthesis has the pyridine
rings closed on the same side of the benzene ring. Moreover, the other
isomeric phenanthroline could hardly be expected to oxidize to a tetrabasic
acid.

Upon oxidation of the phenanthroline with potassium permanganate,
the tetracarboxydipyridyl was obtained and resolved through the di-

¢ D6bner and Ferber, Ann., 281, 16 (1804).
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et CeHs
NH N )
! COOH
2CsH;CHO "Hoocl  Jcoon
+ 2CH;COCO0
H >
8
COOH HOOC \COOH
NH,
N N
I
+Hs CoHo

brucine salt. The chief difficulty involved was the isolation of the product
due to the fact that the phenanthroline and tetracarboxydipyridyl are both
acidic in character and rather similar in solubility. :

Experimental

1,10-Dicarboxy-3,8-diphenyl-4,7-phenanthroline.—To 55 g. of p-phenylenediamine
dissolved in 1 liter of boiling 95% alcohol in a 2-liter beaker was added 106 g. of benzalde-
hyde. The solution was then allowed to cool slightly until the Schiff base started to
separate in the form of green-golden plates. The solution was then reheated to boiling
and 88 g. of freshly prepared pyruvic acid was added with stirring over a period of five
minutes in 10-cc. amounts. The reaction mixture boils violently so that the addition of
pyruvic acid should not be too rapid. The solution, now deep red in color, was evapo-
rated on a hot-plate to a total volume of 300400 cc., when it was poured into a hot solu-
tion consisting of 60 g. of potassium hydroxide in 1500 cc. of distilled water. The solu-
tion was further evaporated until the volume reached about 1000 cc. in order that all
of the alcohol would be removed. Then 1 liter of water was added and the solution was
allowed to cool and stand. The by-product separated as a tar which solidified when
cool. The solution was then filtered through norite. (This solution can now be used
without further purification for the oxidation subsequently described.)

The isolation of the substituted phenanthroline was accomplished by heating the
solution to 80-90° and acidifying with dilute hydrochloric acid. The product separated
immediately in a crystalline condition and was filtered. If the solution was acidified
when cold, the phenanthroline precipitated in an amorphous condition and was filtered
and dried only with difficulty. The yield was 90-110 g. (42-50%,).

Purification was accomplished by redissolving in a liter of hot potassium hydroxide
solution (containing 40 g. of solid potassium hydroxide), filtering and reprecipitating
with hydrochloric acid while hot. After cooling and filtering, the product could be
crystallized from alcohol as follows. The dried material was dissolved in 300 cc. of hot
959, alcohol and filtered. It was then cooled in ice and salt and a small amount of
material separated. The major portion did not appear until cooled to the temperature
of a carbon dioxide—ether mixture. The product from alcohol is a deep brick red after
it is dried and finely divided; yield 42 g. It may also be recrystallized from water,
from which it separates as a bright scarlet material. The melting point is 250.5-251.5°,
with decomposition.

Anal. Caled. for CosHi1gO:Ns: C, 74.26; H, 3.84; N, 6.66. Found: C, 74.20;
H, 4.13; N, 6.68.

The di-silver salt of this compound was also prepared. A small amount of the acid
(0.5-1.0 g.) was dissolved in 25 cc. of water containing a few drops of concentrated
aqueous ammonia. The solution was then boiled to expel the excess ammonia and fil-
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tered into a hot aqueous solution of silver nitrate. The di-silver salt separated as a
yellow flocculent precipitate which was filtered with suction, washed with hot water and
then with hot acetone.

Amnal.  Caled. for CysH1sON2Ags: Ag, 34.04. Found: Ag, 33.60.

2,4,2',4"-Tetracarboxy-6,6'-diphenyl-3,3’-dipyridyl.”—A solution of 21 g. of 1,10-
dicarboxy-5,8-diphenyl-4,7-phenanthroline in 6 g. of potassium hydroxide, dissolved in 1
liter of water, was placed in a 2-liter beaker. Cracked ice was added to cool the solution
to 10-15°, at which point a solution of 30 g. of potassium permanganate in 400 cc. of hot
water was added with rapid stirring. This caused the temperature of the solution to
rise to 20-25°. If the oxidation was carried out below this temperatrre, the man-
ganese oxides formed did not coagulate properly and made filtration difficult. The
solution was allowed to stand for one hour, after which time it was heated on a steam cone
to coagulate further the oxides of manganese. After standing, the oxides settled and
about one-half of the liquid could be decanted before filtration. )

The filtered solution was placed in a large porcelain evaporating dish and was acidi-
fied with concentrated nitric acid to Congo red paper. The solution was then evapo-
rated to dryness on a steam cone and the crude acids were extracted from the salt with
acetone. The acetone solution, after filtration, was evaporated to dryness and the last
traces of solvent removed in a vacuum desiccator. The dry product was boiled with
300 cc. of ethyl acetate and the hot solution filtered into 900 cc. of petroleum ether
(b. p. 65-110°).

The precipitate was filtered with suction and partially dried by allowing the air to
pass through for about fifteen minutes. This solid was then redissolved in 100 cc. of
boiling ethyl acetate and the procedure repeated. This was again done, using about
50 cc. of ethyl acetate. This series of precipitations serves to remove the phenanthro-
line, which is only slightly soluble in ethyl acetate.

The removal of the last traces of solvent can be accomplished by a final drying in an
Abderhalden dryer over phosphorus pentoxide at a temperature of 100° (water). About
7.5 g. of product was obtained as a light yellow powder, which decomposes without melt-
ingat 181°.

Amnal. (Micro). Caled. for CpeH160sN,: C, 64.44; H, 3.33: N, 5.78. Found: C,
64.13, 64.24; H, 3.51, 3.41; N, 5.16.

Resolution of 2,2,4,4’-Tetracarboxy-6,6’-diphenyl-3,3’-dipyridyl.—Two methods of
resolution were used. The first was more extensively studied but the second proved
much the simpler of the two.

First Method.—A solution of 4.84 g. (0.01 mole) of the tetracarboxydipyridyl in 200
cc. of ethyl acetate and a solution of 7.88 g. (0.02 mole) of brucine in 200 cc. of ethyl ace-
tate were mixed together in a 2-liter beaker. Sufficient ethyl acetate was then added to
dissolve almost completely the brucine salt. The hot solution was filtered, cooled and
the precipitated salt filtered out by means of a Gooch crucible. About 0.5 g. was
usually obtained.

Rotation. 0.2205 g. made up to 50 cc. with chloroform at 20° gave ap, —0.02 = 0.01°;
1=1; [a]¥ —4.9°

This precipitate was extracted several times with 100-cc. portions of hot ethyl ace-
tate, but neither the residue nor the salt which separated on cooling showed any change in
rotation.

The filtrate from the 0.5 g. of salt from the original solution was then concentrated
and various fractions as they precipitated were filtered. This was continued until a
volume of 50 cc. was reached when no more salt could be obtained in a solid condition

7 Skraup and Vortmann, Monaish., 4, 583 (1883).
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upon cooling the solution. - These intermediate fractions were worked up for less soluble
and more soluble salt by the process just discussed.

Upon evaporating the 50 cc. to dryness and removing the last traces of solvent by
suction, the more soluble salt was obtained in a dry powdery form. Generally less than
a gram was obtained.

Rotation. 0.1136 g. made up to 20 cc. with chloroform at 20° gave ap, —0.20 =0.01°;
l=1; [«]® —35.8°

Second Method.—To a solution of 9.682 g. (0.02 mole) of the acid in 200 cc. of ethyl
acetate was added 7.88 g. (0.02 mole) of brucine in 100 cc. of ethyl acetate. A precipi-
tate (8.7 g.) was obtained which decomposed without melting at 202-207°. It was
purified by boiling with ethyl acetate to dissolve any more soluble salt which had ad-
hered.

Rotation. 0.1400 g. made up to 50 cc. with chloroform at 20° gave ap, —0.01 = 0.01°;
l1=1; [a]%® —3.5°.

Upon the addition of another 7.88 g. (0.02 mole) of brucine in 100 ce. of ethyl ace-
tate, 1.9 g. more of precipitate was obtained which apparently was a less soluble form.

Rotation. 0.1623 g. made up to 50 cc. with chloroform at 20° gave ap —0.046 =
0.01°% I = 1; [a]® —5.6°.

The solution was then evaporated to 50 cc., whereupon 14 g. of salt had precipitated.

Rotation. 0.1916 g. made up to 20 cc. with chloroform at 20° gave ap —0.19 ==0.01°;
1=1; [a]3 —19.8°

The last 50 cc. was evaporated to dryness and 8 g. of more soluble salt was obtained.
It turns brown at 155-160° and melts with decomposition at 180-184°.

Rotation. 0.1500 g. made up to 20 cc. with chloroform at 20° gave ap, —0.26 = 0.01°;
1=1; [a]® —34.7°.

By extracting the 14 g. of intermediate fraction with 50-cc. portions of the ethyl
acetate, 1.5 g. of the more soluble salt was readily obtained having [«]?® —35°.

Anal. Caled. for CHesNgOie: N, 6.69. Found: for less soluble salt, N, 6.61;
for more soluble salt, N, 6.66.

d and 1-2,2'-4,4'-tetracarboxy-6,6'-diphenyl-3,3’-dipyridyl.—Three grams of the
salt [@]¥ —5.0° was triturated in a small porcelain mortar with ice-cold, §% hydro-
chloric acid, filtered and washed with distilled water. After partially drying, the pro-
cedure was repeated. The acid was then taken up in ice-cold, very dilute sodium hy-
droxide and shaken three times with 100-cc. portions of chloroform. The solution was
filtered into cold dilute hydrochloric acid. (The procedure occupied about twenty
minutes up to this point.) The free acid separated and was filtered and washed with
distilled water and dried over phosphorus pentoxide 4z vacuo at room temperature.
About 0.8 g. of the acid (entirely free from brucine) was recovered from the 3 g. of salt.

Rotation. 0.0896 g. made up to 20 cc. with acetone at 20° gave ap +0.035 = 0.01°;
1=1; [a]® +7.8° 0.1628 g. made up to 20 cc. with 95% alcohol at 20° gave ap

+40.05 =0.01° I =1; [a]?® +6.1°.

The same procedure was followed with the more soluble salt. The yield of free acid
was less from this fraction. :

Rotation. 0.0677 g. made up to 20 cc. with 959, alcohol at 20° gave ap —0.04 =
0.01° I = 2; [a]%® —5.9°

Anal. Caled. for CysHisN2Os: N, 5.78. Found: for +6.1° acid, N. 5.16; for
—5.9° acid, N, 5.08.

Racemization Tests.—0.3705 g. made up to 50 cc. with 95%, aleohol at 20° gave
ap +0.04 =0.01°; I = 1; [«]%® +5.4°. The solution wasallowed to stand at room tem-
perature for twenty hours (T" = 33-35°). ap +0.02=0.01°; [a]p +2.7°.
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The solution was then boiled for fifteen minutes, after which the rotation was 0.
Due to the deep color of the sodium salt, no rotation could be observed on account
of the extreme dilution which was necessary before light would pass through the tube.

Summary

1. 2,4,2'4'-Tetracarboxy-6,6’-diphenyl-3,3’-dipyridyl has been pre-
pared by the oxidation of 1,10-dicarboxy-3,8-diphenyl-4,7-phenanthroline.
This in turn was prepared by the condensation of p-phenylenediamine with
benzaldehyde and pyruvic acid.

2. The dipyridyl was resolved through the brucine salt. The active
acid was readily racemized by warming for a short time in ethyl alcohol.

URBANA, ILLINOIS

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OF ILLINOIS |

THE PREPARATION OF VARIOUS OMEGA-CYCLOHEXYL ALKYL
AMINES AND THEIR BACTERICIDAL ACTION TO
MYCOBACTERIUM LEPRAE. XXII!

By GeraALD H. COLEMAN AND ROGER ADAMS
RECEIVED DECEMBER 21, 1931 PUBLISHED May 7, 1932

In one of the earlier papers? describing the preparation and bactericidal
properties of various aliphatic acids, it was demonstrated in the case of
chaulmoogric acid (I) that the carboxyl group could be replaced by a
—CH,N(C;Hj5), group and the product (II) still had bactericidal properties.

| >cr—(cmy.—coon | DCH—(CHy)—CHN(CiHy)
I 1I
The present investigation involved the synthesis of a series of w-cyclohexyl-

alkyl tertiary amines of varying molecular weight and of the general
formula (III).

CH, CH,
oI CH, CH—(CHp),—NR, R = CiHs CiH;or CH,
x=1tob
CH; CH,

These compounds correspond essentially to the series of acids described
in earlier papers.

The bacteriological study was made with the same strain of Mycobac-
tertum leprae used with the acids. The amines were made into the hydro-
chloride salts and tested in the same manner as the sodium salts of the
acids.”™ The table (I) of results is given below.

The conclusions are very definite. The bactericidal value is dependent,
in part at least, on molecular weight just as in the acids. It is obvious

1 For the last three papers in this series see (a) Stanley, Coleman, Greer, Sacks
and Adams, J. Pharmacol. (June, 1932); (b) Stanley and Adams, THIS JOURNAL,

54, 1548 (1932); (c) Greer and Adams, 7bid., 52, 2540 (1930).
2 Sacks and Adams, ¢bid., 48, 2395 (1926).
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TaBLE I

CYCLOHEXYL SUBSTITUTED AMINES, CeH 1 (CH;)NRe-HCI
Dilution of hydrochloride salts in thousands
20 2 1 2
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o
-
o
]
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(=3
[=}

C¢H;;NH,-HCl

CeHy CH,NH,-HCl
CeHu (CHz)zNHz‘HCl
CeHuN(C,H;)"HC1
CeH CH,N (CoH)o-HCL
CeHi1 (CH2)sN (CoHy)2 HCI
CeHu (CH,)N(CoH;) HCI
CeHu(CH:)N (CoH;): HCl
CeHu (CH2)eN (CHs) HCl
CeHu(CH) N(CH7)sHCl — —  —
CeHp (CHy) N(CHg)eHCL — — —  —
CeHpu(CHy):N(CsH7)sHCL — — — — — —
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from the table that the molecules containing fifteen to eighteen carbon
atoms show marked bactericidal action, but the action is insignificant or
ail in the smaller molecules. The distribution of the carbon atoms in the
cyclohexylalkyl residue or in the alkyl groups has, apparently, very little
effect.

Presumably the proper combination of physical properties exists in these
amine salts as in the salts of the acids. From these results it would appear
that the carboxyl group and the amine group in bactericidal compounds of
equal molecular weight may be interchangeable, though the bactericidal
value of the amines is less than in the corresponding acids.

The amines were prepared by condensing the proper bromide with the
secondary amines and the hydrochlorides were formed by precipitation
with dry hydrogen chloride from a dry ether solution of the bases. The
intermediate bromides were the same as those used in the synthesis of
w-cyclohexylalkyl aliphatic acids.?

Experimental

Cyclohexylamine was prepared according to the method of Hiers and Adams,*
b. p. 132-133°; hydrochloride salt, after crystallization from chloroform and petroleum
ether, m. p. 202°.

Cyclohexylmethylamine,ﬁ b. p. 159.5-160°; hydrochloride salt after crystallization
from chloroform and petroleum ether, m. p. 252-253°.

B-Cyclohexylethylamine® was prepared from cyclohexylethyl bromide. A mixture
of 10 g. of cyclohexylethyl bromide and 9.8 g. of potassium phthalimide was refluxed
in a 100-ce., round-bottomed flask at 230-250 °for seven hours. The mixture was cooled
and extracted with 125 cc. of absolute alcohol. After evaporating the alcohol, the prod-
uct was refluxed for one-half hour with 50 cc. of 109, potassium hydroxide solution and
then for one-half hour after the addition of 10 cc. of concentrated hydrochloric acid.

s Hiers and Adams, THIS JOURNAL, 48, 2385 (1926).
4 Hiers and Adams, Ber., 59, 162 (1926).
s Wallach, Ann., 353, 297 (1907).
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The solution was cooled, made alkaline, and ether extracted. The base was dried and
distilled and converted to the hydrochloride; hydrochloride salt, m. p. 245-246°. )

Cyclohexyldiethylamine was prepared by the method of Sabatier and Senderens:8
b. p. 56-57° at 5 mm.; n% 1.4560; d350.8445; hydrochloride from benzene and petro-
leum ether, m. p. 152-153°.

General Method of Preparation of Amines and their Salts.—About 20 g. of bromide
was mixed with three molecular equivalents of dialkyl amine and allowed to stand at
room temperature. Crystals of hydrobromide separated. About 100 cc. of water
was added and the solution, after acidification with hydrochloric acid, was ether ex-
tracted to remove unreacted bromide, then made alkaline and again ether extracted to
remove the product. The base was dried with solid potassium hydroxide, then with
metallic sodium and fractionated.

The hydrochlorides were prepared by dissolving the amines in dry ether, precipi-
tating by passing in dry hydrogen chloride and recrystallizing the crude products from a
suitable solvent. Excess of hydrogen chloride should be avoided ; otherwise the hydro-
chlorides may separate as oils. These oils may be converted into crystalline products
by evaporating the solvent, adding chloroform, re-evaporating, and recrystallizing with
or without the addition of a second solvent such as petroleum ether.

TaBLE IT
«-CYCLOHEXYLALKYL TERTIARY AMINES, CgHj (CH.)N(C;Hs),
» o o Time of standing in
X = B. p., °C. D 26 preparation, weeks
1 73-75 (3.5 mm.) 1.4551 0.8361 5
2 81-82 (3 mm.) 1.4582 .8421 4
3 95-98 (3 mm.) 1.4587 .8392 2
4 109-111 (3 mm.) 1.4613 .8414 2
5 124-126 (3 mm.) 1.4620 .8445 4
w-Cyclohexylalkyl Tertiary Amine Hydrochlorides, CsH 11 (CH,).N (CHj),-HCl
Solvent for Calculated Chlorine, %
X = M. p., °C. recrystallization for aled. Found
1 168-168.5 Benzene and ether CuHN-HCl 17.28 17.30
2 155-156 CHCI; and CCly Ci1eH:N-HCl 16.18 16.19
3 123-124 CCly and pet. ether CisHpyN-HCl 15.20 15.06
4 132-133 Abs. alc. and ether Ci14HN-HC1 14.34 14.35
5 133-134 Abs. alc. and ether CisHy N-HCl 13.58 13.58
6 128-129 Abs. alc. and ether CiH3;N-HC1 vee ces
TaBLE IIT
&-CYCLOHEXVYLALKYL TERTIARY AMINES, CeH1;(CH,).NR;
. B Time of standing
X = R = B. p., °C. D 25 in preparation
4 n-CyH; 119-121 (2 mm.) 1.4598 0.8427 4 days
4 n-C4Hy 135-138 (1.5 mm.) 1.4617 .8441 4 days
5 n-CsH; 143-144 (2.5 mm.) 1.4628 . 8489 4 weeks
w-Cyclohexylalkyl Tertiary Amine Hydrochlorides, CsHy (CH,),NRy-HC1
Solvent for Caled. Chlorine, %
R = M. p., °C. recrystallization for Caled. Found

n-CyHg 91-91.5  Abs. alc. and ether CisHg:N-HCl 11.70 11.76

X =
4 n-CH; 120-121 Abs. ale. and ether CieHsN-HC1 12.89 13.02
4
5 n-CH; 103-104 Abs. alc. and ether C1:HgN-HC1 12.27 12.30

® Sabatier and Senderens, Compt. rend., 138, 1258 (1904).
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Summary

It has been shown that w-cyclohexylalkyl amines of the general formula
CeHu(CH,),NR; are bactericidal to B. leprae providing the molecules
have the proper molecular weight. The compounds should contain
fifteen to eighteen carbon atoms just as found necessary in the various
acids already tested, distribution of the carbon atoms having very little
effect.

URrBANA, ILLINOIS

[CONTRIBUTION FROM THE CHEMICAL LABORATORIES OF THE UNIVERSITY OF NORTH
CAROLINA AND SYRACUSE UNIVERSITY]
THE IDENTIFICATION OF MERCAPTANS WITH
2,4-DINITROCHLOROBENZENE

By R. W. Bosr, J. O. TurNER AND R. D. NORTON
RECEIVED DECEMBER 21, 1931 PUBLISHED MAY 7, 1932

Due to the increasing interest shown in mercaptans and due to the
paucity of good reagents whereby they may be identified, it seemed desir-
able tostudy methods for their identification. Numerous mercap-
tides®% have been prepared. Purification of these is not always easy
and certain of the mercaptides are frequently unstable.* Wertheim!
has proposed 3,5-dinitrobenzoyl chloride and also 3-nitrophthalic anhydride
as reagents for mercaptan identification. The use of these reagents is
restricted, due to the close proximity of the melting points of certain of
their derivatives. Reid® and his co-workers have suggested the use of
sodium anthraquinone a-sulfonate and also sodium anthraquinone 1,5-
and 1,8- disulfonates, although the sulfonic group could not be replaced
with phenyl mercaptan. The time required for these reactions to go to
completion varies from a few minutes to several hours, while in certain
cases several products are obtained.

In this paper the authors propose 2,4-dinitrochlorobenzene as a new
reagent for the identification of mercaptans. It rapidly forms solids with
all mercaptans thus far studied. The reagent is inexpensive, it is stable,
and gives excellent yields of stable derivatives which are easily purified,
having sharp melting points and definite crystalline structure. In no case
was it necessary to heat the reactants for over ten minutes. The reagent
is unique in that it forms solid sulfides that can be rapidly oxidized to the
corresponding sulfones, thus ensuring complete identification in a remark-
ably short time. ,

1 Wertheim, THIs JOURNAL, 51, 3661 (1929).
2 Bennett, J. Chem. Soc., 121, 2139 (1922).
3 Schacht, Ann., 129, 1 (1864).

¢ Borgstrom, Ellis and Reid, TrIs JOURNAL, 51, 3649 (1929).
s Reid, Mackall and Miller, ibid., 43, 2108 (1921).
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Experimental

Preparation of Sulfide.—The general procedure used to make the condensation
products with 2,4-dinitrochlorobenzene was carried out as follows. 0.01 Mole of the
mercaptan was added to 30 ml. of absolute alcohol in the case of liquid mercaptans; in
the case of solid mercaptans, the smallest amount of hot alcohol necessary to dissolve
it was used. The sodium mercaptide was made by adding 0.01 Mole of sodium hydroxide
dissolved in 3 ml. of water to the mercaptan solution. 0.01 Mole of 2,4-dinitrochloro-
benzene was dissolved in 10 ml. of absolute alcohol in a 100-ml. balloon flask and the
alcoholic solution of the sodium mercaptide added to the flask containing the reagent.
At this point many mercaptans react almost instantly, as shown by the generation of
heat and the precipitation of the sulfide. To ensure complete reaction the mixture was
refluxed on the steam-bath for ten minutes. The hot solution was quickly filtered,
whereupon the sulfide crystallized in beautiful golden-yellow needles from the filtrate on
cooling. The product was recrystallized from absolute alcohol until a constant melting
point was obtained. As a general rule the melting point was not raised after one re-
crystallization except in the case of iso-mercaptans. It has been found best to use a
slight excess of mercaptan. This prevents the formation of a reddish-brown solution
caused by an excess of sodium hydroxide which might affect the purity of the final
product.

The melting points of the sulfides are given in Table I. In certain cases the melting
points of the sulfides are not far enough separated to ensure complete identification.
Thus further to ensure the identity of the mercaptan, the sulfide was converted into the
sulfone by oxidation with potassium permanganate in acid solution at room temperature.

TaABLE I
DERIVATIVES OF MERCAPTANS WITH 2,4-DINITROCHLOROB ENZENE
Analysis for Analysis for

M. p., °C. sulfur, % M. p., °C. sulfur, %,
Mercaptan (corrected) Caled. Found Mercaptan (corrected) Caled. Found
Methyl 128 14.97 14.84 Octyl 78 10.27 10.12
Ethyl 115 14.05 14.11 Nonyl 86 9.83 9.38
n-Propyl 81 13.25 13.36 Cetyl 91 7.60 7.50
Isopropyl 94.5 13.25 13.47 Thiophenol 121 11.57 11.71
n-Butyl 66 12.51 12.54 p-Thiocresol 103 11.05 11.05
Isobutyl 76 12.51 12.76 Benzyl 130 11.05 11.08
n-Amyl 80 11.87 11.76 Phenylethyl 89.5 10.54 10.51
Isoamyl 59 11.87 11.88 Thienyl 119 22.61 22.72
Hexyl 74 11.28 11.02 Furfural 130 11.43 11.68
Heptyl 82 10.75 10.88 Biphenyl 146 9.09 9.21

Preparation of Sulfone.—0.01 mole of the sulfide was dissolved in just enough
glacial acetic acid to put it into solution. In cases of difficultly soluble sulfides, solution
may be facilitated by gentle warming. The solution was treated with 509 excess of the
calculated amount of potassium permanganate dissolved in thirty times its weight of
water to form the sulfone., The permanganate was added, with shaking, as fast as it was
decolorized. Some of the less soluble sulfides have a tendency to precipitate on addition
of the aqueous solution of the permanganate. In such cases, a slight excess of acid
should be added to keep it in solution and ensure complete oxidation. When all the per-
manganate had been added, the excess was removed by treating with a solution of sul-
furous acid at room temperature, avoiding an excess of the reagent. In most cases the
sulfone occurs in the form of a colorless precipitate at this point. In cases where it is
only incompletely precipitated at this point, two or three volumes of cracked ice is added.
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The sulfone is filtered, dried and recrystallized from absolute alcohol. In a few cases
purification was facilitated by the use of charcoal. Usually one recrystallization is
sufficient. The sulfones are colorless needles having sharp melting points. Data on
these compounds are found in Table IT.

TaBLE 11

SULFONES OF 2,4-DINITROPHENYL THIOETHERS
Analysis for Analysis for

M. p., °C. sulfur, % M. p., °C. sulfur, %

Sutfone (corrected) Caled. Found Sulfone (corrected) Calced. Found
Methyl 189.5 13.00 12.87 Heptyl 101 9.69 9.81
Ethyl 160 12.30 12.67 QOctyl 98 9.30 9.31
n-Propyl 127.5 11.68 11.78 Nonyl 92 8.93 8.86
Isopropyl 140.5 11.68 11.55 Phenyl 161 10.38 10.40
n-Butyl 92 11.11 11.05 p-Cresyl 189.5 9.93 9.89
Isobutyl 105.5 11.11 11.04 Benzyl 182.5 9.93 9.90
n-Amyl 83 10.59 10.70 Phenylethyl 133.4 9.52 9.56
Isoamyl 95 10.59 10.69 Thienyl 143 20.38 20.14
Hexyl 97 10.12 10.22 Biphenyl 170 8.33 8.61

The above sulfides and sulfones may be prepared on a much smaller scale using
0.001 molar quantities of the reactants in the proportionate amounts of solvent and
carrying out the reactions in test-tubes. Where only enough of the sulfide or sulfone is
desired for a melting point, this procedure may be followed with gratifying results.
Under ordinary conditions, the conversion of the mercaptan into the sulfide and thence
into the sulfone may be accomplished in twenty to twenty-five minutes, although with a
higher degree of technique it is possible to carry out the reactions in even shorter time.

Summary

1. 2,4-Dinitrochlorobenzene readily reacts with sodium mercaptides
to form alkyl and aryl dinitrophenyl thioethers.

2. The dinitrophenyl thioethers are easily oxidized to the corresponding
sulfones by potassium permanganate in acetic acid solution.

3. 2,4-Dinitrochlorobenzene is strongly recommended as a reagent for
mercaptans.

Cuaprer HiLL, NOrRTH CAROLINA
Svracuse, NEw YORK
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[CoNTRIBUTION FROM THE INSECTICIDE DIVISION, BUREAU OF CHEMISTRY AND SoiLs]
ROTENONE. XX. THE STRUCTURE OF TUBAIC ACID

By H. L. HALLER AND F. B. LAFORGE

RECEIVED DECEMBER 24, 1931 PuBLISHED Mav 7, 1932

In a brief note recently published in THIs JOURNAL! it was reported that
on catalytic hydrogenation tubaic acid (C;2H;20,) yields a mixture of dihy-
drotubaic (C;H14O4) and tetrahydrotubaic (CisHysO4) acids. The latter
was stated to be 2,4-dihydroxy-3-isoamylbenzoic acid, and its relation to
tubaic acid was indicated. The present paper presents the experimental
evidence for these statements.

Tetrahydrotubaic acid is practically insoluble in cold chloroform, in
alcoholic solution it gives a violet color with ferric chloride, and it is opti-
cally inactive. It readily forms a diacetyl derivative (Ci;sHyOs) and a
monomethoxy acid (C;3H;30s). The monomethoxy acid resists further
methylation. When heated to its melting point the tetrahydro acid loses
carbon dioxide, forming an alkyl resorcinol.

The fact that tetrahydrotubaic acid is practically insoluble in cold
chloroform, in contrast to tubaic and dihydrotubaic acids, which are
soluble in this solvent, suggests that tetrahydrotubaic acid contains an
hydroxyl group para to the carboxyl group, as para hydroxy acids are in-
soluble in cold chloroform.?

Tubaic acid is optically active, but isotubaic acid (C12H1204), which
differs from tubaic acid in the position of a double bond, is .optically in-
active. The resolution of dihydroisotubaic acid,® the levo form of which
is identical with dihydrotubaic acid, proves that the isomerization of tubaic
acid to isotubaic acid is due to the migration of a hydrogen atom originally
attached to an asymmetric carbon atom. It follows, therefore, that the
asymmetric carbon atom in tubaic acid possesses one hydrogen atom.

Tetrahydrotubaic acid also is optically inactive, indicating that one of its
hydroxyl groups is formed by the opening of a ring containing an indifferent
oxygen atom which is attached on one side to an asymmetric carbon atom.
The disappearance of the optical activity of tubaic acid on drastic hydro-
genation, as well as in the isomerization of tubaic to isotubaic acid, is proof
that tubaic acid has but one asymmetric center.

Diacetyltetrahydrotubaic acid, which is easily obtained from the tetra-
hydro acid by the action of acetic anhydride and sodium acetate, is con-
verted into a monoacetyltetrahydrotubaic acid when it is refluxed in a

1 Haller and LaForge, TH1S JOURNAL, 53, 4460 (1931).
? Meyer, “Analyse und Konstitutionsermittlung organischen Verbindungen,”

5th ed., 1931, p. 418.
3 Butenandt and Hildebrandt, Ann., 477, 245 (1930); Takei, Koide and Miyajima,

Ber., 63, 1369 (1930).
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solution of potassium acetate in absolute alcohol. In alcoholic solution
this monoacetyl derivative gives a violet color with ferric chloride.

On methylation of tetrahydrotubaic acid with dimethyl sulfate and dilute
alkali, its monomethoxymethyl ester is obtained, which is readily saponified,
to the monomethoxy acid (CisHisOs).

Attempts to methylate the second hydroxyl group were unsuccessful.

The fact that one of the hydroxyl groups in tetrahydrotubaic acid resists
methylation, and the corresponding acetyl derivative is easily saponified,
indicates that the hydroxyl group involved is di-ortho substituted.

When heated to its melting point the tetrahydro acid loses carbon
dioxide and is converted into a crystalline substance (Cy;Hi602) which
gives the characteristic reactions of resorcinol.

That only one alkyl group is present in the diphenol and that this group
is an isoamyl group is shown by the following facts: on oxidation with
potassium permanganate tubaic acid yields only acetic acid, whereas
under the same conditions isotubaic and dihydrotubaic acids give isobutyric
acid.

Takeit isolated isovaleric acid by alkali fusion of isotubanol (Ci;1H;20s),
(decarboxylated isotubaic acid), and he also demonstrated the presence of
the isoallyl group in tubaic acid. On ozonization of tubanol methyl ether,
he obtained a methyl ether methyl ketone, which on oxidation with hypo-
jodide yielded an iodine-containing carboxylic acid that had one carbon
atom less than the methyl ketone. We have ozonized the acetyl derivative
of tubaic acid (C1.HyOs) and obtained from the ozonide a product which
analyzes for a compound of formula C;3H2O6 and gives the reactions of a
methyl ketone.

From the foregoing facts it follows that grouping A is present in tubaic
acid and that on drastic hydrogenation it is changed to grouping B.

H, 0, H CH

N CH, g, —C-c—cd ?
\ /H /CHz _—> ‘ CH;
¢ OH

No” NCH, e
A B

Tubaic acid and all rotenone derivatives which are converted by

hydrogenation into phenolic compounds therefore contain the grouping

_o_éH_(l;=CH2. This grouping is comparable with that of a conjugated
1 2 3 4

system, and hydrogenation takes place with the opening of the ether ring.’
This reaction is explained by the assumption thata 1,4-addition of hydrogen
(at —O— and C,) first takes place, followed by the formation of the double
linkage at 2,3. This double linkage is further reduced in the formation of
4 Takei, Koide and Miyajima, Ber., 63, 1369 (1930).
5 Schopf, Ann., 452, 237 (1927); 483, 157 (1930).
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tetrahydrotubaic and dihydrorotenonic acids, but remains unsaturated in
rotenonic acid, which therefore contains the grouping —}g—}é:C(CHs)z.

This reaction is analogous to the formation of B-tetrahydrodesoxycodeine
from desoxycodeine-C.

The position of the alkyl group in the resorcinol derivative is either 2,
4 or 5 (formula C). Position 4 is excluded because this alkyl resorcinol is
known. Its melting point is 62-62.5°, while the compound obtained
from tetrahydrotubaic acid melts at 85°. Position 5 is excluded be-
cause alkyl groups meta to the hydroxyl groups in resorcinol do mot give
a fluorescein reaction. Also it is more probable that the two linkages on the
benzene nucleus of the original oxide ring of tubaic acid are ortho to each
other rather than meta, and therefore the alkyl group and the hydroxyl
group in tetrahydrotubaic acid are also ortho to each other rather than
meta. It follows, therefore, that the alkyl group occupies position 2.

The behavior of the tetrahydro acid indicates that the carboxyl group is
ortho to one of the hydroxyl groups and para to the other. Tetrahydro-
tubaic acid is best represented by D.

HOOC— HOOC—
HO— HO— HO— o
\oH oH
H, H CH H, H CH, cH
c——c——c< ? c—-c—c< c—c—c\/\ ?
H, cH, H, CH; H, H CH;
D E

Structure E, which satisfactorily accounts for all the known facts, is now
proposed for tubaic acid.

The relation of tubaic acid to rotenone has been discussed in a previous
paper.”

Tubaic acid was considered to be a secondary decomposition product
because at that time® the rotenone molecule was supposed to contain a
lactone group and also because it was difficult to account otherwise for
the failure to obtain tubaic acid when rotenone derivatives were oxidized
with hydrogen peroxide, as tubaic acid is stable to this oxidizing agent.
The fact that no tubaic acid is obtained is satisfactorily accounted for,
however, with consideration of the observation of Dakin® on the oxidation
of hydroxy aromatic aldehydes and ketonmes with hydrogen peroxide.
Dakin has shown that hydroxy aromatic aldehydes and ketones in which
the free hydroxyl group is in the ortho or para position to the aldehyde or
ketone group, are oxidized by hydrogen peroxide with the formation of
polyphenols.  No substituted benzoic acid is formed in the reaction.

¢ Small and Cohen, THis JoURNAL, 53, 2221 (1931).
7 LaForge and Haller, bid., 54, 810 (1932).

8 LaForge, Haller and Smith, ibid., 53, 4400 (1931).
® Dakin, Am. Chem. J., 42, 477 (1909).
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Most of the rotenone derivatives which are cleaved by hydrogen peroxide
possess an hydroxyl group ortho to the carbonyl group, and in some cases
an hydroxyl group is present in both the ortho and para positions.

Derrisic acid has an hydroxyl group ortho to the carbonyl group. In this
case, on oxidation with hydrogen peroxide, cleavage takes place between
the carbonyl group and the benzene ring with the formation of derric acid
and probably a catechol derivative, which is for the most part oxidized
further by the excess of peroxide. No tubaic acid is formed in the process.

Dehydrodihydrorotenonic acid possesses an hydroxyl group para to the
carbonyl group. In the oxidation of this compound hydrolysis of the
ortho (ether) oxygen linkage probably takes place first, and oxidation then
proceeds with the formation of risic acid.

Methylderritolic and dihydrorotenolic acids have a hydroxyl group in
the ortho position as well as in the para position, and oxidation takes place
without the formation of tubaic acid. On the other hand such compounds
as rotenone itself and rotenonic acid are not cleaved by hydrogen peroxide.
These reactions are illustrated as follows

?‘) .
R—C— HO—
+ Hy,0p —> o + RCOOH
Nom) (Nom)
Ry Ry
Experimental

Tetrahydrotubaic Acid (2,4-Dihydroxy-3-isoamylbenzoic Acid).—One gram of
tubaic acid dissolved in 25 cc. of ethyl acetate was reduced with hydrogen at 48 Ib.
pressure, with 0.5 g. of freshly prepared reduced platinum oxide as catalyst. The re-
duction was allowed to proceed for two hours. The solution was filtered and concen-
trated to dryness on the steam-bath. The mixture of dihydro and tetrahydrotubaic
acid was dissolved in 95% alcohol. The solution, heated to boiling, was diluted with an
equal volume of hot water and filtered through charcoal.

The crystals which deposited on cooling were found to be pure dihydrotubaic acid.
On concentration of the filtrate a second crop of crystals was obtained. This was fil--
tered off, dried and then washed several times with cold chloroform. The remaining
substance was crystallized from 209, alcohol. It can also be recrystallized from ben-
zene, chloroform or toluene. It melted at 206° with decomposition, and was optically
inactive. The yield was about 0.1 g.

Anal. Subs., 0.0822, 0.0806: CO., 0.1931, 0.1903; H0, 0.0529, 0.0526. Caled.
for CpHieOs: C, 64.25; H, 7.20. Found: C, 64.07, 64.40; H, 7.20, 7.30. Titration.
Subs., 0.0297: 1.34 cc. of N/10 KOH. Calcd. mol. wt., 224.13. Found: acid equiva-
lent, 222.

Attempts were made to increase the yield of tetrahydrotubaic acid by the use of
different solvents as well as by the addition of pinene to the ethyl acetate solution.
Ethyl alcohol (95%) and glacial acetic acid were employed as solvents, but in all cases
there was no appreciable increase in the amount of tetrahydrotubaic acid formed.

Diacetyltetrahydrotubaic Acid.—Two-tenths gram of tetrahydrotubaic acid was
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refluxed in 5 cc. of acetic anhydride and 0.2 g. of anhydrous sodium acetate for one hour.
After most of the solvent had been removed by distillation, water was added. The
precipitated oil soon crystallized. The substance was filtered off and dissolved in 10
cc. of 95%, alcohol. After the solution had been refluxed for one hour, it was diluted
with an equal volume of hot water, filtered through charcoal and allowed to crystallize.
The diacetate which separated melted at 143°. The yield was 0.18 g.

Anal™®  Subs. (mg.), 3.052, 3.997: COq, 7.020, 9.151; H,0, 1.750, 2.335. Caled.
for C,¢H200s: C, 62.31; H, 6.52. Found: C, 62.73, 62.44; H, 6.42, 6.54. Tiiration.
Subs., 0.0338: 2.15 cc. of N/20 KOH. Caled. mol. wt., 308.16. Found: acid equiva-
lent, 314. )

To 0.0338 g. of the diacetyltetrahydrotubaic acid was added 8.75 cc. of N /20 KOH.
The solution was heated on the steam-bath for one-half hour, cooled and the excess of
alkali was titrated with N/10 hydrochloric acid. - The reaction required 3.28 cc. of IV, /20
potassium hydroxide; caled. for 2 acetyl: 3.28 cc. of N/20 KOH.

Monoacetyltetrahydrotubaic Acid.—Two-tenths gram of diacetyltetrahydrotubaic
acid was dissolved in 2 cc. of absolute alcohol containing 0.2 g. of potassium acetate.
The solution was refluxed for one hour and then diluted with an equal volume of water.
After the solution had cooled, 0.5 cc. of 209, sulfuric acid was added carefully. The
substance, which separated immediately, was crystalline. It was filtered off, washed
with water and dried. The yield was 0.08 g. It melted at 156°. In alcoholic solution
it gave a purple color with ferric chloride.

Anal.  Subs. (mg.), 3.223, 3.406: CO., 7.452, 7.869; H,O, 1.991, 2.068. Caled.
for C,H,405: C, 63.13; H, 6.82. Found: C, 63.07, 63.01; H, 6.91, 6.79. Titration.
Subs., 0.0270: 2.05 cc. of N/20 KOH. Caled. mol. wt., 266.14. Found: acid equiva-
lent, 264.

To 0.0270 g. of monoacetyl tetrahydrotubaic acid was added 5.20 cc. of N/20
potassium hydroxide. The solution was heated on the steam-bath for one-half hour.
It was then cooled, and the excess alkali was titrated with N/10 hydrochloric acid. The
reaction required 4.07 cc. of N/20 potassium hydroxide. Caled. for 1 acetyl, 4.07 cc.
of N/20 KOH. On addition of excess acid to the solution obtained above, tetrahydro-
tubaic acid separated. It was identified by its melting point.

Methyltetrahydrotubaic Acid (2-Hydroxy-4-methoxy-3-isoamylbenzoic Acid).—
To 0.2 g. of tetrahydrotubaic acid dissolved in 5 cc. of 5%, potassium hydroxide solution
was added 0.5 cc. of dimethyl sulfate. The solution was frequently shaken and was
kept alkaline by further addition of alkali. After two hours, it was acidified with dilute
sulfuric acid. The precipitate was filtered off, washed with water and then refluxed
in 95%, alcohol to which had been added 1 cc. of 5% potassium hydroxide in order to
saponify any ester that had formed. The solution was concentrated, diluted with an
equal volume of water, filtered through charcoal and acidified with dilute sulfuric acid.
On cooling, the methoxy acid separated. The yield was 0.18 g. The acid was recrys-
tallized from dilute alcohol. It can also be crystallized from benzene. It melted at
156°. In alcoholic solution it gave a purple color with ferric chloride.

Anal. Subs. (mg.), 3.387, 4.300: CO,, 8.110, 10.357; H0, 2.300, 2.939. Caled.
for CisH1s04: C, 65.51; H,7.62. Found: C,65.30, 65.69; H, 7.60, 7.65.

An attempt was made to methylate the second hydroxyl group by using a large
excess of methyl iodide and silver oxide and also with methyl iodide and potassium car-
bonate, but in each case urichanged starting material was recovered.

10 We are indebted to Mr. J. R. Spies of this Division for the microcombustions
reported in this paper,
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Tetrahydrotubanol (2-Isoamylresorcinol).—Five-tenths gram of tetrahydrotubaic
acid was heated in a Wood’s metal bath at 215-225° for about five minutes. When the
evolution of carbon dioxide, which took place vigorously at first, had ceased, the re-
maining reddish liquid was distilled under reduced pressure. On cooling it readily
crystallized. The substance was recrystallized from chloroform-petroleum ether. It
can also be recrystallized from benzene-petroleum ether (b.p.37-75°). Itmelted at85°.

Anal. Subs. (mg.), 3.560, 3.936: COy, 9.504, 10.521; H,0, 2.807, 3.115. Calcd.
for CyuHyOs: C,73.28; H,8.95. Found: C,72.81, 72.90; H, 8.82, 8.86.

The compound gave a precipitate with bromine water, and a cherry red color with
Millon’s reagent. With Lieberman’s reagent, an intense blue color was obtained.
This soon turned quite dark and on dilution with water the color practically disappeared.
There was no change on addition of alkali. When the substance was dissolved in chloro-
form, and a small piece of potassium hydroxide was added a rose-red color was slowly
produced around the edges of the potassium hydroxide (Guareschi-Lustgarten reagent).!*
In alcoholic solution no color test was obtained with ferric chloride, but in aqueous
solution a purplish-blue color was formed with this reagent. The color disappeared on
addition of sodium bicarbonate.

With formaldehyde and sulfuric acid a red ring slightly tinged with violet was
obtained.’? After fusion with phthalic anhydride and a drop of concentrated sulfuric
acid, the diluted solution became red with a green fluorescence when excess alkali was
added.

Ozonization of Acetyltubaic Acid.—A stream of ozonized oxygen was passed into a
solution of 1 g. of acetyltubaic acid in 15 cc. of chloroform for four hours Most of the
chloroform was then removed by distillation. Water was added to the remaining sirup,
and the solution was boiled for fifteen minutes. It was then cooled, and extracted with
ether. The ether extract was dried over sodium sulfate. On removal of the ether, the
substance readily crystallized. It was washed with isopropyl ether and recrystallized
from a solution of 209 acetic acid—80%, butyl ether. The yield was 0.2 g. It melted
at 145°.

Anal. Subs., 0.0832, 0.0845: COg, 0.1784, 0.1834; H,0, 0.0356, 0.0358. Caled.
for CysHiOg: C, 59.07; H, 4.58. Found: C, 58.48, 59.19; H, 4.79, 4.74. Subs., 0.0475:
cc. of N/10 KOH, 1.87. Caled. mol. wt., 264.1. Found: acid equivalent, 254.

The substance reduced Fehling’s solution, and with sodium hydroxide and iodine
it gave iodoform. The same compound was obtained when acetyltubaic acid was
ozonized in glacial acetic acid.

Conversion of Tetrahydrotubanol to Tetrahydrotubaic Acid.—Two-tenths gram of
tetrahydrotubanol was refluxed in 50 cc. of a saturated solution of sodium bicarbonate
for half anhour. The solution was cooled, filtered and acidified with dilute sulfuric acid.
The precipitate was filtered off, washed with water and dried. It was then twice re-
crystallized from benzene. It melted at 206° and was identified as tetrahydrotubaic
acid.

Summary

Tubaic acid is reduced by hydrogenation with platinum oxide catalyst to
a mixture of dihydro and tetrahydrotubaic acid.

Tetrahydrotubaic acid is 2,4-dihydroxy-3-iscamylbenzoic acid, and tu-
baic acid is represented by the formula

11 Rosenthaler, ‘“Der Nachweis organischen Verbindungen,” 1923, p. 240.
12 Mulliken, “Identification of Pure Organic Compounds,” 1908, Vol. I, p. 24.
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HOOC—

\0\/H /CHs
C*C———-C\

H, CH;

An explanation of the mechanism of the oxidation of rotenone deriva-
tives by hydrogen peroxide is given.

The behavior of tubaic acid on hydrogenation is analogous to that of
desoxycodeine-C. Both contain the same groupings and both give tetra-
hydrophenols under the same conditions.

WasHINGTON, D. C.

[CoNTRIBUTION FROM THE CHEMICAL LaBorAaTORY, CASE SCHOOL OF APPLIED SCIENCE]

QUINAZOLINES. III. THE INTERACTION OF ANILINE WITH
2-CHLORO-4-ALKOXYQUINAZOLINES AND
2-CHLORO-4-KETODIHYDROQUINAZOLINE

By N. A. LaNGE AnD F. E. SHEIBLEY
RECEIVED DECEMBER 26, 1931 PuBLISHED MaAvY 7, 1932

When 2,4-dichloroquinazoline in alcohol is boiled with sodium acetate,
a compound with properties and a composition corresponding to a chloro-
ketodihydroquinazoline is always found among the reaction products. In
an earlier communication it was stated that by analogy with the similarly
formed 2-chloro-4-alkoxyquinazolines this substance was most likely
2-chloro-4-ketodihydroquinazoline but that attempts to confirm this view
by converting it into the known 4-ketodihydroquinazoline and 2-ethoxy-4-
ketodihydroquinazoline were unsuccessful.!

The ease with which aniline replaces both of the chlorine atoms of 2,4-
dichloroquinazoline with phenylamino groups suggested the possibility of
transforming 2-chloro-4-alkoxyquinazolines into 2-anilino derivatives.
By treating 2-chloro-4-methoxyquinazoline (I) and 2-chloro-4-ethoxy-
quinazoline (III) with aniline in alcohol, hydrochlorides of 2-anilino-4-
methoxyquinazoline (IV) and 2-anilino-4-ethoxyquinazoline (VI), respec-
tively, are obtained. These last, on hydrolysis with dilute hydrochloric
acid in the presence of aniline, or simply on heating, when the elements of an
alkyl chloride are evolved, revert to the known 2-anilino-4-ketodihydro-
quinazoline (V), a compound which results directly when the previously
mentioned chloroketo compound is treated with an alcoholic solution of ani-
line, and thus identifies the latter as 2-chloro-4-ketodihydroquinazoline (II).

A confirmation of the orientation of the halogen and alkoxy groups
in the chloro-alkoxy derivatives arrived at in a previous paper? is afforded

! Lange and Sheibley, TrIS JOURNAL, 53, 3871 (1931).
? Lange, Roush and Asbeck, ibid., 52, 3696 (1930).
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by the identity of (V) with a specimen of 2-anilino-4-ketodihydroquinazo-
line prepared according to the method of previous investigators.? When
phenylpseudomethylthiourea in ethereal solution was treated with an-
thranilic acid, what appeared to be an anthranilate of the base was pre-
cipitated. This product on fusion evolved methyl mercaptan, and the
residue, treated with sodium hydroxide, yielded a product identical with
(V) in every respect.

The free bases, 2-anilino-4-methoxyquinazoline (IV) and 2-anilino-
4-ethoxyquinazoline (VI), are readily obtained from their hydrochlorides
by treatment with sodium alcoholates. They are colorless, easily soluble
substances, crystallizing in plates rather than the usual needles common
to this class of compounds, and form characteristic salts.

All melting points given in this paper are corrected.

Experimental Part

Preparation of 1{T=COCH306H4N=('INHC5HE.-HCl, 2-Anilino-4-methoxyquinazo-
line Hydrochloride.—A mixture of 2.2 g. of 2-chloro-4-methoxyquinazoline and 1.2 g.
of aniline was dissolved in 80 cc. of alcohol and the solution boiled under a reflux con-
denser on a steam-bath for one hour. The condenser was then removed and the alcohol
allowed to evaporate until the total volume of the reaction mixture was about 10 cc.
This was cooled slightly, or till crystallization just began, and diluted with 40 cc. of
ether; the precipitated mass was disintegrated with a glass rod, filtered and washed with
ether, and weighed 3.1g. A crystallization from alcohol yielded 1.8 g. of slightly yellow
needles (m. p. 152°); further purification was effected by recrystallizing from methyl
alcohol containing a few drops of concentrated hydrochloric acid, when colorless needles
of 2-anilino-4-methoxyquinazoline hydrochloride, melting around 160° (decomp.), were
obtained.

Similarly when 1.5 g. of chloromethoxyquinazoline and 0.9 g. of aniline in 25 cc. of
methyl alcohol were heated, 0.75 g. of a precipitate (m. p. 295°, and probably impure
benzoylene urea) separated after the first half hour of heating and was removed by filtra-
tion. Concentration of the filtrate and precipitation with ether as outlined above yielded
1.8 g. of crude 9-anilino-4-methoxyquinazoline hydrochloride.

3 Wheeler, Johnson and McFarland, THIS JOURNAL, 25, 797 (1903).
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This compound is soluble in alcohol, methyl alcohol or acetone, and insoluble in
water, concentrated hydrochloric acid or ether. Its melting point was found to vary
slightly but in general pure specimens melted within the range 158-161° (decomp. and
foaming with loss of methyl chloride), the melts then solidifying and remelting within a
range of 255-260°, the latter melting points being identical with those of impure speci-
mens of 2-anilino-4-ketodihydroquinazoline (V). Recrystallization from ethyl alcohol
gave blunt needles or prisms somewhat shorter than the crystals from methyl alcoholic
solutions but of identical melting point.

A platinichloride was immediately precipitated on mixing hot methyl alcoholic
solutions of the hydrochloride and platinic chloride. Washed with hot methyl alcohol
and dried, it formed a granular, light orange, micro-crystalline mass, softening with
decomposition at 225-230°, and soluble only in chlorohydrin. It ignites without
melting. '

Anal.  Caled. for CisHuON;CL: C, 62.59; H, 4.91; N, 14.61; Cl, 12.33. Found:
C, 62.94; H, 5.00; N, 14.51; Cl, 12.21. Caled. for (CisHyON;C1),PtClL-H,0: Pt,
20.99. Found: Pt, 20.89, 20.98.

Preparation of N=COC,H,CoH.N—CNHC;HyHCI, 2-Anilino-4-ethoxyquinazo-
line Hydrochloride.—This compound was obtained in the same manner as the anilino-
methoxy derivative just described: 1.5 g. of 2-chloro-4-ethoxyquinazoline and 0.75 g. of
aniline in 25 cc. of alcohol yielded 2.0 g. of crude precipitated product. A crystalliza-
tion from alcohol gave 1.2 g. of fine needles (m. p. 161 °); further recrystallizations from
alcohol containing a few drops of hydrochloric acid resulted in colorless needles melting
around 170°, The solubilities of this substance are the same as those of the analogous
anilinomethoxy salt. Its melting point was also variable, pure specimens fusing within
the range 168-171° with evolution of ethyl chloride and consequent solidifying and re-
melting around 259° due to the formation of 2-anilino-4-ketodihydroquinazoline (V).
When kept at 40° for a day or so, these hydrochlorides often acquire a yellow color with-
out any apparent change in composition.

Anal.  Caled. for CiHsON;Cl: C, 63.66; H, 5.35: Cl, 11.76. Found: C, 64.32;
H, 5.27; Cl1, 12.00. '

Hydrolysis of the Hydrochlorides of 2-Anilino-4-methoxyquinazoline (IV) and 2-
Anilino-4-ethoxyquinazoline (VI) to 2-Anilino-4-ketodihydroquinazoline (V).—Origi-
nally, instead of precipitating it with ether as described above, 2-anilino-4-ethoxy-
quinazoline hydrochloride was isolated by pouring the alcoholic reaction mixture into
water, adding sufficient hydrochloric acid to dissolve the droplets of excess aniline, and
removing the precipitated product by filtration. This method was later found to pro-
mote an appreciable hydrolysis; moreover, when it was attempted to prepare the ani-
lino-methoxyquinazoline hydrochloride in the same way, the precipitation of the prod-
uct was incomplete and on warming hydrolysis ensued., However, when pure specimens
of these hydrochlorides were boiled with alcoholic hydrochloric acid and even with con-
centrated aqueous hydrochloric acid, aniline being absent, no appreciable hydrolysis
was observed; this stability toward hydrolysis is in contrast to the non-basic and easily
hydrolyzed 2-chloro-4-alkoxyquinazolines which even on standing soon decompose into
benzoylene urea. Because of this property, the following procedure was finally adopted.
One-half gram of 2-anilino-4-methoxyquinazoline hydrochloride with 5 cc. of alcohol,
10 drops of hydrochloric acid, 2 drops of aniline and 10 cc. of water was slowly taken to
dryness on a steam-bath over a period of three hours or longer. The residue was washed
with hot water and dissolved in normal sodium hydroxide, the solution diluted, filtered
and precipitated from the hot solution by the addition of acetic acid. The white pre-
cipitate of 2-anilino-4-ketodihydroquinazoline thus obtained was washed with hot water
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and dried, m. p. 261°. A similar treatment of 2-anilino-4-ethoxyquinazoline hydro-
chloride gave the same product, also in a practically theoretical yield, m. p. 261 °.

Preparation of 2-Anilino-4-ketodihydroquinazoline (V) from 2-Chloro-4-keto-
dihydroquinazoline (II).—One and seventy-five hundredths grams of chloroketodihydro-
quinazoline and 1.0 g. of aniline were dissolved in 50 cc. of alcohol and the solution
warmed on a steam-bath. A precipitate began to separate after the first few minutes of
heating; at the end of two and one-half hours the mixture was cooled, diluted with 60
cc. of ether, and the precipitate filtered, washed with ether and dried. The 1.9 g. of
material thus obtained was dissolved in hot normal sodium hydroxide and precipitated
from the hot solution with acetic acid in the usual manner; this precipitate was filtered,
washed with hot water and dried. It crystallized from an alcoholic solution to which
water had been added in the form of tiny snow white rosets of minute needles, m. p.
261°. The compound is sparingly soluble in alcohol, acetone or methyl alcohol, and
crystallizes in the same minute needles from all three solvents. It is insoluble in ether or
ammonia but soluble in sodium hydroxide or concentrated sulfuric acid. For analysis,
drying at temperatures above 100° was necessary in order to remove 2-39%, of moisture
which adhered to the material crystallized from dilute alcohol.

Anal. Caled. for C14H;ONs: C, 70.85; H, 4.68. Found: C, 70.80; H, 4.84.

Preparation of 2-Anilino-4-ketodihydroquinazoline (V) from Phenylpseudo-
methylthiourea.>—Ten grams of the hydroiodide of phenylpseudomethylthiourea®
was dissolved in ether and converted into the free base by shaking with an aqueous solu-
tion of sodium carbonate. The ethereal layer, washed three times with water, was
treated with 5 g. of anthranilic acid, whena slight evolution of heat occurred and 85¢g.
of a precipitate, m. p. 118°, and evidently an anthranilate of the base, soon separated.
This product after filtering from the ether and drying was heated in an oil-bath at 120-
130° for three hours; methyl mercaptan was evolved and a red glassy melt remained.
Several extractions of this with boiling alcohol removed the viscous red material; the
residue was dissolved in twice normal sodium hydroxide, filtered and precipitated with
acetic acid as before. The dried precipitate was dissolved by prolonged boiling in alco-
hol and crystallization effected by diluting with water; m. p. 261°.

Melting points of mixtures of this product with the same compound obtained by the
other three methods of preparation (4. e., hydrolysis of the two anilino-alkoxy derivatives
and the product of condensation of chloroketodihydroquinazoline with aniline) showed
no depression. A mixture composed of samples from each of the products from the
four methods of preparation melted at 261°.

Anal. Caled. for Ci.HON3: C, 70.85; H, 4.68. Found: C, 70.70; H, 4.78.

Preparation of 2.Anilino-4-methoxyquinazoline (IV).—To 0.4 g. of sodium dis-
solved in 40 cc. of methyl alcohol was added 1.9 g. of 2-anilino-4-methoxyquinazoline
hydrochloride and the solution warmed slightly until a considerable quantity of sodium
chloride began to separate. After standing overnight the mixture was poured into 100
cc. of water, when a white opaque suspension resulted. This began to crystallize imme-
diately and within three hours the separation was complete. The crystalline product
was filtered, dried and amounted to 1.53 g. of the crude base. Recrystallization was
effected from either methyl alcohol or a hot methyl alcoholic solution to which a little
water was added, the separation being more nearly complete when the latter method was
employed.

The compound forms small colorless glistening plates, m. p. 113°. It is soluble in
alcohol, methyl alcohol, petroleum ether, acetone or ether and insoluble in water.
Treatment with hydrochloric acid in methyl alcohol regenerated the hydrochloride salt

4 Bertram, Ber., 25, 49 (1892).
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described above. When hot alcoholic solutions of the base and picric acid were mixed,
a flocculent yellow precipitate consisting of fine needles of the picrate separated. This
was washed with water and recrystallized from alcohol, from which it slowly separates as
fine, light yellow, feathery needles, m. p. 210°,

Anal. Caled. for C;;H130N;: C, 71.68; H, 5.22. Found: C, 72.08; H, 5.15.

Preparation of 2-Anilino-4-ethoxyquinazoline (VI).—This compound was prepared
in essentially the same way as the methoxy derivative just described. Ethyl alcohol was
employed and the coagulation of the precipitate obtained on pouring the mixture into
water was a matter of days rather than hours. One gram of 2-anilino-4-ethoxyquinazo-
line hydrochloride and 0.3 g. of sodium in 25 ce. of alcohol gave 0.85 g. of the crude pre-
cipitated base, which was recrystallized from 509, alcohol.

This compound separates as colorless glistening plates, m. p. 110-111 °, somewhat
larger than the crystals of 2-anilino-4-methoxyquinazoline. Its solubilities are the same
as those given for the last-named substance. Addition of hydrochloric acid regenerated
the hydrochloride but attempts to form an addition product with methyl iodide were
unsuccessful. The picrate, prepared in the manner outlined above, crystallized from
alcohol in rosets of coarse yellow needles, m. p. 183°; glossy needles were obtained on
slow evaporation of the solvent.

Anal. Caled. for C;¢Hs0N;: C, 72.41; H,5.70. Found: C, 72.67; H, 5.81.

Summary

Aniline has been found to react with 2-chloro-4-ketodihydroquinazoline
and with 2-chloro-4-alkoxyquinazolines to yield 2-anilino-4-ketodihydro-
quinazoline and hydrochlorides of 2-anilino-4-alkoxyquinazolines, respec-
tively. The constitutions of 2-chloro-4-alkoxyquinazolines and of 2-
chloro-4-ketodihydroquinazoline are demonstrated by their conversion
into the known 2-anilino-4-ketodihydroquinazoline. The following new
compounds have been prepared: 2-anilino-4-methoxyquinazoline, 2-
anilino-4-ethoxyquinazoline and their picrates and hydrochlorides.

CLEVELAND, OHIO

[CONTRIBUTION FROM THE RESEARCH LABORATORIES OF THE BUREAU OF DAIRY
INDUSTRY, UNITED STATES DEPARTMENT OF AGRICULTURE]

BETA-SULFHYDRYL-BETA-PHENYLPROPIOPHENONE

By BEN H. NICOLET
RECEIVED DECEMBER 26, 1931 PuBLISHED MAY 7, 1932

The writer has recently! had occasion to examine certain B-mercapto
ketones of the type CsH;CH(SR)CH,COR’, particularly from the point
of view of their instability toward alkaline reagents. These ketones were
readily obtained by the addition of mercaptans to «,B-unsaturated ketones
in the presence of alkalies. To use B-p-tolylmercapto-B-phenylpropio-
phenone as an example, two characteristic reactions are as follows: (a)
with alkali, easy loss of tolyl mercaptan to form benzalacetophenone;
(b) with phenylhydrazine, easy loss of the mercaptan to form 1,3,5-tri-
phenylpyrazoline.

! Nicolet, Tuis JOURNAL, 53, 3066 (1931).
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An examination of the literature failed to reveal any SB-sulfhydryl ketone
(RCH(SH)CH.COR') described as such, but some work by Fromm at-
tracted attention. He described? the condensation with benzalacetone and
benzalacetophenone, of sodium sulfide, disulfide and hydrosulfide, proc-
esses which should presumably be analogous to the addition of alkali
mercaptides to these same ketones. The structures he assigned to the
products obtained were, however, rather unusual and require discussion
here.

For his ‘“‘duplobenzylideneacetone monosulfide,” for example, he con-
sidered and rejected Formula I, and chose instead Formula I1.

CoHsC‘:HCchOCHa C.J«I,,CH:CH(ID(OH)CH,
i ?
CeH;CHCH,COCH, CeH;CH=CHC(OH)CH,
I I

For this choice he gave two reasons: (a) the substance was readily de-
composed by alkali, regenerating benzalacetone; (b) it reacted with
phenylhydrazine, with loss of hydrogen sulfide, and yielded benzalace-
tonephenylhydrazone. One point against Formula 1I, he admitted, was
that attempts at acylation gave no evidence of the presence of hydroxyl
groups.

From what has been said of the 8-mercapto ketones, all these properties
are now seen to be entirely consistent with Formula 1.

Fromm and Hubert? felt they had finally proved the correctness of a
structure of type II, when they isolated the corresponding monosulfide
of benzalacetophenone in three forms, each of which gave, on oxidation, a
different sulfone. They interpreted these three sulfides as geometrical
isomers of a substance analogous to that represented in Formula II. This
result still requires investigation although Formula I presents the pos-
sibility of two geometrical isomers, with the possibility of additional
enolized forms.

This discussion has been given to make clear the fact that Fromm's
“benzalacetophenone hydrosulfide,” to which he gave Formula III, is al-
most certainly B-sulfhydryl-g-phenylpropiophenone (IV), and, as such,

» CsH;CH=CHC(OH)C¢H; CsH;CH(SH)CH,COCsH;
SH
III v

the first 8-sulfhydryl ketone. As might be expected, it loses hydrogen
sulfide with ease, especially in the presence of alkali.

In attempting to prove the structure of this compound, Fromm found
that on benzoylation it would take up only a single benzoyl group, which

2 Fromm and Haas, A#nn., 394, 290 (1912).
3 Fromm and Hubert, ¢bid., 394, 301 (1912).
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became attached to sulfur. No free hydroxyl group could be demon-
strated. This same thiobenzoate has now been obtained by the direct
addition of thiobenzoic acid to benzalacetophenone in alkaline solution.
The thioacetate is similarly formed from thioacetic acid. Since these thio
acids are even more similar than is hydrogen sulfide to the mercaptans
whose addition has already been studied, the structures given by Fromm
can scarcely be maintained.

Experimental Part

B-Sulfhydryl-3-phenylpropiophenone (IV).—The directions of Fromm and Hubert3
were followed. A solution of the substance in dilute alcohol gave with lead acetate a
test for sulfide after standing for only a few minutes at room temperature. The rate of
sulfide formation increased rapidly on heating, or on the addition of small amounts of
alkali.

B-Benzoylmercapto-3-phenylpropiophenone, CsH;CH(SCOCH;)CH,COCsH;.—A
solution of two moles of potassium hydroxide in 10 parts of alcohol was saturated with
hydrogen sulfide, then shaken with one mole of benzoyl chloride. When this solution
(A) was added to one mole of benzalacetophenone, and 2 N sodium ethylate then added
(0.5 cc. more than required to give a pink color with phenolphthalein) there was imme-
diate evidence of reaction. After an hour, acidification with acetic acid gave almost
entirely a sulfide (formula analogous to I) which proved to be identical with Fromm’s
B-duplobenzylideneacetophenone sulfide. This product also resulted when the benzoyl
chloride was omitted.

When, however, solution A was acidified, the thiobenzoic acid extracted with ether,
and this extract (after removal of ether) dissolved in alcohol and condensed with benzal-
acetophenone as described above (reaction time, however, ten hours at room tempera-
ture), the main product obtained was the benzoylmercapto derivative. After purifica-
tion it melted at 123 ° and proved to be identical with the product obtained by Fromm
when he benzoylated the mercaptan.

Anal. (Parr bomb). Caled. for CyoH;:0:S: S, 9.25. Found: S, 8.91, 9.02.

B-Acetylmercapto-3-phenylpropiophenone.—This substance was prepared as de-
scribed for the benzoyl derivative, but with the use of thioacetic acid. It separated asa
yellow oil, which solidified on cooling, and after purification from somewhat diluted
alcohol melted at 75-77°. The crystals were still slightly yellow.

Anal. (Parr bomb). Caled. for Ci:H;60:5: S, 11.27. Found: S, 11.15,

Summary

Reasons have been given for the belief that Fromm'’s ‘“‘benzalaceto-
phenone hydrosulfide” is really 8-sulfhydryl-B-phenylpropiophenone.

BELTSVILLE, MARYLAND
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[CONTRIBUTION FROM THE GEORGE HERBERT JONES LABORATORY OF THE UNIVERSITY
or CHicAGO]

STUDIES OF CONJUGATED SYSTEMS. XI. THE OXIDATION OF
CIS-PHENYLBUTADIENE BY MEANS OF PERBENZOIC ACID!

By IRVING E. MUSKAT AND MARGARET HERRMAN

RECEIVED DECEMBER 26, 1931 PUBLISHED MAY 7, 1932

Perbenzoic and peracetic acids have been used for some time to de-
termine the degree of unsaturation and the rate of oxidation of olefinic
compounds.? Of particular interest in our investigations is the work
of Boeseken and Blumberger on the three isomeric phenylbutenes, Al:2-
CiH;—CH=CH—CH;—CHj;; A¥3-CiH;—CHy—CH=CH—CH,;; A
CeH;—CHy—CHy—CH=CH,; and also on cinnamic acid and its methyl
ester.? In the case of the phenylbutenes they found that the nearer the
double bond is to the phenyl group the greater is the rate of oxidation;
while both cinnamic acid and its ester are insensitive to oxidation by means
of perbenzoic acid. From these facts they concluded that the phenyl
group hastens the oxidation while the carboxyl group, at least when it
is situated next to the double bond, hinders oxidation by means of per-
benzoic acid.

Meerwein* has reported results similar to those on the phenylbutenes,
from his study of the rate® of oxidation of safrole, isosafrole, eugenol and
isoeugenol.

Arbuzov and Mikhailow® have studied the oxidation of unsaturated
compounds by means of peracetic and perbenzoic acids and from their
work have concluded that the first step in the oxidation reaction is the
formation of cyclic oxides. Béeseken and his collaborators” recently
have accepted this view although they had previously assumed that
peracetic acid is absorbed by the double bond to give the monoacetate
of the diol while perbenzoic acid oxidized the double bond directly to the
cyclic oxide.

1 Presented before the Organic Division of the American Chemical Society at its
meeting in Buffalo, N. V., 1931.

2 Prileschajew, Ber., 42, 4811 (1909); J. Russ. Phys.-Chem. Soc., 42, 1387 (1910);
. 43, 609 (1911); 44, 613 (1912). For later work on detection and quantitative deter-
mination of unsaturation, see Bauer and Kutscher, Chem. Umschau, 32, 57 (1925);
Nametkin, J. prakt. Chem., 112, 169 (1926); ibid., 115, 56 (1927); Pummerer, Ber., 62,
1411 (1929); 62, 2636 (1929); Smit, Rec. trav. chim., 49, 675 (1930); ibid., 49, 691 (1930).
Derzx, ibid., 41, 332 (1922).

3 Boeseken and Blumberger, 7bid., 44, 90 (1925); 45, 838 (1926).

¢ Meerwein and co-workers, J. prakt. Chem., 113, 9 (1926).

8 For work on velocities of oxidation by means of peracetic acid, see Charrier and
Moggi, Gazs. chim. ital., 57,736 (1928); Smit, Rec. irav. chim., 49, 686 (1930).

8 Arbuzov and Mikhailow, J. prakt. Chem., 127, 1 (1930); bid., 127, 92 (1930).
7 Boeseken, bid., 131 (ii), 285 (1931).
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Several authors® have studied the oxidation of unsaturated fatty acids
and their esters by means of both peracetic and perbenzoic acids. It has
been found that in the case of compounds containing two double bonds,
whether conjugated or not, a dioxide is formed. Smit® found that in
the case of 9,12-linolic acid the dioxide that is formed can be hydrolyzed
but in the case of the conjugated 9,11-linolic acid the dioxide cannot be
hydrolyzed. He suggests, therefore, these two possible structures for
the dioxide of the conjugated compound.

/0N —O~
>C—C——C—C< or >C—C—C—C<
L—o0o—- ~o0—

In our work on the oxidation of cis-phenylbutadiene by means of per-
benzoic acid, we have found that the products obtained depend largely
on the temperature at which the reaction takes place. At 0° only one
double bond of the unsaturated compound is attacked, while at 25° both
double bonds are attacked.

If equimolar quantities of cis-phenylbutadiene and perbenzoic acid in
chloroform solution are allowed to react at 0°, a white crystalline com-
pound, m. p. 81-82°, is formed. This compound was proved by analysis
to be an hydroxybenzoate formed by the addition of a mole of perbenzoic
acid to one of the double bonds. The position of the remaining double
bond was established by the isolation of the semicarbazone of benzalde-
hyde on ozonization. This proves, therefore, that the perbenzoic acid is
absorbed in the 3,4-positions of phenylbutadiene and the benzoate must
have one of the structures

1 2 3 4 1 2 3 4
CsHB—CH———CH—Cl?H CIZHZ or CgH;—CH=CH—CH—CH,

O\ H OH O\
o /C——CaHs o /C—-C6H5

I II
No effort was made to distinguish between these two possible structures,
but on the basis of previous work? on the addition reactions of phenyl-
butadiene, and on the basis of the chemical reactions of the benzoate,
which are to follow, structure I is favored.

The fact that the double bond farther removed from the phenyl group
is attacked more readily than is the one next to the phenyl group is in
agreement with the previous work of Muskat and co-workers® but con-
trary to the conclusions drawn by Boeseken® and Meerwein.? Also,

8 Bauer and Kutscher, Chem. Umschau, 325, 57 (1925); J. prakt. Chem., 122, 201
(1929); Boeseken, Chem. Abs., 23, 4192 (1929); Rec. trav. chim., 49, 91 (1930); Smit,
ibid., 49, 675 (1930); Braun, THIS JOURNAL, 52, 3188 (1930).

9 Muskat and Huggins, sbid., 51, 2496 (1929); Muskat and Grimsley, ibid., 52,
1574 (1930).
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the fact that a hydroxybenzoate was isolated as the primary oxidation
product indicates that oxidation by means of perbenzoic acid occurs by
the preliminary absorption of the peracid by the unsaturated compound,
rather than through the formation of cyclic oxides as is postulated by
Béeseken’ and Arbuzov.$

The benzoate was warmed on the steam-bath for twenty-four hours
with 309, sulfuric acid. A white solid, m. p. 192°, and benzoic acid were
isolated. The white solid, m. p. 192°, was found to be a dimer of phenyl-
butadiene monoxide. The position of the double bond was established
by the isolation of benzoic acid on ozonization.

30%

2CH;—CH=CH—CH CH, (CeH;—CH=CH—CH—CHs;).

[ H.SO; N
‘Cl-CGHs OH 0

+ 2CH;COOH

The fact that the double bond is not involved in the polymerization was
established by the amount of benzoic acid isolated from ozonization—
809, calculated on the basis of two moles of benzoic acid per mole of
dimer—and confirmed by bromination. One mole of the dimer of phenyl-
butadiene monoxide absorbed two moles of bromine to give the tetra-
bromide of the dimer, m. p. 220°.
CeH;—CH—CH—CH—CH,
(g o)
Br Br 2
When the benzoate was treated with dilute sodium hydroxide solution
at room temperature or even at 0°, it was hydrolyzed to a dihydroxy
derivative of phenylbutadiene, a white crystalline material, m. p. 74°.
When ozonized, the dihydroxy derivative yielded benzaldehyde, which
proved the 3,4-structure of the dihydroxy derivative.

1 2 3 4
C5H5—CH=CH‘—CH‘—CH2

OH OH

The dihydroxy derivative was dehydrated by means of phosphorus pen-
toxide in anhydrous ether solution and also by heating with 309, sulfuric
acid in a bomb tube. The product obtained in each case was the dimer
of phenylbutadiene monoxide, m. p. 192°. The dihydroxy derivative
absorbed bromine to form 1,2-dibromo-3,4-dihydroxy-1-phenylbutane, m.
p. 94°.
C¢Hy—CH—CH—CH—CH;
Br Br OH OH

In order to link the work on oxidation with that on other addition
reactions of conjugated compounds,® the dihydroxy derivative was treated
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with phosphorus tribromide in anhydrous ether solution. The known
3,4-dibromide of phenylbutadiene, m. p. 94°, was obtained.

3CsH;—CH=CH—CH—CH,; -} 2PBr; —> 3CH;—CH=CH—CH—CH, + 2H;PO;
OH OH . Br Br

The tetrabromide of phenylbutadiene, m. p. 146°, was formed when the
dihydroxy derivative of phenylbutadiene was treated with phosphorus
" pentabromide in anhydrous ether solution.

Accompanying the hydroxybenzoate there was always a small amount
of the monoxide of phenylbutadiene, b. p. 88° under 1 mm. pressure.
Again, the position of the double bond was determined by ozonization.
Benzaldehyde was isolated as one of the ozonization products, which
proved the 3,4-structure of the monoxide of phenylbutadiene.

1 2 3 4
Cng;—-CH=CH——C{I—-CH3

The monoxide yielded the dimer of phenylbutadiene monoxide when
heated with 309, sulfuric acid on the steam-bath.

In addition to the small amounts of monoxide separated from the original
reaction mixture, the monoxide has been obtained in very small amounts
by heating the hydroxybenzoate at atmospheric pressure. Fifty per
cent. of the theoretically possible yield of monoxide has been obtained
by heating, in a bomb tube, the hydroxybenzoate in methyl alcohol solu-
tion containing a drop or two of dilute hydrochloric acid.

If two moles of perbenzoic acid are allowed to react with one mole of
cis-phenylbutadiene at 25°, an oil is obtained from which two products
were isolated: (1) an oil which distilled at 97° under 1 mm. pressure and
was proved by analysis to be the dioxide of phenylbutadiene (A); and

CeH;—CH—CH—CH—CH_, CeHs;—CH- CH—CH CH,

No” | | | |
Ne—ea ™ Ne—cam ™
o / 6115 O / 6115

A B

(2) a crystalline residue, m. p. 186°, which proved to be the dihydroxy-
dibenzoate of phenylbutadiene. The most probable structure for this
compound is (B).
From the work presented above it is quite evident that the structure
of perbenzoic acid must be represented as
0 0—O0

Va AV
CsHs—C—O—OH rather than CgHz—C—OH as was suggested by Boeseken

The electronic structure of perbenzoic acid would then be indicated as
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(0] O
7o . V4
CeH;—C : O: O H or CiH—C—0O~ +*OH?

In a recent paper, Muskat and Northrup!! developed a rather compre-
hensive electronic theory of the addition reactions of conjugated systems,
which affords an explanation of the apparent discrepancies in the mode
of addition of various reagents to such systems. According to this theory,
“The addition of both components of the addendum to an ethylenic double
bond does not occur simultaneously. It is more likely, as has been sug-
gested by Stieglitz,'? that the essential feature is the attraction of the
positive substituting group to the negative carbon valencies.” It follows
as a direct corollary to this theory that the addition of different reagents
to a particular conjugated compound should be fundamentally the same.
Since we have previously found that the halogens and hypohalous acids—
oxidizing agents—are added to phenylbutadiene in the 3,4-positions, we
should expect that perbenzoic acid would also be added to—oxidize—the
3,4-double bond. The mechanism of the addition would then be rep-
resented as!!
(6]
1 2 3 4 /
CH;—CH=CH—CH=CH, + C;H;—C—0—O0H —> C:H;—CH=CH—CH—CHj,
-+ - + - - +
L OH

CsH;—CH=CH—CH—CH,

O OH

|
C=0

|
II CeHs

‘ +
In the first step of the reaction the positive hydroxyl group (OH) is ab-
sorbed by the negative carbon atom (4) to give the intermediate I. The
intermediate I would not undergo a 1,3-rearrangement to CgHs—CH—

+
CH=CH—CH,0OH due to the hindering influence of the phenyl group,!
therefore the negative component, CgHs—CO—O™, is absorbed by the
3-carbon atom to give hydroxybenzoate II. As has already been shown
above, perbenzoic acid is actually absorbed by phenylbutadiene in the
3,4-positions to give the hydroxybenzoate II. At higher temperatures
the 1,2-double bond is also attacked. .

10 The 4 and — signs as used here do not represent a complete transfer of electrons,
but simply indicate that the atoms so marked are relatively electropositive or electro-
negative with respect to the atoms marked oppositely. See discussion by Muskat and
Stieglitz to be published soon.

1t Muskat and Northrup, TH1S' ]oURNAL, 52,4043 (1930).

12 Stieglitz, ¢bid., 44, 1304 (1922).
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Experimental Part
Oxidation at Zero Degrees

Preparation of the Hydroxybenzoate of Phenylbutadiene.—A chloroform solution
of perbenzoic acid was prepared by the method of Tiffeneau,!® by treating benzoyl per-
oxide with sodium ethylate, liberating the perbenzoic acid with sulfuric acid and ex-
tracting with chloroform. The dried perbenzoic acid solution was cooled to 0° and
slightly less than an equivalent amount of cis-phenylbutadiene was added, so that about
a 29, excess of perbenzoic acid was present. The mixture was allowed to stand at 0°
until oxidation was complete as indicated by iodimetric titration. The time required
for this is about forty-eight hours. The chloroform was removed by means of suction
without warming and the resulting pasty mass of crystals and oil was taken up in ether.
The ether solution was shaken with iced 5%, sodium hydroxide for half to three-quarters
of an hour to remove the benzoic acid.’ Care was taken to prevent heating and con-
sequent increased hydrolysis when the alkali was added. The ether solution was sepa-
rated, washed with water, dried over anhydrous sodium sulfate and filtered. The ether
was removed by vaporization. A mass of flaky white crystals remained, which was re-
crystallized from hot low-boiling ligroin. The pure crystals melted at 81-82°.

Anal.  Caled. for CyHie0s: H, 5.97; C, 76.12. Found: H, 5.63, 5.57; C, 76.16,
76.05. Mol. wt. Caled. for C;;H;605: mol. wt., 268. Found: mol. wt. (freezing point
method), 273, 273.

The analysis proved this compound to be an hydroxybenzoate of phenylbutadiene.
The hydroxybenzoate is very soluble in most organic solvents: benzene, chloroform,
carbon tetrachloride, methyl and ethyl alcohol, ether, glacial acetic acid and acetone;
but is only slightly soluble in hot low-boiling ligroin, and insoluble in water, dilute alkali
and dilute acid. It may be recrystallized by adding ligroin to a benzene solution, water
to a methyl alcohol solution, or by allowing the compound to crystallize slowly from hot
low-boiling ligrein.

That the hydroxybenzoate was formed directly in the chloroform solution of per-
benzoic acid and phenylbutadiene, and not from an esterification of the dihydroxy de-
rivative which might have resulted from the hydrolysis of the oxide in alkaline solution,
was established in two ways. (1) The pure monoxide was shaken with six times its
equivalent of sodium benzoate in 5%, sodium hydroxide solution for twenty-four hours,
but no hydroxybenzoate could be detected. (2) The chloroform was evacuated from a
portion of an original reaction mixture. The resulting pasty mass of solid, oil and a
small amount of solvent was not treated with alkali but filtered to remove benzoic acid.
As the filtration was very slow, more solvent was removed while filtering and crystals
separated out in the filtrate. The first crystals obtained proved to be benzoic acid, but
after several filtrations the crystals obtained, on recrystallization from hot low-boiling
ligroin, melted at 79°, and a mixture with known hydroxybenzoate melted at 81.5°.
This proved that the hydroxybenzoate was formed by the direct addition of perbenzoic
acid to phenylbutadiene.

The hydroxybenzoate was subjected to ozonization in a manner entirely analogous
to that described in previous work.? Omne gram of the hydroxybenzoate gave 0.08 g.
of the semicarbazone of benzaldehyde and 0.63 g. of benzoic acid. This corresponds to
an 82.5%, yield of benzoic acid calculated on the basis of two moles of benzoic acid for
each mole of hydroxybenzoate.

12 “Organic Syntheses,” John Wiley and Sons, Inc., New York, 1928, Vol. VIII,
p. 30.

14 The chloroform solution of perbenzoic acid, prepared by the method of Tiffeneau,
always contains benzoic acid.
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The hydroxybenzoate did not absorb bromine readily at room temperature but on
boiling with bromine in carbon tetrachloride solution a dibromide, m. p. 154-155°, was
formed.

Anal.  Caled. for Ci7HyeO3Brs: H, 3.74; C, 47.66; Br, 37.38. Found: H, 3.71,
3.79; C, 47.49, 47.69; Br, 37.38, 37.34.

The dibromide is soluble in benzene, ether, methyl and ethyl alcohol, chloroform
and carbon tetrachloride, and only slightly soluble in hot low-boiling ligroin.

The Preparation of the Dimer of Phenylbutadiene Monoxide.—The hydroxy-
benzoate was heated on the steam-bath for twenty-four hours with 309, sulfuric acid.
The reaction mixture was made alkaline and shaken with ether. A white crystalline
product remained suspended in the ether layer. This was removed and carefully
washed with ether. The pure crystals melted at 192°.

Anal.  Caled. for (CoH10)2: H, 6.90; C, 82.15. Found: H, 7.00, 7.83; C, 82.18,
82.35. Mol. wt. Calcd. for (CioH100)2: mol. wt., 202. Found: mol. wt. (boiling point
method), 303, 307.

Benzoic acid was obtained when the alkaline extract was acidified.

The dimer of the monoxide is very slightly soluble in most of the common organic
solvents but sufficiently soluble in warm ether to permit recrystallization from boiling
ether.

The dimer of the monoxide of phenylbutadiene (0.45 g.), dissolved in chloroform,
was ozonized for twelve hours. Most of the material (0.0 g.) was recovered unchanged,
and 0.1 g. of benzoic acid, which represents 809, of the material decomposed by ozoniza-
tion, was isolated.

The dimer of the monoxide of phenylbutadiene was brominated by boiling with
bromine in chloroform solution. The product, a tetrabromide of the dimer, melts at
220°.

Anal. Caled. for CpoHy0,Bre: H, 3.27; C, 39.23. Found: H, 3.36, 3.34; C,
39.01, 39.17.

The Preparation of 3,4-Dihydroxyphenylbutadiene.—The hydroxybenzoate was
shaken for three-quarters of an hour with twice the equivalent amount of 10% sodium
hydroxide. The mixture was extracted with large volumes of ether, the ether extract
dried over anhydrous sodium sulfate, the drying agent removed by filtration and the
ether evaporated on the steam-bath. The oily mass that remained was taken up in hot
benzene, from which solution crystals of the dihydroxy derivative, m. p. 74°, separated
on cooling.

Anal.  Caled. for CioHi0s: H, 7.37; C, 73.13. Found: H, 7.12, 7.38; C, 73.08,
78.11. Mol. wt. Calcd. for CioHy2O,: mol. wt., 164.1. Found: mol. wt. (boiling point
method), 164.8, 167.5.

The dihydroxy derivative has also been obtained from the alkaline extract which re-
sults from the purification of the hydroxybenzoate.

The dihydroxy derivative is very soluble in hot benzene, soluble in methyl and ethyl
alcohol, ether, acetone, warm acid and warm alkali, very slightly soluble in hot low-
boiling ligroin and cold benzene, and insoluble in carbon tetrachloride, chloroform and
cold water.

One gram of the dihydroxy derivative was ozonized for five hours. The ether ex-
tract of the alkaline solution yielded benzaldehyde, which was identified by the formation
of its semicarbazone (0.2 g.). Benzoic acid (0.4 g.) was recovered from the alkaline
extract. The amount of the two products isolated corresponds to 74.29%, of the sample
ozonized.
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The dihydroxy derivative absorbed one mole of bromine in ligroin solution at room
temperature to form a dibromide of the dihydroxy derivative, m. p. 94°.

Anal. Caled. for C;oHpO:Br: H, 8.73; C, 37.04. Found: H, 3.41, 3.68; C,
36.87, 36.97.

The dibromide of the dihydroxy derivative has the same melting point as the di-
bromide of phenylbutadiene but a mixture of the two melts at 86°. The dibromide of
the dihydroxy derivative is much less soluble in ligroin than is the dibromide of phenyl-
butadiene.

The dihydroxy derivative was dissolved in ether and treated with five times the
equivalent amount of phosphorus tribromide. The mixture was allowed to stand over-
night, and the remaining phosphorus tribromide decomposed with ice. The water layer
was extracted with ether and the ether was vaporized. The solid 3,4-dibromide of
phenylbutadiene, m. p. 94°, remained. A mixture of this material with the known 3,4-
dibromide of phenylbutadiene also melted at 94°. The dihydroxy derivative was
treated in an analogous manner with phosphorus pentabromide. The product obtained
was the tetrabromide of phenylbutadiene, m. p. 146°. A mixture with known tetra-
bromide of phenylbutadiene also melted at 146°. ’

The dihydroxy derivative was dehydrated to the dimer of the monoxide of phenyl-
butadiene, m. p. 192°, when an ether solution was treated with phosphorus pentoxide.
The same product was isolated when the dihydroxy derivative was heated with 309,
sulfuric acid at 100° for four hours in a bomb tube.

The Preparation of the Monoxide of Phenylbutadiene.—The hydroxybenzoate, in
a methyl alcohol solution to which a few drops of dilute hydrochloric acid were added,
was heated in a bomb tube at 120-130° for four to five hours. The methyl alcohol
solution was then removed, a large volume of water was added and the mixture extracted
with ether. The ether solution was dried over anhydrous sodium sulfate, filtered and
the major portion of the ether removed by means of suction. The remaining oil was dis-
tilled under reduced pressure. The fraction which distilled at 88° under 1 mm. pressure
was a monoxide of phenylbutadiene.

Anal. Caled. for CioH100: H, 6.90; C, 82.15. Found: H, 7.02, 7.29; C, 82.16,
82.36. Mol. wt. Caled. for CioH1O: mol. wt., 146. Found: mol. wt. (freezing point
method), 142.

One gram of the monoxide of phenylbutadiene was ozonized for five hours. Benzoic
acid (0.45 g.) and the semicarbazone of benzaldehyde (0.13 g.) were isolated. The
amount of the products isolated represented 65.4%, of the material ozonized.

The monoxide of phenylbutadiene was warmed with 309, sulfuric acid on the steam-
bath and the resulting viscous oil extracted with ether. From the ether extract the di-
mer of the monoxide of phenylbutadiene, m. p. 192°, was obtained.

The dry hydroxybenzoate was heated at atmospheric pressure for a short time.
Most of the benzoate remained unchanged but a small amount of it was decomposed to
the monoxide of phenylbutadiene and benzoic acid.

As has already been stated, small amounts of the monoxide oil always accompanied
the hydroxybenzoate in the original reaction mixture.

Ozxidation at 25°

Preparation of the Dioxidation Products.— Cis-phenylbutadiene was added to a
slight excess of two equivalents of perbenzoic acid in chloroform solution at 25° and
allowed to stand at that temperature until iodimetric titration indicated that no per-
benzoic acid remained. This required eighteen to twenty hours. The resulting mix-
ture was treated as described above for the hydroxybenzoate. The oil which remained
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after the ether was removed was distilled under reduced pressure. At 97° under 1 mm.
pressure a small amount of dioxide oil was distilled.

Anal. Caled. for CioH1002: H, 6.22; C, 74.04. Found: H, 6.06, 6.35; C, 74.23,
74.06.

The residue in the distilling flask was taken up in benzene and the solution allowed
to stand overnight. Crystals of a dihydroxydibenzoate separated and were recrys-
tallized from hot benzene; their melting point after recrystallization was 186°.

Anal. Caled. for CyH2Os: H, 5.42; C, 70.93. Found: H, 5.20, 5.35; C, 70.86,
70.75. Mol. wt. Caled. for CosHyOf: mol. wt.,, 406. Found: mol. wt. (boiling
point method), 371.4.

The dibenzoate is only slightly soluble in most organic solvents but moderately
soluble in chloroform and acetone.

Summary

1. The 3,4-hydroxybenzoate of phenylbutadiene was isolated as the
primary product of the oxidation of cis-phenylbutadiene by means of per-
benzoic acid, when the reaction was carried out at 0°. A dihydroxy-
benzoate was obtained from the same reagents at 25°.

2. The 3,4-hydroxybenzoate of phenylbutadiene was hydrolyzed with
alkali to 3,4-dihydroxyphenylbutadiene and derivatives of the dihydroxy
compound were prepared.

3. The 3,4-hydroxybenzoate of phenylbutadiene was decomposed by
acids to the monoxide or the dimer of the monoxide of phenylbutadiene.
The product obtained depended upon the acid used and the conditions
under which the reaction took place.

CHicaco, ILLINOIS
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ORIENTING INFLUENCES IN THE BENZENE RING. THE
SULFONATION OF BENZOIC ACID!?

By Jomnn S. ReesE IV

RECEIVED DECEMBER 26, 1931 PuBLISHED MAY 7, 1932

Generally speaking, previous work has shown that benzoic acid may
be sulfonated readily with strong sulfuric acid at high temperatures (ca.
200°) and by long duration of heating (two to twenty-four hours).2 In
this way about 909, of the product is the m-sulfobenzoic acid and the
balance is the para isomer. Furthermore, Maarse,? incidental to a lengthy
investigation of this problem, demonstrated that the meta isomer may
be converted under the ordinary reaction conditions into the para isomer

. ! From a dissertation submitted to the Board of University Studies of the Johns
Hopkins University in conformity with the requirements for the degree of Doctor of
Philosophy. Presented before the Division of Organic Chemistry at the 82d Meeting
of the American Chemical Society, Buffalo, N. Y., September, 1931.

2 Maarse, Rec. irav. chim., 33, 207-238 (1914).
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to the extent of about 159, although the reverse reaction was found to
occur to about a three-fold greater degree. Now despite the fact that
ortho substitution had been reported as totally absent and that metallic
sulfates had no effect upon the sulfonation reaction, Dimroth and Schmae-
del® have stated that the presence of mercuric sulfate not only increases
the degree of sulfonation but also permits sulfonation in the ortho position
to the extent of 5%.% Furthermore, Auger and Vary,* sulfonating vari-
ously in the presence of iodine, always obtained all three isomeric sulfo-
benzoic acids, of which the ortho amounted to only 19),. Although the
main facts as presented above appear to be quite satisfactory, there are a
few questions which are as yet unsettled. If the influence of such catalysts
as iodine and mercuric sulfate is correctly reported, why does no ortho
substitution normally take place? Why are the meta and para isomers so
closely associated whereas all theories regarding orienting influences in the
benzene ring demand that only the ortho and para isomers be so related?
In addition, however, there were other rather interesting aspects which
caused this problem to be investigated.

Without going thoroughly into the matter here, it was observed by the
author from an extended study of the general problem of orienting in-
fluences that there was no substantial basis for the assumption that ortho
and para substitution are closely related and opposed to meta substitution.
Nevertheless it is perhaps well to present some of the more significant
evidence for this particular point of view.

Although a superficial consideration of the evidence indicates that
ortho substitution occurs frequently and perhaps always together with
para substitution, whereas meta substitution takes place alone, a thorough
examination will reveal that in nearly every case where an exhaustive
study of the reaction products has been.made, all three isomers are simul-
taneously formed.® Indeed it is rather the great number of cases in which
all three isomers do occur that leads one to believe that such is the normal
circumstance. True enough the amount of meta substitution is almost
negligible in cases where para substitution predominates, yet when meta
substitution is the greatest, para substitution is always less than the
accompanying ortho substitution. Table I clearly illustrates the argument.

The above figures show that whether para or meta substitution pre-
dominates it is accompanied principally by ortho substitution and conse-
quently that ortho is no more closely related to para than to meta substitu-

3 Dimroth and Schmaedel, Ber., 40, 2411 (1907).

4 Auger and Vary, Compt. rend., 173, 239 (1931).

5 Exceptions are those such as sulfonation of nitrobenzene and benzene sulfonic
acid where only the ortho isomer is absent. In such cases molecular rearrangements are
known to occur and possibly account for the absence of the ortho isomer. Where halo-

genation gives no meta isomer, nitration shows that all three can occur as with toluene,
and vice versa as with chlorobenzene.
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TABLE [
NITRATION OF MONO-SUBSTITUTED BENZENES

Original substituent 7o Meta % Ortho %% Para

-—COOH 76.5 22.3 1.2 [a]
—NO; 90.9 8.1 1.0 [b]
—S0O;H 68.3 19.9 6.2 [c]
-—CHj; 4.4 58.8 36.8 [d]
—OH 2.7 59.2 38 [e]
—Cl1 (bromination) 1.2 17.5 81.3 [f]
—NH(CH,;CO) 2.1 19.4 78.5 [g]

[a] Holleman, Ber., 39, 1716 (1906); [b] Holleman and de Bruyn, Rec. trav. chim.,
19, 79 (1900); [c] Obermiller, J. prakt. Chem., [2] 89, 70 (1914); [d] Holleman and Ver-
meulen, Chem. Centr., I, 1820 (1912); [e] Arnall, J. Chem. Soc., 125, 811 (1924); [f]
Holleman and van der Linden, Chem. Zentr., 11, 640 (1910); [g] Arnall, J. Soc. Chem.
Ind., 48, 1597 (1929).

tion. Furthermore, the simultaneous formation of the ortho and the meta
isomer to the exclusion of the para is illustrated by the nitration of benzal-
dehyde in the presence of acetic anhydride, where 709, of the meta and
309, of the o-nitrobenzaldehyde were obtained.® Also, Reddelien’ has
found that benzaldehyde forms under certain conditions an addition
compound with nitric acid which may be isolated as such. He then
showed that this addition compound when treated with sulfuric acid alone
yielded pure m-nitrobenzaldehyde. This, of course, was to be expected
since the aldehyde group is a strong meta orienting substituent. But
when this same benzaldehyde nitrate was treated with acetic anhydride in
addition to the sulfuric acid, he obtained pure p-nitrobenzaldehyde. He
further showed that whereas traces of o-nitrobenzaldehyde were found in
both cases, at neither time did the para and the meta derivatives occur to-
gether. This experiment certainly suggests that ortho substitution takes
place in any case and may be accompanied by either para or meta substitu-
tion. Generally, therefore, a careful examination of the evidence indicates
that ortho substitution is midway between and equally related both to para
and meta substitution and consequently this conception is proposed in place
of the old and accepted one.

Closely related to the above aspect is the conclusion reached by Blanksma®
that indirect substitution occurs only when the substituents —OH, —NH,,
—NHR, —OR or —CH; are present in the ring. Furthermore, it has
been stated by Holleman® that indirect substitution leads always to ortho—
para substitution, whereas direct substitution may lead to either ortho—
para or to meta substitution, though principally to the latter. Now, as it

¢ Holleman, Rec. trav. chim., 33, 1 (1914).
7 Reddelien, J. prakt. Chem., 91, 213 (1915); Z. angew. Chem., 35, 580 (1922).
8 Blanksma, Rec. trav. chim., 21, 282 (1902).

9 Holleman, “Die direkte Einfithrung von Substituenten in den Benzolkern,”
Leipzig, 1910, p. 214.
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will be shown later, it appears quite probable that in the sulfonation of
benzoic acid, not only are ortho and meta substitution closely related but
also they do occur indirectly. It may therefore be readily understood
that the present investigation offered an opportunity to throw considerable
light not only upon the specific question of the sulfonation of benzoic acid
but also upon the general problem of orienting influences.

Indeed the available evidence suggests that the sulfonation of benzoic
acid is actually an indirect substitution involving several intermediate
compounds. Thus the first step, formation of an addition compound with
the sulfuric acid, CeHsCOOH-H,SO,, is suggested by the work of Kendall
and Carpenter,’ who have indicated the existence of this addition com-
pound by cryoscopic measurements. Support for a second step, a con-
densation under the influence of excess sulfuric acid to form benzoyl sulfuric
acid, is given by Oppenheim’s!! preparation of this latter compound from
benzoyl chloride and sulfuric acid. As for a third step, Oppenheim ob-
served that benzoyl sulfuric acid changed on long standing to sulfobenzoic
acid though he did not specify exactly which isomer. This scheme, in-
volving an addition compound, a condensation, and a rearrangement, is
by no means uncommon, being known to take place in the sulfonation of
aniline,'? and in all probability in the sulfonation of both toluene and
phenol.!* Yet these examples all lead to ortho and para substitution
whereas no similar case of meta substitution is definitely known. Assum-
ing, however, that with benzoic acid such a course of reaction does occur,
a significant question is still unanswered. Are the para and meta isomers
formed by a direct rearrangement of the benzoyl sulfuric acid or by a re-
arrangement of a possible intermediate o-sulfobenzoic acid? Indeed, it was
the probability of the latter scheme that suggested the first step of this in-
vestigation.

Thus to determine whether the o-sulfobenzoic acid would rearrange to
another isomer under the reaction conditions, it was heated with a large
excess of concentrated sulfuric acid at 200° for various intervals of time
from one-half hour to twelve hours. Upon recovering the potassium salts
of the sulfobenzoic acids, they were converted to the hydroxybenzoic acids
by fusion with caustic potash and the salicylic acid or the ortho isomer was
removed from the mixture by extraction with chloroform in which it is
readily soluble whereas the meta and para isomers are not. In this way
it was found that the o-sulfobenzoic acid was converted solely to the meta
isomer and the rate of conversion was thus quite readily determined.

10 Kendall and Carpenter, THIS JOURNAL, 36, 2500 (1914).

1t Oppenheim, Ber., 3, 736 (1870).

12 See Gattermann, “Die Praxis des org. Chemikers,” 21st ed., 1928, pp. 156-157.

13 Holleman and Caland, Ber., 44, 2509 (1911); Olsen and Goldstein, I'nd. Eng.
Chem., 16, 66 (1924); Baumann, Ber., 11, 1909 (1878).
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Plotting the percentage of meta isomer against the time gave a regular
curve approaching a maximum of about 85%, in twelve hours (see Fig. 1).
On the other hand, the natural logarithm of the concentration of the un-
changed ortho isomer against the time gave a straight line as demanded
by a monomolecular reaction. Similarly, with a view to the reported effect
of mercuric sulfate on the sulfonation reaction, its influence upon this
isomerization was studied. The rate of conversion was found to be greatly
increased, over two-fold up to four hours of heating. The plot for the
natural logarithm of unchanged ortho-isomer against the time was a
straight line, suggesting as is very probable that this also is a
mono-molecular reaction.
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Fig. 1.—Isomerization of o-sulfobenzoic acid: O and @, without mer-
curic sulfate; [ and M, with mercuric sulfate; @ and M, logarithm of the
concentration of o-sulfobenzoic acid.

The sulfonation of benzoic acid at 200° both in the absence and presence
of mercuric sulfate and for intervals of time where incomplete sulfonation
would be obtained was then investigated. Thus, excepting that the un-
reacted benzoic acid was removed before fusion by extraction with ether
of the solution of sulfobenzoic acids, an exactly similar procedure was
followed and the degree of sulfonation and proportion of the isomers was
determined for three, one, one-third and one-twelfth hours The follow-
ing results were obtained.

It is perfectly apparent that the sulfonation proceeds far more rapidly
than is indicated by previous work. Furthermore, the percentage of
recovered product decreases markedly from the percentage of sulfonation
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TasLE I1
SULFONATION OF BENzorc Acip at 200°
Time, % Sulfonation Recovered Ortho substitution, 7,
hrs. (reacted C¢HsCOOH) product, % Without Hg With Hg
3 99.1 98.3 6.3 (high) 2.3
1 95.5 93.3 5.8 3.8
1/3 81.0 75.0 14.3 7.3
1/12 35.9 11.6 ¢ @

% Only a trace of hydroxybenzoic acid was obtained (less than 0.05 g.).

calculated from the recovered unreacted benzoic acid. At five minutes
practically no products were obtained although an apparent 369, sulfona-
tion is definitely indicated. The same results are obtained when mercuric
sulfate is present; but an explanation of this anomaly is suggested by a
study of reaction velocity curves (see Fig. 2). The curve for the percent-
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Fig. 2.—Sulfonation of benzoic acid at 200°: O, 9, sulfonation; @,
logarithm of the concentration of unreacted benzoic acid.

age of sulfonation against time is perfectly regular in every respect.  How-
ever, the plot of the natural logarithm of the concentration of the unreacted
benzoic acid against the time breaks rather abruptly at about twenty
minutes. This great divergence can scarcely be attributed to an experi-
mental error since a correction in the direction of less sulfonation would
only increase it, whereas a correction in the other direction would indicate
entirely too great a degree of sulfonation to be on the curve at all.
Furthermore, the twenty-minute sulfonation as well as the others also was
virtually run in duplicate since it has been shown that the presence of
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mercuric sulfate in no way influences the degree of sulfonation. To con-
tinue, therefore, from twenty minutes to three hours, the plot is a perfect
straight line, whereas from zero time to twenty minutes it is probably a
slight curve though of a decidedly greater slope. It is scarcely to be
doubted therefore that this curve represents two distinct reactions, a
primary and a subsequent one. Indeed, the most plausible explanation of
these facts is that the portion of the curve up to twenty minutes represents
the condensation of the addition compound to the benzoyl-sulfuric acid,
possibly accomplished through the agency of the excess sulfuric acid. This
part of the line though not indicated in this way should curve where the
inevitable shading off to the subsequent reaction takes place. From this
point on the straight line demands a monomolecular reaction and prob-
ably represents the isomerization of the benzoyl-sulfuric acid not to the
m-sulfobenzoic acid but to the ortho isomer. An examination of the
figures in the table above reveals this fact since increasingly larger amounts
of the ortho isomer are formed in the absence of mercuric sulfate than in its
presence as the sulfonation becomes more incomplete. This fact coupled
with the effect of mercuric sulfate on the conversion of the ortho to the
meta isomer indicates very strongly that the ortho isomer is actually an
intermediate product.

The above interpretation presents a fairly probable picture of the reac-
tion mechanism and agrees with the scheme as originally proposed. For a
complete explanation, however, one must consider the formation of the
para isomer. Yet recalling the work of Maarse,? it appears very likely that
this isomer is formed by a conversion of the m-sulfobenzoic acid. Indeed,
preliminary work on the isomerization of the meta isomer reveals that
certainly no more than a trace of the ortho isomer is formed although it is
perfectly obvious from a regular decrease in the melting point that a slight
admixture of another substance is present in increasingly larger amounts
as the time of heating is lengthened. Although further study would be
of considerable interest, it is believed nevertheless that a clear insight into
the nature of this reaction has already been obtained.

In conclusion, however, it may be added that the above work bears
directly on the general problem of orienting influences. Not only has the
total absence of ortho substitution as previously reported been explained,
but it has also been shown that the apparently simultaneous and exclusive
formation of the meta and para isomers is not an anomalous case. In-
deed, considerable support has been obtained for a more nearly correct view
of the relation of the three isomeric positions among di-substituted ben-
zenes. Inasmuch as direct conversion of the ortho to the para isomer is a
well-known reaction (see above) and since the present work offers the con-
version of the ortho to the meta isomer as a complementary case, it at once
appears that ortho substitution occupies a unique place between meta and
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para substitution and is equally related to both. This proposition is
obviously not in harmony with the long-accepted and time-honored point
of view upon which has been based all previous and present hypotheses to
explain orienting influences in the benzene ring. Closely related to this
aspect of the question are the contention of Holleman and also the proposi-
tion of Blanksma concerning the occurrence of direct and indirect sub-
stitution. However, it is perfectly obvious from the present investigation
that the sulfonation of benzoic acid, a well-recognized case of meta sub-
stitution, is actually an example of indirect substitution. Thus with all
due respect to the weight and value of Holleman’s opinion, this study is
offered as support for ideas which are at complete variance with his.
In addition it must be mentioned that in the light of this investigation,
the work of Dimroth and Schmaedel as previously presented is apparently
in error.

Experimental Part

Pure o-sulfobenzoic acid was prepared by the hydrolysis of o-sulfobenzoic anhydride,
recrystallized from benzene (m. p. 118.5°).1¢ Five grams of o-sulfobenzoic acid and 30
cc. of concentrated sulfuric acid (1.84) were placed in an Erlenmeyer flask and heated
at 200° in an oil-bath for the desired length of time. The contents of the flask were run
into about 800 cc. of water and neutralized with either barium carbonate or barium
hydroxide. The precipitate of barium sulfate was removed by decantation of the super-
natant liquid and filtration. The barium sulfate was also thoroughly washed with water,
the washings being added to the filtrate. The residual barium contained in the filtrate
as the barium salts of the sulfobenzoic acids was precipitated completely by addition of
the necessary amount of dilute sulfuric acid. Following evaporation to about 400 cc.
the barium sulfate was removed by decantation and filtration, the filtrate further evapo-
rated, neutralized with potassium carbonate and finally evaporated to complete dryness.

The potassium salts of the sulfobenzoic acids thus obtained .were powdered and
fused with 10-15 g. of potassium hydroxide at 200-210° for two hours. The melt was
completely dissolved with about 200 cc. of water and acidified with concentrated hydro-
chloric acid. The acidified solution was then extracted four times in a separatory
funnel with 40 cc. of ether and the hydroxybenzoic acids obtained as a residue by dis-
tilling off the ether. This residue was then purified by extraction with absolute ether
and a practically pure residue of hydroxybenzoic acids was thus obtained. Upon pow-
dering this residue was extracted with 25 cc. of chloroform and removal of the chloro-
form by distillation gave a residue consisting of the o-hydroxybenzoic acid with a slight
admixture of the meta isomer. The portion insoluble in chloroform was found to be
practically pure m-hydroxybenzoic acid. The isomers were identified by their melting
points and mixed melting points with the pure isomers. After weighing, a correction
determined through solubility measurements was made for the admixture of the meta
with the ortho isomer. It was thus readily possible to calculate the percentage con-
version of the ortho to the m-sulfobenzoic acid.

The influence of mercuric sulfate was studied in a precisely similar fashion by the
addition of 0.5 g. of this salt to the o-sulfobenzoic acid and sulfuric acid before heating.

The sulfonation of benzoic acid was investigated in the same way by dissolving 2.34

!4 Obtained from Hynson, Westcott and Dunning, Baltimore, Md., through the
courtesy of Dr. F. Dunning.
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g. of benzoic acid (c. ».) in 80 cc. of concentrated sulfuric acid (1.84) and heating for the
desired length of time, namely, three, one, one-third and one-twelfth hours. The in-
fluence of mercuric sulfate was again studied in a similar fashion by the addition of 0.5
g. of this salt to the reaction mixture. The subsequent procedure was identical with the
isomerization experiments except for the removal of the unreacted benzoic acid. This
was accomplished by extraction of the acid solution of the sulfobenzoic acids reduced to
about 125 ce. three times with 25 cc. of ether. The benzoic acid was weighed and the
percentage sulfonation calculated. Finally, to identify absolutely the presence of the
ortho isomer, the chloroform soluble residue was powdered in the small extraction flask,
placed on a boiling water-bath with a water filled test-tube held in the neck of the flask
through a stopper, and the ortho isomer or salicylic acid allowed to sublime onto the out-
side of the test-tube. In this way the presence of the least trace of salicylic acid could be
demonstrated, since it gave the characteristic purple color in a water solution when tested
with ferric chloride. This procedure was found necessary both on account of the slight
amount of residue and since the melting point method was not completely satisfactory.
The percentage sulfonation was determined not only by the recovered unreacted
benzoic acid, but also by the recovered potassium salts and the yield of hydroxybenzoic
acids.
The author herewith desires to express his appreciation and gratitude
for the generous advice and kindly encouragement of E. Emmet Reid,

Professor of Chemistry, Johns Hopkins University.
Summary

A reaction scheme for the sulfonation of benzoic acid has been proposed
and supported by a study of the isomerization of o-sulfobenzoic acid and the
actual sulfonation reaction.

A new relation between ortho, meta and para substitution has been
proposed and evidence from the sulfonation of benzoic acid added to that
already found in the literature.

BALTIMORE, MARYLAND

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY OF THE UNIVERSITY OF NOTRE
DaME]
ORGANIC REACTIONS WITH BORON FLUORIDE. I. THE
PREPARATION OF ESTERS

By H. D. HiNTON AND J. A. NIEUWLAND
RECEIVED DECEMBER 31, 1931 PUBLISHED May 7, 1932

Bowlus and Nieuwland! found that boron fluoride united with acetic
acid in the proportion of one mole of boron fluoride to two moles of acetic
acid. This compound is a heavy liquid, fuming strongly in moist air.
Analyses pointed to the formula (CH;COOH),BF;. By the use of this
compound as a catalytic agent a series of esters has been prepared. The
question as to whether the catalytic effect observed is due to the acid-boron
fluoride compound, or to the reaction of this substance with some of the
alcohol to form the boron fluoride compound, is at present unanswered.

1 Bowlus and Nieuwland, THIs JOURNAL, 53, 3835 (1931).
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If the alcohol-boron fluoride compound is formed, it probably catalyzes
the reaction in a manner similar to hydrochloric or sulfuric acid, since it
has been shown to be acidic in character.?

Experimental

Ethyl Acetate.—The acetic acid-boron fluoride compound was prepared by passing
boron fluoride gas into two moles of glacial acetic acid until one mole of the gas was
absorbed. A flask containing 25 g. of acetic acid, 19.18 g. of ethyl alcohol and the
catalyst was attached to a reflux condenser, and the contents refluxed from one to nine
hours. After refluxing, a saturated solution of sodium carbonate was added to the re-
action mixture, and the ester layer was recovered. A yield of 47-509, was obtained.
An increase of the catalyst above one or two per cent. concentration did not increase the
yield of ethyl acetate. One hour of refluxing produced practically the same amount of
ester as a reflux of nine hours.?

Propyl Acetate.*—Seven grams of boron fluoride was passed into a mixture of
59.4 g. of propyl alcohol and 60 g. of glacial acetic acid. After refluxing for one-half
hour, two layers separated, the top layer containing the ester. A yield of 53.5%, of the
ester was obtained.

Bowlus and Nieuwland! found that propionic acid absorbed one mole of boron
fluoride to form a propionic acid-boron fluoride compound boiling at 62--63 ° (17 mm.).
A series of alcohols was refluxed with this propionic acid-boron fluoride compound, each
for forty-five minutes, and the corresponding esters were obtained in yields varying
from 37 to 669%. Ethyl, propyl, #n-butyl and #-amyl alcohols were used.5

Bowlus and Nieuwland did not report a butyric acid—boron fluoride compound.
Experiments are being conducted in this Laboratory at the present time to determine if
such a compound can be prepared. If it can, a series of esters with this compound
should be possible. It was also found that on passing boron fluoride into aliphatic
alcohols other than methyl and ethyl, hydrocarbon oils were obtained. After removing
the oils, a strongly acid, fuming liquid similar to the methyl and ethyl alcohol solutions
of boron fluoride was obtained. This solution, possibly, could be used as a catalytic
agent for the preparation of esters. Experiments are being carried out in this Labora-
tory to find out if the reaction is possible. Evidence obtained up to the present time
seems to prove that the above reaction can be used in the preparation of esters.

Summary

Using an acetic acid-boron fluoride compound, and a propionic acid-
boron fluoride compound with a series of aliphatic alcohols, the corre-
sponding series of esters has been prepared.

NoTRE DAME, INDIANA

? Nieuwland, Vogt and Foohey, THis JourNaL, 52, 1018 (1930).
3 Terre, “Thesis,” University of Notre Dame, 1931.

4 Seelinger, “Thesis,” University of Notre Dame, 1932.

5 Sullivan, “Thesis,” University of Notre Dame, 1932.
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[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, UNIVERSITY OF NOTRE DAME |

ORGANIC REACTIONS WITH BORON FLUORIDE. II. THE
REARRANGEMENT OF ALKYL PHENYL ETHERS

By F. J. Sowa, H. D. HINTON AND J. A. NIEUWLAND

REeCEIVED DECEMBER 31, 1931 PUBLISHED MAY 7, 1932

The rearrangement of allyl and alkyl phenyl ethers has been a subject of
study before and a number of isolated cases reported. Claisen,’ by heating
certain O-allyl aryl ethers to a high temperature, transformed them into
the isomeric nuclei substituted phenols (C-allyl phenols). If the alkyl
group is substituted for an allyl group, isomerization does not take place
under the influence of heat, the presence of inorganic substances being
necessary in most cases. In order to explain the substituted phenols
obtained by Koenigs? and Schrauth and Quasebarth,® Niederl and Natel-
son* treated o-cresyl di-isobutyl ether with zinc chloride and hydrochloric
acid. They also studied the action of a mixture of concentrated sulfuric
acid and glacial acetic acid on saturated alkyl phenyl ethers, obtaining
substituted phenols. '

The purpose of the following investigation is to study the action of boron
fluoride as an agent in the rearrangement of alkyl aryl ethers, to demon-
strate its advantages as such, and to show that the products obtained by
this method follow the same rules as those products obtained by Niederl
and Natelson.*

Experimental

Preparation of Alkyl Phenyl Ethers.—One mole of phenol or cresol was weighed
in a liter flask, fitted with a reflux condenser and a dropping funnel. A sufficient amount
of water was added to 59 g. (excess) of potassium hydroxide to make a thick mixture,
and this was added to the phenol. The whole mass was heated until solution became
complete; 125 g. (excess) of isopropyl bromide was added slowly while shaking and
warming. After all of the bromide was added, the contents were refluxed for one and a
half hours, then poured into 400 cc. of water to dissolve the sodium bromide formed.
The oil which separated at the top was washed several times with 109, sodium hydroxide
solution, and finally with water. The oil was then dried over calcium chloride and dis-
tilled; yields from 50 to 759, were obtained.

Rearrangement of Alkyl Phenyl Ethers.—The procedure for the rearrangement of
alkyl phenyl ethers is very nearly uniform and may be illustrated by the rearrangement
of isopropyl m-cresyl ether.

Ninety-eight grams of the ether was weighed into a 500-cc. flask fitted with a three-
holed stopper. A thermometer and an inlet tube were inserted below the surface of the
liquid. Boron fluoride gas was passed into the ether. The preparation of the boron

t Claisen, Ber., 45, 357 (1912); ibid., 58, 275 (1925); zbid., 59, 2344 (1926); Z.
angew. Chem., 36, 478 (1923).

2 Koenigs and Carl, Ber., 24, 3889 (1891).

3 Schrauth and Quasebarth, 7bid., 57, 856 (1924).

4 Niederl and Natelson, THIS JOURNAL, 53, 1928 (1931).
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fluoride followed the procedure of Bowlus and Nieuwland.® The temperature ranged
from 27 to 43° when 3 g. of boron fluoride was added. The absorption was stopped and
the mixture, which had a reddish tinge, was shaken vigorously. The temperature
gradually went to 75° and the solution became dark red in color. The flask was heated
to 85° and then shaken for about five minutes or allowed to stand overnight. At this
point the boron fluoride gas was given off quantitatively. The solution was placed in a
500-cc. separatory funnel and washed once with 150 cc. of water and then extracted with
109, potassium hydroxide solution. The alkali insoluble layer was separated and
washed with water until free from alkali. This was the reclaimed ether. The alkali-
soluble layer was kept cool and neutralized with concentrated hydrochloric acid. Two
layers appeared. The oily layer was separated and the other layer extracted with
ether. The oily layer and the ether extract were combined. The ether was removed
and the residue subjected to several fractionations.

From 98 g. of the ether, 63 g. of rearranged product was obtained, and 8 g. of the
unchanged ether. This is a 649, yield based on the total quantity of ether used or 729,
yield when the reclaimed ether is allowed to enter the calculations.

TABLE I
ETHERS AND REARRANGED PRODUCTS
Ether B. p., °C,, ar n'; Taken, g.

1 Isopropylphenyl 178 0.975 1.4992 34

2 Isopropyl o-cresyl 193 .953 1.5040 97

3 Isopropyl m-cresyl 194 .931 1.4959 98

4 Isopropyl p-cresyl 194 .927 1.4952 69

REARRANGED PRobUCTS

Rearranged product Yield, g. % B. p., °C,, d? ng
1 o-Isopropylphenol 22 64.7 212-214 1.004 1.5310
2 2-Methyl-4-isopropylphenol 51 52.5 231-235 0.975 1.5230
3 3-Methyl-x-isopropylphenol 63 64.2 230-236 .989 1.5275
4

4-Methyl-2-isopropylphenol 36 52.2 233-236 .982 1.5270

Discussion

The compounds which appear in this article have been reported previ-
ously and the structures established, with the exception of the rearranged
product from isopropyl m-cresyl ether. The position of the isopropyl
group in the ring is at present being studied at New York University.*

The method described in this investigation should be rather desirable:
first, because never more than thirty-five minutes was required to complete
a rearrangement studied. Second, the boron fluoride gas was easily re-
covered by merely heating the mixture. The temperature at which the gas
was evolved varied from 85 to 150° for the different phenols. The amount
of boron fluoride required for these rearrangements varied from one to five
grams. When the minimum amount was used, warming and shaking were
necessary.

The above ethers could be rearranged spontaneously by simply adding an
excess of boron fluoride and allowing the temperature to rise.

5 Bowlus and Nieuwland, THis JoUrNAL, 53, 3835 (1931).
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Solvents are not necessary but in certain cases they increase the yield.
At present, an investigation regarding solvent action and the preparation
of a series of new compounds of various phenolic ethers is being studied in
this Laboratory.

Summary

1. The rearrangement of a series of alkyl phenyl ethers has been ac-
complished by the use of boron fluoride.
2. The boron fluoride can be recovered quantitatively.
3. The time required for the rearrangement of alkyl phenyl ethers has
been materially shortened by this process.
Notre DAME, INDIANA

[CONTRIBUTION FROM THE GEORGE HERBERT JONES LABORATORY OF THE UNIVERSITY OF
CHicAGO]

THE BEHAVIOR OF PHENYLACETONITRILE AND ALPHA-
PHENYLBUTYRONITRILE WITH SODIUM ETHYLATE!

By Mary M. RisiNG aAND KE1TH T. SWARTZ
RECEIVED DECEMBER 31, 1931 PUBLISHED May 7, 1932

The isolation of the pure alkali salts of phenylacetonitrile and a-phenyl-
butyronitrile by Rising in collaboration with Zee,® Muskat and Lowe® and
Braun,” and of the former nitrile by Upson,?® involved the treatment of the
nitriles with the alkali metals or amides. Asobserved by E. von Meyer*and
his co-workers, and by Upson, and shown quantitatively for phenylaceto-
nitrile by Braun, the reaction of the nitriles with sodium takes the course

2CH;CH,CN + 2 Na —> 2[CH;CHCN|Na - 2H (1)
[CeH;CHCN INa + 2H —> CH;CH; + NaNC (2)
The use of sodamide instead of sodium incurs no reduction of the salts.

It was suggested earlier® that sodium ethylate might prove to be a
useful reagent for obtaining the salts of these and other nitriles. The pres-
ent paper describes the behavior of phenylacetonitrile and a-phenylbutyro-
nitrile with solid sodium ethylate in dry boiling ether in an atmosphere
of nitrogen. The ethylate has been used successfully in a great number of
condensation reactions of nitriles® and the intermediate formation of
sodium salts of the nitriles used is ordinarily assumed. We planned to

1 The work here described forms part of the dissertation of K. T. Swartz, presented
in partial fulfilment of requirements for the doctorate degree at the University of
Chicago.

2 (a) Rising and Zee, THIS JOURNAL, 49, 541 (1927); 50, 1699 (1928); (b) Rising,
Muskat and Lowe, ¢bid., 51, 262 (1929); (c) Rising and Braun, 7bd., 52, 1069 (1930).

3 Upson, Maxwell and Parmelee, ¢bid., 52, 1971 (1930).

¢ Wache, J. prakt. Chem., 39, 245 (1889); von Meyer, ¢bid., 52, 114 (1895), etc.

5 Higson and Thorpe, J. Chem. Soc., 89, 1455 (1906); Avery and Upson, THIS
JourNAL, 30, 600 (1908); Daughters, ibid.. 39, 1927 (1917), and others.



2022 MARY M. RISING AND KEITH T. SWARTZ Vol. 54

isolate the intermediate products in the case of the nitriles studied, using
the extremely delicate technique developed by Braun for handling the
very unstable salts.

Under the conditions used by us phenylacetonitrile reacts with sodium
ethylate to form a considerable quantity of sodium phenylacetonitrile.
The major part of the salt formed apparently condenses with phenylaceto-
nitrile to form a dimer of the nitrile, since the main product of the reac-
tion is «,y-phenyl-a-iminopropionitrile (dimolecular phenylacetonitrile),
CeH;CH.C(=NH)CH(C¢H;)CN, formed in about 259, yield. Sodium
phenylacetonitrile was not isolated from the reaction mixture, in which it
is soluble, but its presence there, and the quantity formed, were shown by
treatment of this mixture with benzyl bromide, and the resulting formation
of a,B-diphenylpropionitrile, CeH;CH(CH.C¢H;)CN, in 119, yield. The
identity of the dinitrile was established by the analytical data for the com-
pound and by the results of molecular weight determination. Its struc-
ture was proved by its conversion into «,vy-diphenyl-g-oximinopropionitrile,
CeH:;CH,C(=NOH)CH(C:H;)CN, and by a study of the products of hy-
drolysis of the dimer. The equations are

C6H5CH2C=NH CGH.r,CHZC:NOH
[ + NH,0OH —> [ + NH, (3)
CH:HCCN C:H:HCCN
CsHsCHzCZNH CsHsCHzCZNH +
[ + CH,0H + HCl —> : ONH, |Clm (4)
CH;HCCN CHHC—CL

(not isolated)
CeHaCHzC:NH +
/NH2 Cl~ 4+ HOH + HCl —>
CeHHC—CZ

NOCH.
! CoHsCHy,C—0

| O +CHCI+NHC (5)
CGH5HC-—C<

NH,

CéH;CH,C=NH
2
CeH;:HCCN

+ 4HCI 4 7H,0 —> (CeH;CH,),C=0 + 2C:H;CH,CO,H +
CO, + 4NHCI (6)

It is to be concluded that the mononitrile condenses with itself in the
presence of sodium ethylate to form the dimer with intermediate formation
of the sodium salt of the mononitrile. The product of this aldol-like
condensation is the sodium salt of the dimer, which is hydrolyzed to the
dinitrile. The dinitrile obtained, of molecular weight 228235, was a vis-
cous yellow oil of b. p. 222-223° (uncorr.) at 2.75 mm. pressure.

Dimolecular phenylacetonitrile was first prepared by von Meyer,* re-
peating the work of Wache,* who studied the behavior of phenylacetonitrile
with sodium in ether but failed to isolate the dinitrile. Von Meyer ob-
tained a viscous oil from which he prepared an oxime of melting point 107°,
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identical with that obtained from cyanodibenzyl ketone, and he concluded
that the oil was «,y-phenyl-g-iminopropionitrile. Atkinson and Thorpe®
prepared the dimolecular nitrile by heating phenylacetonitrile with sodium
in alcohol for half an hour. Rondou’ obtained the dinitrile by a Grignard
reaction.

a-Phenylbutyronitrile, CeHsCH(C,H;)CN, was not found by us to con-
dense with itself under the influence of sodium ethylate. After treatment
of this nitrile with the ethylate under the conditions used in the case of
phenylacetonitrile, 83% of the mononitrile used was recovered. The ma-
terial obtained in a reaction of the nitrile with sodium ethylate was treated
with methyl alcohol and hydrogen chloride. The products of this reaction
were methyl a-phenylbutyrate and a substance of melting point 83°
(uncorr.), thought to be a-phenylbutyramide. The amide, hitherto un-
prepared, was synthesized from a-phenylbutyryl chloride, also previously
unknown, and ammonia, and showed a melting point of 83° (uncorr.). The
melting point of a mixture of the amides obtained by the two methods was
83°. a-Phenylbutyryl chloride of boiling point 122-125° at 20 mm. was
obtained from a-phenylbutyric acid and thionyl chloride.

The investigation of the tautomerism of nitriles is being continued in
this Laboratory. An exhaustive study of the conductivities of a series of
nitriles is under way, and the results of this work should form a logical basis
for selection of nitriles best suited to the study of separation of tautomers.
Salts of the nitriles with heavy metals are being studied.

Experimental

1. Reaction of Phenylacetonitrile with Sodium Ethylate in Ether.—Sodium
ethylate was prepared from sodium (4 g.) and absolute alcohol (85 cc.) containing 25 cc.
of absolute ether in an atmosphere of nitrogen. When the excess of liquids was removed
by evaporation, solid white ethylate remained. Phenylacetonitrile (25.5 g., a 259,
excess) was dropped into an ether suspension of sodium ethylate in an apparatus es-
sentially like that used by Braun,?® the reaction being catried out in an atmosphere of
nitrogen. All reagents and apparatus were dried thoroughly. The reaction mixture
was refluxed for four hours, then 15 cc. of ligroin was added to precipitate unchanged
sodium ethylate. The mixture was allowed to stand overnight; it was then filtered and
three volumes of ligroin added to the filtrate to precipitate sodium phenylacetonitrile.
The precipitate obtained consisted largely of sodium benzoate.! Sodium phenylaceto-

6 Atkinson and Thorpe, J. Chem. Soc., 89, 1906 (1906).

7 Rondou, Bull. soc. chim. Belg., 31, 231 (1922).

8 Tt is evident that in spite of the precautions used to exclude air from apparatus
and reagents some oxygen was present. The formation of benzoic acid may signify the
breakdown of sodium phenylacetonitrile as follows

[CeH:CH=C=N ]Na —> C¢H;CH= 4 NaNC==
as previously postulated by Rising and Zee,” who obtained benzyl alcohol after the
treatment of the salt with aqueous acid. Upson and Thompson [THIS JOURNAL, 44, 186
(1922)] obtained benzoic acid from the impure salt following its exposure to air. A
study of controlled oxidation of the salt will presently be made.
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nitrile was not isolated from the reaction mixture, but its presence there was proved by
treatment of a reaction mixture, obtained as just described, with benzyl bromide, where-
upon «,B-diphenylpropionitrile was obtained in 119 yield. This nitrile melted at
57.5% (uncorr.), boiled at 163-164° (uncorr.) at 8 mm., and yielded on hydrolysis
a,B-diphenylpropionic acid of melting point 81-82° (uncorr.).1?

2. a,y-Diphenyl-g-iminopropionitrile. Preparation.—The reaction of phenyl-
acetonitrile (46.1 g.) with sodium ethylate (prepared from 7.3 g. of sodium and 140 cc.
of alcohol) was carried out as just described. The reaction solution was filtered after
being refluxed, and was then treated with water; the ether layer was separated and dried
over fused calcium chloride. The ether was then removed by evaporation and the oily
residue was distilled, yielding about 16 g. of phenylacetonitrile and 10 g. (a 25%, yield)
of the dimolecular nitrile, of boiling point 222-223° (uncorr.) at 2.75 mm.

Amnal. Caled. for CieHuNa: C, 82.00; H, 6.03; N, 11.97; mol. wt., 234. Found:
C, 81.92, 82.11; H, 6.14, 6.28; N, 11.95, 12.06; mol. wt., 231 (av., benzene as solvent).

Proof of Structure. (a) Oxime Formation.—Treatment of the dinitrile in alcohol
with hydroxylamine hydrochloride and barium carbonate (Equation 3) produced an
oxime of melting point 106-107°, a,y-diphenyl-g-oximinopropionitrile.4¢

(b) Hydrolysis.—(a’) Treatment of the dinitrile with concentrated hydrochloric
acid! in a bomb tube at 150° for eight hours (Equation 6) produced carbon dioxide,
phenylacetic acid'? of melting point 76 ° (uncorr.), and dibenzyl ketone!? of melting point
34-35° (uncorr.). The identity of the ketone was established by its conversion into di-
benzyl ketone phenylhydrazone! of melting point 125-126° (uncorr.). (b’) Treatment
of the dinitrile (4 g.) with methyl alcohol (15 cc.) and hydrogen chloride gas at 0° to
saturation (Equations 4 and 5) produced phenylacetophenylacetamide of melting point
163.5-164° (uncorr.) formed in 769, yield.)! The amide was hydrolyzed by alkali to
phenylacetic acid of melting point 75-76° (uncorr.).

3. «-Phenylbutyryl Chloride.—a-Phenylbutyric acid (14 g.) was refluxed with
thionyl chloride (100 g.) for eight hours. The reaction mixture was fractionated and
the fraction of distillate, 14 g. in quantity, of boiling point 122-125° (uncorr.) at 20
mm. was found to be pure butyryl chloride, produced in 89.99, yield.

Amnal. Caled. for C;oHy;OCL: Cl, 19.42. Found: Cl, 19.37, 19.56.

4. o-Phenylbutyramide.—Dry ammonia was passed into an ether solution
containing 5 g. of a-phenylbutyryl chloride. A vigorous reaction followed and pre-
cipitation of the amide and of ammonium chloride occurred. The precipitate was
brought on a filter and washed with water to remove the salt. The amide was recrys-
tallized from alcohol and melted at 83° (uncorr.). The yield was 639, of the theoretical.
The amide was also obtained, together with methyl a-phenylbutyrate, by treatment of
the crude reaction product, obtained by treatment of a-phenylbutyronitrile with sodium
ethylate as previously described for phenylacetonitrile, and consisting largely of un-
changed a-phenylbutyronitrile, with methyl alcohol and hydrogen chloride at 0°.
The melting point of a mixture of the amide obtained by the two methods was 83°
(uncorr.).

Anal. Caled. for CoHi3ON: C, 73.57; H, 8.03; N, 8.59. Found: C, 73.78,
738.63; H, 8.23, 8.23; N, 8.67, 8.80.

9 Meyer, Ber., 21, 1308 (1888).

10 Miller and Rohde, ¢bid., 25, 2018 (1892).

11 Walther and Schickler, J. prakt. Chem., 55, 350 (1897).
12 Moller and Strecker, 4nn., 113, 64 (1860).

13 Stobbe, Russwurm and Schulz, bid., 308, 175 (1899).

4 Francis, J. Chem. Soc., 75, 868 (1899).
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Summary

1. Under the conditions used by us sodium ethylate is not a useful re-
agent for obtaining the sodium salt of phenylacetonitrile.

2. A considerable quantity of sodium phenylacetonitrile is undoubtedly
formed in the reaction of the nitrile with sodium ethylate but much of the
salt condenses with the mononitrile to form a dinitrile.

3. a-Phenylbutyronitrile was not found to condense with itself under
the influence of sodium ethylate in ether.

4. The syntheses of the chloride and amide of a-phenylbutyric acid
are reported.

CHicaco, ILLINOIS

[CONTRIBUTION FROM THE SCHOOL OF CHEMISTRY OF THE UNIVERSITY OF MINNESOTA]
CARBON TETRABROMIDE AS A BROMINATING AGENT!

By W. H. HUuNTER AND D. E. EDGAR
RECEIVED JANUARY 2, 1932 PuBLIisHED May 7, 1932

During the study of certain reactions of carbon tetrabromide and aniline
in xylene solution, it was observed that the xylene was brominated. Ac-
cordingly, an investigation was started with the point of view of deter-
mining the possible use of carbon tetrabromide as a brominating agent.
In the case of the majority of compounds studied, bromination with this
reagent took place, and when this occurred bromoform was always a by-
product. Most of the bromo compounds prepared in this work can be
made more easily by other methods, so that, as a rule, the use of carbon
tetrabromide does not have any advantages over the commoner methods,
but our experiments indicate that there are certain regularities with bromi-
nations using carbon tetrabromide that may be very useful, and the most
important of these is the preferential side chain bromination of alkyl-
benzenes.

Experimental Part

Preparation of Carbon Tetrabromide.—The method of Wallach? served as a basis
for our modified preparation of carbon tetrabromide from acetone and sodium hypo-
bromite. The preparation as described is suitable for the production of large quantities
of carbon tetrabromide in good yield. Since bromoform is a by-product in all cases of
brominations described here, use was also made of a method similar to Habermann’s,?
involving bromoform and aqueous sodium hypobromite. Although Habermann stated
that direct light was necessary, it was found that as good a yield of carbon tetrabromide
could be obtained in the complete absence of light.

1 The work described in this paper constituted part of a thesis submitted to the
graduate faculty of the University of Minnesota by Donald E. Edgar in partial fulfil-
ment of the requirements for the degree of Doctor of Philosophy, May, 1927. This
paper was prepared by the junior author after the death of Dr. Hunter.—[L. I. SmiTH. ]

2 Wallach, 4nn., 275, 149 (1893).

3 Habermann, 4bid., 167, 174 (1873).
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(a) From Acetone.—A four-liter container (fitted with a mechanical agitator)
was approximately half-filled with shaved ice. To this was added 2500 cc. of sodium
hydroxide solution containing 150 g. of sodium hydroxide to the liter; 200 cc. of bromine
was added rapidly with stirring. Then 60 cc. of acetone was added in small portions
(5-10 cc.), time being allowed after each addition for the milky precipitate formed
(probably bromoform) to be converted into lumps of carbon tetrabromide. After ad-
dition of this amount of acetone, 1-cc. portions were added cautiously until the char-
acteristic yellow hypobromite color had been discharged. The crude carbon tetra-
bromide was separated by filtration and purified by crystallization from alcohol.

(b) From Bromoform.—A sodium hypobromite solution was prepared as in (a)
but with only one-fourth of the amounts of materials. This is sufficient to convert 150
g. of bromoform to carbon tetrabromide. All of the bromoform was added at one time
and the mixture was shaken or stirred vigorously.

Procedure in Bromination Experiments.—The reactions were carried out by heating
carbon tetrabromide with various materials in sealed tubes, in the proportions of 1:1
unless otherwise noted. The temperature, in general, was 150-180°, and the time of
heating about eight hours. In practically all cases, separation and purification of re-
sulting products was accomplished by fractional distillation under diminished pressure.
Identification of the products was by analysis for bromine, together with physical prop-
erties. The method of analysis was that of Stepanoff, as modified by Drogin and
Rosanoff,* which was found to be rapid and convenient.

TABLE I

RESULTS OF EXPERIMENTS IN WHICH ALIPHATIC COMPOUNDS WERE THE REACTANTS
WITH CARBON TETRABROMIDE

Reactants with CBry Product Yield, %
n-Heptane Decomposition ..
Acetic acid Bromoacetic acid 32.4
Propionic acid a- and B-monobromopropionic acids (mixture) 42.2
Sym.-tetrabromoethane Pentabromoethane 10.1

Hexabromoethane 2
Pentabromoethane Hexabromoethane Trace
TaBLE II
REsuLTs wiTH AROMATIC COMPOUNDS

Reactants with CBrq Product Yield, %
Benzene Bromobenzene 67.6
Toluene Benzyl bromide 76.9
Ethylbenzene 1-Phenyl-1-bromoethane 66.6
Ethylbenzene® 1-Phenyl-1,2-dibromoethane 70.3
n-Propylbenzene 1-Phenyl-1-bromopropane 46.7
Cumene Decomposition ..
m-Xylene m-Xylyl monobromide 67.3
m-Xylene” m-Xylylene dibromide 48.4
Durene Duryl monobromide 33.5
Durene® Addition product, 1:1 : 100
Naphthalene a-Bromonaphthalene 74.5

® Two moles of carbon tetrabromide to one of reactant. ® Room temperature in
carbon disulfide solution.

* Drogin and Rosanoff, THIS JOURNAL, 38, 711 (1916).
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In the study of aromatic hydrocarbons, described above in Table II, several in-
teresting facts were noted. Bromination, by this method, takes place preferentially
in the side chain rather than in the ring: the first point of attack being, in these cases, the
alpha carbon of the chain. The decomposition of isopropylbenzene, whereas z-propyl-
benzene is brominated, suggests a method of differentiating between normal and iso
linkages to the ring.

Duryl Monobromide (C;oHysBr).—This compound, which has not heretofore been
prepared, resulted from the reaction of carbon tetrabromide and durene in the general
manner described above and in Table II. Duryl monobromide is a clear, practically
colorless liquid boiling at 110-112° under a pressure of 4 mm. It has a not unpleasant
odor, somewhat resembling that of benzyl bromide, but is free from lachrymatory action.
With alcoholic silver nitrate it gives an immediate precipitate of silver chloride, while
monobromodurene, a solid having a melting point of 61°—the only other monobromo
derivative of durene—gives no precipitate.

Anal. Caled. for CjoHiBr: Br, 37.51. Found: (Stepanoff) Br, 37.78, 37.69;
(Carius) Br, 37.88, 37.82; (alc. AgNO;s) Br, 37.81, 37.86.

Durene—Carbon Tetrabromide Addition Product (C;oHs CBr,).5—Durene and
carbon tetrabromide were dissolved in equivalent molecular proportions in an excess of
carbon disulfide. The solution was allowed to stand at room temperature until the
carbon disulfide had evaporated. The material remaining was in the form of large, well-
defined crystals different in form from those of durene or of carbon tetrabromide, m. p.
84-86°. Mixed melting points of this material with either durene or carbon tetrabro-
mide gave a lowering of the melting point.

Anal. Caled. for CioHi4CBrs: Br, 68.62. Found: Br, 68.29, 68.51.

TaBLE III
ReacTioNs wiTH ARoMATIC COMPOUNDS
Reactants with CBry Product Yield, 9,
Bromobenzene p-Dibromobenzene 42.5
p-Dibromobenzene No reaction ..
Benzyl bromide Benzal bromide 55.3
Benzal bromide 74.5¢

Benzyl bromide® Benzotribromide 21.4
Benzal bromide Benzotribromide 27.2
Phenol® (Aurin)
Aniline® (Pararosaniline)

Nitrobenzene, m-dinitro benzene, and benzoic acid gave no reaction, even on pro-
longed heating, while hydroquinone was completely decomposed.

* Two moles of carbon tetrabromide to one of reactant. ° One mole of carbon tetra-
bromide to ten of reactant; refluxed for thirty minutes. ° One mole of carbon tetra-
bromide to thirteen of reactant; refluxed for one hour. 4 Temperature, 210°.

Table IIT records the reactions of various aromatic compounds. It is interesting
to note that bromination did not take place with any of the compounds having a meta
orienting group already present. Phenol and carbon tetrabromide when heated together
at atmospheric pressure gave a bright red material which was not studied further at this
time. It was perhaps aurin, since Gomberg and Snow® have described the formation
of this dye from phenol and carbon tetrachloride. Likewise, in the case of aniline, para-

5 We wish to express our thanks to Dr. L. I. Smith for his generosity in providing
the durene and bromodurene which made possible these experiments.
¢ Gomberg and Snow, THIS JOURNAL, 47, 198 (1925).
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rosaniline was perhaps the product since Hofmann?” obtained it similarly by the action of
carbon tetrachloride. i

It will be noted in Table III that benzotribromide was the product of two reactions.
This compound is described here for the first time, as far as the writers are aware. A
search of the literature revealed only one mention® of this compound and that was in a
statement to the effect that benzotrichloride (or bromide) is readily hydrolyzed by
water or potassium hydroxide to benzoic acid. It was found that several hours of heat-
ing with 10% sodium hydroxide was required to bring about hydrolysis of a 3-g. sample.

Benzotribromide (C;H;Br;).—Benzotribromide resulted from the reaction of two
equivalents of carbon tetrabromide with one of benzy! bromide and also from one equiva-
lent of carbon tetrabromide with one of benzal bromide. Hydrolysis of the product
resulted in the formation of benzoic acid.

Benzotribromide is a colorless crystalline material, very soluble in alcohol or ether,
less soluble in petroleum ether, insoluble in water: m. p. 56-57°.

Anal. Caled.: Br, 72.91. Found: Br, 72.76, 72.61 (Stepanoff); 72.85 (alc.
AgNOsy).
Summary

1. Carbon tetrabromide will react with various organic materials
through the exchange of a bromine atom for a hydrogen. Bromoform
is always the by-product of such bromination.

2. Carbon tetrabromide brominates selectively the side chains of the
benzene hydrocarbons instead of attacking the ring.

3. Duryl monobromide, benzotribromide, and an addition product of
durene and carbon tetrabromide are described.

7 Hofmann, J. prakt. Chem., 77, 191 (1859); 87, 226 (1862).
8 Fry, THIS JOURNAL, 36, 1043 (1914).

MINNEAPOLIS, MINNESOTA

[CoNTRIBUTION FROM THE WALKER CHEMICAL LABORATORY OF THE RENSSELAER
PoLYTECHNIC INSTITUTE]

SUBSTITUTED PHENYLACETONITRILES AND DERIVATIVES.
1-PHENYL-1-CYANOCYCLOPROPANE, ALPHA-PHENYL-
GAMMA-HYDROXYBUTYRONITRILE, ALPHA-PHENYL-GAMMA-
CHLOROBUTYRONITRILE AND ALPHA-
PHENYLCROTONONITRILE!

By EpwiN C. KNOWLES AND JoHN B. CLOKE
RECEIVED JANUARY 2, 1932 PUBLISHED MAY 7, 1932
In the development of a series of investigations on sundry cyclic ketim-
ines, imino esters and heterocyclic nitrogen compounds, supplies of
a-alkyl and a-aryl-y-chlorobutyronitriles and alkyl and aryl substituted
cyclopropyl cyanides were required. The present paper describes the
preparation of one of the chloro and two of the cyclic compounds.

1 This paper is from the first part of a thesis presented by Edwin Chandler Knowles
in June, 1931, to the Graduate School of the Rensselaer Polytechnic Institute in partial
fulfilment of the requirements for the degree of Doctor of Philosophy.
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The Preparation of 1-Phenyl-1-cyanocyclopropane, gHﬁH;(E(Q;HQ-
CN.—Two methods have been developed for the preparation of 1-phenyl-
1-cyanocyclopropane (I). In the first method one mole of phenylaceto-
nitrile (XIII) in ether was first treated with two moles of sodium amide,
and this reaction mixture was then allowed to react with ethylene chloro-
bromide or dibromide under suitable conditions to give 40-459, yields
of (I). This procedure, therefore, constitutes an extension of the work of
Bodroux and Taboury? on the alkylated phenylacetonitriles to the alkylene
derivatives.

The first stage in the formation of (I) by the foregoing method involves
the reaction of the sodium amide with (XIII) to give the monosodium
salt. In accordance with the views of Rising® and others the carbide
tautomer of this salt may then be assumed to react with the ethylene
chlorobromide to give primarily sodium bromide and a-phenyl-vy-chloro-
butyronitrile (XIV).

CICH,CH,Br 4+ Na+~CH(C¢H;)CN = CICH,CH,CH(C¢H;)CN -+ Na*-Br (1)
In the third stage of the reaction, (XIV) may be supposed to react with
the excess sodium amide and with the salt of (XIII) to give the tautomeric
carbide and nitride salts, and, finally, the carbide salt may be regarded as
undergoing a very rapid internal condensation to give (I) and sodium
chloride

CICH,CH,C~(Na+)(CsH;)CN = CH,CH.C(C¢H;)CN 4 Na+Cl- 2
[

The mechanism which has been suggested for the latter ring closure
is the same as that which has been given in detail for the preparation of
cyclopropyl cyanide from vy-chlorobutyronitrile.*

That the formation of (I) by Method 1 actually goes through the stages
as sketched above seems clear from other considerations. Thus, in the
first place, slightly less than one equivalent of ammonia is liberated for
each mole of (XIII) which is used, even though twice as much sodium
amide is present. In the second place (XIV), whose existence as an inter-
mediate has been postulated in Equation 1, has been found to react with
sodium amide to give (I). This reaction, which is formulated in Equation
2, constitutes the second method for the preparation of (I).

a-Phenyl-y-chlorobutyronitrile.—Compound (XIV) was obtained by
the action of thionyl chloride on a-phenyl-y-hydroxybutyronitrile in
pyridine solution
HOCH,CH,CH(CsH;)CN + SOCl; = CICH,CH,CH(CsH;)CN + SO; + HCl  (3)

2 Bodroux and Taboury, Bull. soc. ch;im., 7, 666 (1910); Compt. rend., 150, 531,
1241 (1910).
3 Rising and Zee, Turs JOURNAL, 49, 541-545 (1927); 50, 1699-1707 (1928);

Rising, Muskat and Lowe, b1d., 51, 262 (1929).
4 Cloke, Anderson, Lachmann and Smith, 7b:d., 53, 2791 (1931).
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This procedure was suggested by the work of Darzens® on the replacement

of hydroxyl in alcohols and hydroxy esters by chlorine.
a-Phenyl-y-hydroxybutyronitrile.—The hydroxynitrile which was re-

quired in Equation 3 was prepared by the action of ethylene chlorohydrin

on the sodium salt of (XIII).

HOCH,CH,Cl + Na*~CH(CH;)CN = HOCH,CH,CH(C¢H;)CN + Na*+Cl~ (4)

The Structure of the 1-Phenyl-l-cyanocyclopropane.—At one time
it appeared likely that our nitrile (I) which was obtained by Method 1
might be one of the geometrical isomers of the isomeric a-phenylcrotono-
nitrile (X), since the amide which was obtained from (I) was found to have
the same melting point as that which had been reported by Pfeiffer,
Engelhardt and Alfuss® for the a-phenylcrotonamide (VII). It seemed
possible, therefore, that the isomeric (X) might either have arisen directly
from (I) by a ring rupture or from the rearrangement of a-phenylvinyl-
acetonitrile, which might have been the initial product by Method 1.
Now, however, several lines of evidence point unquestionably to the cyclo-
propane structure (I).

In the first place nitrile (I) is different from (X). Thus (I) was saponified
by phosphoric acid and also by alkaline hydrogen peroxide to give the
amide of 1-phenylcyclopropanecarboxylic acid (III), which was distinct
from the amide (VII) which can be prepared from the a-phenylcrotonic
acid (VI) by the action of phosphorus pentachloride and ammonia. It
is true that the amides melted at practically the same temperature, but
they had distinct crystalline structures and gave a decidedly lower mixed
melting point. Moreover, the real (X) was difficultly saponified by
hydrogen peroxide and dilute alkali to give a-phenylacetoacetamide
(XI), which was recognized from its analysis and from the fact that it
gave methyl benzyl ketone (XII) on hydrolysis. It is also of interest
to note that (I) reacted with hydrogen chloride and ethanol to give the
imino ester hydrochloride (II), which in turn gave the amide (III) on
heating, whereas the isomeric nitrile (X) failed to react under these condi-
tions. Finally (I) and (X) gave characteristic ketimines.

The saponification of (I) with hot phosphoric acid gave not only the
amide (III) but also the acid (VI), which originated as the result of a ring
rupture. The acid, indeed, was the main product. Cyanocyclopropane
itself under the same conditions gave cyclopropanecarboxylic acid. The
corresponding acid (IV) was obtained from the amide (III) by saponifica-
tion with boiling dilute hydrochloric acid. That no ring rupture had
occurred in this reaction was established by the reconversion of the acid
(IV) into the amide (III) by means of phosphorus pentachloride and
ammonia.

5 Darzens, Compt. rend., 152, 1314, 1601 (1911).
¢ Pfeiffer, Engelhardt and Alfuss, Ann., 467, 189 (1928).
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That the nitrile (I) could not be the a-phenylvinylacetonitrile was
shown, on the one hand, by its failure to react significantly either with
bromine in carbon tetrachloride or with alkaline potassium permanganate
solution, and, on the other hand, by its saponification to the acid (IV)
which failed to rearrange to (VI) when it was treated with a base. Inde-
pendent work of Gilman and Harris” and by the writers on the vinyl-
phenylacetic acid has established this point. '

That the nitrile (I) is not the geometric isomer of (X) and that it actually
has the cyclic structure (I) was finally established beyond question by
the complete analogy which exists between the behavior of phenylcyclo-

propyl ketimine, (%_H2CH2CHC(=NH)C“H5’8 and the I1-phenylcyclopropyl
phenyl ketimine (VIII), which has been prepared from (I) by the Grignard

7 Gilman and Harris, THIS JOURNAL, 53, 3544-3545 (1931).
8 Cloke, 4bid., 51, 1174 (1929); Doctorate Dissertation, University of Chicago.
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reaction. Thus, the two ketimine hydrochlorides react with water at
almost the same rate, and, second, and this is of most significance, both
ketimines rearrange to give the corresponding pyrrolines, e. g., (IX). An
account of this work will appear later. Finally, it may also be noted that
the structure (I) would likewise be indicated from the second method
of synthesis, namely, from (XIV), since the v-chlorobutyronitrile gives
cyanocyclopropane under the same conditions.

a-Phenylcrotononitrile.—The nitrile (X), which was required in con-
nection with the study of the structure of (I), was obtained in a 369,
yield by the condensation of acetaldehyde with benzyl cyanide in the
presence of sodium ethylate at 0°

CH;CHO -+ H,C(CeH;)CN = CH;CH=C(C¢H;)CN + H,0 (5)
Pfeiffer, Engelhardt and Alfuss, who obtained the nitrile by another
method, assigned to it the cis configuration, namely, CJ}I; E CCII:, in view
T 3

of the fact that the compound is very slowly esterified. Our failure to
transform it into the ethyl imino ester hydrochloride constitutes evidence
of the same type for this structure.

Experimental Part

Preparation of 1-Phenyl-1-cyanocyclopropane by Method 1.—A one-liter, three-

necked, round-bottomed flask was provided with a 500-cc. dropping funnel, a mechanical

stirrer, which operated through a mercury seal, and a reflux
x condenser. The open ends of the funnel and condenser
were provided with drying tubes. In the later runs a suc-
tion arrangement, which is illustrated in Fig. 1, was also
attached to the apparatus, whereby the contents of the
flask could be transferred to the funnel without the neces-
sity of their exposure to the moist air of the laboratory.
Finally the apparatus was thoroughly dried with a current
of warm dry air.

A weight of 75 g. (1.92 moles) of Kahlbaum’s sodium
amide was halved and each part was converted into a
flocculent condition under about 200 cc. of anhydrous ether
by a process of elutriation. Throughout this alternate
process of grinding and decantation care was taken to avoid
as much as possible the direct exposure of the sodamide to
moist air. In passing it may be added that no explosive
decompositions have occurred with us since we have ground
the sodium amide under ether, although several took place
before. The finely ground compound was at once trans-
ferred to the reaction flask with 400-450 cc. of the ether
under which it had been pulverized. One mole (117 g.)

Fig. 1. of phenylacetonitrile® was then added to the well-stirred
sodium amide suspension from the dropping funnel with
sufficient rapidity to give a vigorous refluxing of the ether. As soon as all of the nitrile

® Adams and Thal, “Organic Syntheses,” John Wiley and Sons, Inc., New York,
1922, Vol. 11, p. 9.

Formp
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2

Condenser + Calh-tube
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had been added and the vigor of the reaction began to abate, the mixture was refluxed
gently on a water-bath for four to five hours, whereby about 0.9 mole of the mono-
sodium salt was formed upon the basis of the quantity of ammonia evolved. Longer
periods of refluxing did not serve to increase this amount of salt. Furthermore, no
noticeably increased yields of the desired nitrile were obtained when the reaction was
carried out in an atmosphere of nitrogen, although the color of the reaction mixture
was lighter in this case.

At the end of this first stage in the preparation the yellow to dark red reaction mix-
ture was cooled and transferred, preferably by means of the suction arrangement, to
the 500-cc. dropping funnel. A weight of 130 g. (0.9 mole) of redistilled Eastman
Kodak Co. ethylene chlorobromide! in twice its volume of anhydrous ether was then
poured into the flask, which at this stage was cooled in an ice-salt bath to —15°. The
stirrer was started, and as soon as the solution was thoroughly cold, the sodium salt
mixture in the funnel was added to the chlorobromide solution at such a rate that
scarcely any refluxing of the ether could be detected.! Following the addition of the
salt mixture, which required about two hours, the stirring was continued during the
next seven hours, while the temperature of the bath was allowed to rise to that of the
room. At this stage the temperature of the bath was raised to the point where droplets
of ether began to collect in the condenser, where it was held for an hour, and finally it
was raised sufficiently to give a gentle refluxing, which was maintained for two hours
while the stirring was continued. At the end of this period the evolution of ammonia
had completely ceased.

At the conclusion of the foregoing operation enough water was added to the mixture
in the flask to dissolve the solid material. The ether layer was then separated and dried
over anhydrous sodium sulfate for ten hours. Distillation of the dry filtered ether solu-
tion under diminished pressure on the water-bath gave 15 g. of a fraction which boiled
from 81-83° at 1 mm.; this was mainly benzyl cyanide. The continuation of the dis-
tillation under the same pressure but with direct heating gave 91.5 g. of the main product,
which boiled from 110-113°, and 18-20 g. of a tarry residue which was not examined.
Redistillation of the main fraction through a modified Claisen—Vigreux flask with a
1.8 X 30 em. column gave 60-64 g. of distillate which boiled from 98-100° at less than 1
mm.; this corresponds to a 449, yield upon the basis of the benzyl cyanide used. The
freshly distilled product was a colorless oil with a slightly aromatic odor.!? This liquid
boiled from 250-253° at 751 mm. with little decomposition. It possessed a density,
dﬁ°, of 1.0156 and a refractive index, 1%, of 1.3676, which correspond to a molecular
refractivity, MR (n?) of 43.24 as compared with the calculated value of 43.10.

Anal. Subs.,8.44mg.,9.78mg.: N (corr.), 0.657 cc.; N (corr.),0.763 cc. Calced.
for C1oHeN: N, 9.79. Found: N, 9.72, 9.75. :

Preparation of 1-Phenyl-1-cyanocyclopropane by Method 2.—The 1-phenyl-1-
cyanocyclopropane was also prepared by the action of 8.1 g. of sodium amide on 31.5 g.
of a-phenyl-y-chlorobutyronitrile in 200-250 cc. of liquid ammonia by a process similar

10 In one run in which 42 g. of sodium amide, 58 g. of benzyl cyanide and 92 g. of
ethylene dibromide were employed, 12 g. of product was obtained. This yield could
doubtless be improved.

11 Tn one experiment in which the ethylene chlorobromide was added to the sodium
salt mixture, the result was practically as good as in the procedure described, although
we believe the latter method is safer.

12 The last traces of benzyl cyanide may be removed from the final product by its
condensation with benzaldehyde in accordance with the process of Meyer and Frost,
Ann., 250, 157 (1889).
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to that of Cloke, Anderson, Lachmann and Smith. A 739, yield (18.5 g.) of product was
obtained.

a-Phenyl-y-chlorobutyronitrile.—In the first run 77 g. (0.48 mole) of a-phenyl-y-
hydroxybutyronitrile from the following preparation and 38 g. (0.48 mole) of pyridine
were placed in a 500-cc. three-necked flask, which was equipped with a reflux condenser,
a mechanical stirrer and a dropping funnel. To this solution, which was cooled by the
immersion of the flask in an ice-bath, 57 g. (0.48 mole) of thionyl chloride was slowly
added from the dropping funnel with constant stirring. At the end of this addition the
mixture was heated in a water-bath at 80-85° for thirty minutes. Water was then added
and the heating was continued for about two hours. At this stage the mixture was
cooled and extracted with ether. The ether extract in turn was extracted with dilute
acid, which was followed by water, 10% sodium carbonate solution and finally by several
portions of water. The ether extract was then dried over calcium chloride and distilled
in a Claisen flask. The fraction which boiled from 97-135 at 3-4 mm. and which weighed
50 g. was redistilled in a Claisen—Vigreux flask. Two fractions were collected: the
first (15 g.) was collected between 98-125°; and the second (31.5 g.), which was taken
for analysis, boiled from 127-129° at 3-4 mm.; d2° 1.1251; »% 1.5327; mol. ref. caled.,
49.42; found (n? formula), 49.51. The product was an oily liquid with a pleasant
aromatic odor and was tinged slightly yellow, doubtless on account of the presence of
a trace of impurity.

Anal. Subs., 11.12 mg.: N, (S. T. P. corr.), 0.699 cc. Caled. for C;oH;oNCl:
N, 7.80. Found: N, 7.88.

In a second run the a-phenyl-y-hydroxybutyronitrile was mixed with a small excess
of pyridine in the dropping funnel and added to the thionyl chloride which was contained
in the flask. This procedure, however, reduced the yield of the desired product to 13 g,
which was less than half of the amount which was obtained in the first run.

a-Phenyl-y-hydroxybutyronitrile.—A weight of 120 g. (1.03 mole) of benzyl cyanide
was allowed to react with 40 g. of sodium amide in the presence of 200 cc. of anhydrous
ether. Enough ether was then added to bring the total volume to about 700 cc., and
the mixture was refluxed gently on the water-bath for four hours with constant stirring.
Here the water-bath was replaced by an ice-bath and, as soon as the mixture was well
chilled, 85 g. (1.06 mole) of ethylene chlorohydrin was added slowly and with constant
stirring over a period of about two hours. The ice-bath was then removed and the
stirring was continued at room temperature for five hours, when the amount of precipi-
tate seemed to have become constant. Enough water was then added to dissolve all
of the solid, when the ether layer was separated and dried over anhydrous sodium sulfate.
Three fractions were obtained: the first (34 g.) was mainly benzyl cyanide; the second
(64 g. of b. p. 160-168° at 2-3 mm.) was primarily the desired nitrile; while the residue
was not examined. Redistillation of the middle fraction gave a product of b. p. 146—
149° at 1.5-2.0 mm., and this was taken for analysis. The freshly distilled compound
was a nearly colorless and very viscous oily substance. A sample which had been
allowed to stand for two years was found to have changed into a pasty wax-like sub-
stance. The density of the freshly distilled compound, dio, was 1.065; and its index of
refraction, #%, was 1.5411.

Anal. Subs., 0.3125g.: CO,, 0.8500; H,0, 0.1976. Subs., 19.91 mg., 17.18 mg.:
N (S. T. P. corr.) 1.394, 1.183 cc.  Caled. for C;o0H;ON: C, 74.49; H, 6.88; N, 8.69.
Found: C, 74.18; H, 7.08; N, 8.76, 8.61.

Mol. wt. Subs., 0.2725; ethyl acetate, 17.38 g.; boiling point rise, 0.265°. Caled.
for C;oH;;ON: mol. wt., 161.09. Found: 158.7.

In a second run, in which the sodium salt of benzyl cyanide in ether was added to
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a 259, excess of ethylene chlorohydrin, the yield of nitrile was somewhat smaller than
by the above process. In a third run, which was similar to the first, but in which the
temperature of the reaction flask was lowered to —15 ° during the addition of the chloro-
hydrin, a larger quantity of benzyl cyanide was recovered, but the yield of the hydroxy
compound was not materially increased.

ey

1-Phenyl-2-methyl-1-cyanocyclopropane, CH,CH(CH;)C(CeH;)CN.—Two moles
(80 g.) of finely pulverized sodium amide in about 200 cc. of anhydrous ether was treated
with 0.9 mole (105 g.) of benzyl cyanide as in the preparation of the 1-phenyl-1-cyano-
cyclopropane. To this mixture, which was cooled in an ice-bath, 0.9 mole (180 g.)
of propylene dibromide was added. A very vigorous reaction ensued. The completion
of the reaction gave 26 g. of a colorless oil with a slightly ethereal odor of b. p. 257-260°
at 761 mm.; d2° 1.0115; #% 1.5316.

Anal. Subs., 13.880 mg.: N, (corr.), 0.982 cc. Caled. for C;;HuN: N, 891.
Found: N, 8.84.

The Amide of 1-Phenylcyclopropanecarboxylic Acid—By the general process of
Radziszewiski!® the 1-phenyl-1-cyanocyclopropane was converted into the amide by
the first method. The fine, glistening, needle-shaped crystals melted at 81-83° when
heated rapidly and at 95-96° when heated slowly. The product which had been dried
at 50-60° under diminished pressure for several hours softened at 96° and melted
completely at 97-98° (uncorr.) or at 100-101° (corr.). From these results it was as-
sumed that the air-dried product was hydrated. No evidence was secured which sug-
gested the ring rupture of the amide below 250 °,

Anal. Subs., 11.69 mg.: N, (corr.), 0.803 cc. Caled. for C;oHuON: N, 8.69.
Found: N, 8.59.

Mol. wt. (Rast) Subs., 2.59 mg.; camphor, 24.52 mg.; freezing point lowering,
26.13°. Caled. for CioH;ON: mol. wt. 160.1. Found: 161.7.

The foregoing amide was also obtained in a second way by the heating of ethyl
imino-1-phenylcyclopropane-carboxylate hydrochloride to approximately 110°. )

By a third method 2 g. of nitrile was heated at 140° with 30 g. of “1009%,” phos-
phoric acid (70 g. of 85% H;POs + 30 g. of Py0Os) for three and one-half hours by the
Berger—Olivier'* method. The cooled acid solution was poured onto cracked ice, the
aqueous solution was extracted with ether, and the ether was finally extracted twice
with sodium hydroxide solution and once with water. Evaporation of the dried and
filtered ether extract gave the amide of m. p. 100-101° (corr.) after two recrystalliza-
tions.

The Rupture of the Ring in the Formation of «-Phenyl-crotonic Acid from 1-Phenyl-
1-cyanocyclopropane.—The acidification of the sodium hydroxide solution from the
preceding reaction gave the acid of m. p. 185.5-1387°15 after two recrystallizations. A
mixed melting point determination with the acid which was obtained from a-phenyl-
crotononitrile by the same method gave no depression.

The Action of Hot Phosphoric Acid on Cyanocyclopropane.—The unsubstituted
cyclopropyl cyanide by the foregoing saponification method gave the cyclopropane-
carboxylic acid, which gave an anilide of m. p. 110-111° by the method of Autenrieth
and Pretzell.18

13 Radziszewiski, Ber., 18, 355 (1885); McMaster and Langreck, THIS JOURNAL, 39,
103 (1917).

14 Berger and Olivier, Rec. trav. chim., 46, 600604 (1927).

15 Dimroth and Feuchter, Ber., 36, 2238 (1903).

16 Autenrieth and Pretzell, sbid., 38, 2548 (1905).



2036 EDWIN C. KNOWLES AND JOHN B. CLOKE Vol. 54

1-Phenylcyclopropanecarboxylic Acid.—By the saponification of the amide of the
1-phenyleyclopropanecarboxylic acid with boiling concentrated hydrochloric acid, the
corresponding acid was obtained. The dry needle-like crystals melted at 86-87° (un-
corr.). That no ring rupture had occurred in this reaction was demonstrated by the
reconversion of the acid into the original amide by means of phosphorus pentachloride
and ammonia.

a-Phenylcrotononitrile.—A solution of 160 g. (1.36 moles) of benzyl cyanide, 250 g.
of absolute alcohol and 88 g. (2 moles) of acetaldehyde, which was prepared by the de-
polymerization of paraldehyde, was chilled to —5° and treated gradually with 15 cc.
of freshly prepared 209, sodium ethylate so that the temperature did not rise above 0°.
The yellowish-red solution was then placed in a refrigerator for a day, when an addi-
tional 10-g. portion of acetaldehyde was added, which was followed by a further sixteen-
hour stand in the ice box. Three hundred cc. of water was then added to the mixture,
which was well shaken, and the oily layer was separated and washed with another 300-ce.,
portion of water. The fractionation of the dried oil gave finally 70 g. (35.8% yield) of
the nitrile, b. p. 100-103° at 1 mm. or less. The freshly distilled oily compound was
colorless with a somewhat musty unpleasant odor, but it turned slightly yellowish on
standing. It boiled at 244-246° at 751 mm. with a marked discolorization: d2°
1.018, #% 1.5555, MR% 45.41; caled., 45.10.

Anal. Subs., 10.844 mg.: N; (corr.), 0.841 cc. Caled. for C;oHoN: N, 9.79.
Found: N, 9.70.

Excessively alkaline solutions were found to be disadvantageous for the foregoing
condensation, since they led to the formation of large amounts of resinous tarry
materials, which was also the case when the condensation of ethylidene chloride
and benzyl cyanide with sodium amide was attempted. Moreover, the use of such
condensing agents as acetic acid-acetic anhydride, alcoholic ammonia and piperidine
was unsuccessful,

a-Phenylacetoacetamide.—With the expectation of obtaining e-phenylcrotonamide,
the a-phenylcrotononitrile was subjected to the action of alkaline hydrogen peroxide.
The pure white solid which was formed was insoluble in cold water, fairly soluble in
ether, alcohol and acetone and readily soluble in dioxane. The dried sample melted at
177-178°. Solutions of the compound in acetone and dioxane did not appear to be
changed by long exposure to an ultraviolet light.

Anal. Subs., 10.478 mg., 11.838 mg.: N, (corr.), 0.642 cc.; N, (corr.) 0.749 cc.
Caled. for C;oHuNO;: N, 7.91. Found: N, 7.66,7.91.

Mol. wt. Subs., 1.108 mg., 0.871 mg.; camphor, 10.576 mg., 10.099 mg.; tem-
perature lowering, 23.73, 19.68°. Calcd. for C;oH;NO:: mol. wt. 177.09. Found:
176.6, 175.3.

Methyl Benzyl Ketone from the a-Phenylacetoacetamide.—In order to establish
the identity of the acetoacetamide it was saponified with boiling concentrated hydro-
chloric acid. The semicarbazone into which the resulting ketone was converted melted
at 188.5-189.5°, whereas the recorded value!” for this derivative of the methyl benzyl
ketone is 188-189°, although higher values have been reported.

a-Phenylcrotonic Acid from the Nitrile.—The saponification of a-phenylcrotono-
nitrile by the hot phosphoric acid method gave the acid, m. p. 136-137°.

a-Phenylcrotonic Acid from Phenylvinylacetic Acid.—In order to show that phenyl-
vinylacetic acid would rearrange to give the isomeric crotonic acid, the following pro-
gram was followed. First phenylvinylcarbinol was prepared from 48.5 g. of magnesium,
314 g. of bromobenzene, 580 cc. of anhydrous ether and 92 g. of freshly prepared acrolein

7 Wolff, Ann., 325, 146 (1902).
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by a modification of the process of Klages and Klenk.”® The carbinol was then con-
verted into 1-phenyl-1-chloropropene-2 by the saturation of its ether solution with dry
hydrogen chloride,®!® which gave, with certain modifications, 215 g. of the chloride.
Finally a Grignard reagent was prepared by a special procedure from 18 g. of magnesium,
100 ce. of ether and 30 g. of the chloride in five volumes of ether. This reagent was then
carbonated as usual, and the salt was decomposed in a cold acid solution. Evaporation
of the ether extract of the acid under diminished pressure left 7-8 g. of a brownish oil,
which crystallized after several hours in an ice-salt bath and which was presumably the
phenylvinylacetic acid. This was then treated with 15 cc. of 109 sodium hydroxide
solution, and from this the a-phenylcrotonic acid was prepared. The acid was char-
acterized by its melting point and-by its transformation into the p-nitrobenzyl ester,
m. p. 80-81°, and the amide.

Summary

1. 1-Phenyl-l1-cyanocyclopropane can be obtained in 40-459%, yields
by the condensation of ethylene chlorobromide with phenylacetonitrile
by means of sodium amide. The same cyclic compound has been prepared
in 739, yield by the action of sodium amide on «-phenyl-vy-chlorobutyro-
nitrile. Several derivatives and reactions of the cyclic nitrile have been
described in connection with a critical proof of its structure.

2. The preparation of 1-phenyl-2-methyl-1-cyanocyclopropane has
been described.

3. a-Phenyl-y-chlorobutyronitrile can be obtained by the action of
thionyl chloride on a-phenyl-y-hydroxybutyronitrile in pyridine solution.

4. a-Phenyl-y-hydroxybutyronitrile has been obtained in a 40%
yield by the action of ethylene chlorohydrin on the sodium salt of phenyl-
acetonitrile.

5. a-Phenylcrotononitrile has been prepared in a 369, yield by the
condensation of acetaldehyde with benzyl cyanide.

6. The action of alkaline hydrogen peroxide solution on «-phenyl-
crotononitrile led to the formation of e-phenylacetoacetamide.

7. The preparation of a-phenylcrotonic acid from the a-phenylcrotono-
nitrile, the 1-phenyl-1-cyanocyclopropane and by a Grignard synthesis
has been described.

Other papers will follow on the extension of the work described in this
paper to other analogous compounds and their derivatives.

Troy, N. Y.

18 Klages and Klenk, Ber., 39, 2552 (1906).
1 Klages, ibid., 35, 2650 (1902).
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The fact that the nucleic acids on hydrolysis yield purine and pyrimi-
dine nucleosides lends great interest to the occurrence in nature of
simple pyrimidine glucosides. The only known compounds of this type
are the two substances vicine and convicine, isolated by Ritthausen?
from vetch some sixty years ago.

NH—CO After various investigations by Ritthausen and others*

| | it was finally established by Levene’ that vicine was a
HzN(ﬁ ?HNH? glucoside of 2,5-diamino-4,6-dioxypyrimidine I, with the

N—=CO sugar probably attached to the nitrogen of the pyrimidine
I ring. As Hérissey and Cheymol® have recently shown
that vicine is hydrolyzed by emulsin, it must be classed as a B-glucoside.

Convicine, which occurs with vicine in vetch, has not, previous to the
present study, been isolated by any other investigator than Ritthausen.
He showed that it possessed the empirical formula C;oHi5N305 Ho0, was
distinguished from vicine by not being readily soluble in dilute acids,
and on hydrolysis yielded alloxantin and ammonia and a mother liquor
which was strongly dextrorotatory and “reacted like sugar solutions to
known sugar reagents.” Schulze and Trier* in 1910 proposed a formula
corresponding to alloxantin diglucoside plus two molecules of ammonia
attached in some unknown manner. Johnson* later pointed out that the
formula Ci,H;;N3Os corresponded exactly to that of either an amino-
glucoside of dialuric acid or a glucoside of uramil.

! A report of this research was presented at the Organic Chemistry Symposium
held in the Sterling Chemistry Laboratory of Yale University, New Haven, Connecticut,
on December 28, 29 and 30, 1931.

2 This paper is from a portion of a dissertation presented by Harry Johnstone
Fisher to the Graduate School of Yale University, in partial fulfilment of the require-
ments for the degree of Doctor of Philosophy, June, 1931.

3 Ritthausen and Kreusler, J. prakt. Chem., 2, 333 (1870); Ritthausen, ‘“Die
Eiweisskorper der Getreidearten,” Bonn, 1872, pp. 168-169; J. praks. Chem., 7, 374
(1873); Ber., 9, 301 (1876); J. prakt. Chem., 24, 202 (1881); 4bid., 29, 359 (1884);
Schulze, Z. physiol. Chem., 15, 140 (1891); Ber., 22, 1827 (1891); Z. physiol. Chem.,
17, 193 (1893); Ritthausen, Ber., 29, 894, 2108 (1896); von Lippmann, 2bid., 29, 2653
(1896); Ritthausen, J. prakt. Chem., 59, 480, 482 (1899); Ritthausen and Preuss,
ibid., 59, 487 (1899); Winterstein, Z. physiol. Chem., 105, 258 (1919).

¢ Schulze and Trier, Z. physiol. Chem., 70, 150 (1910-11); Johnson, THIS JOURNAL,
36, 337 (1914); Johnson and Johns, 4bid., 36, 545 (1914); Fischer, Ber., 47,2611 (1914).

% Levene, J. Biol. Chem., 18, 305 (1914); Levene and Senior, ibid., 25, 607 (1916).

¢ Hérissey and Cheymol, Compt. rend., 191, 387 (1930); Bull. soc. chim. biol.,
13, 29 (1931).
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In an attempt to settle the question of the structure of convicine, the
present authors have prepared a sample of this compound from broad
beans (vicia faba), and have studied its products of hydrolysis and its
behavior toward certain reagents.

About nine grams of convicine and a small amount of vicine were iso-
lated from the beans. Our convicine was obtained in the form of per-
fectly colorless glistening, thin flat plates, decomposing without melting
at 287°, and analyzing for the formula CiH1sNsOsHzO found by Ritt-
hausen. It gave a positive murexide test, and a positive Molisch test
for carbohydrate. The Wheeler—Johnson test” and the color test with
ammonia and phosphotungstic acid proposed by Johnson and Johns®
as a test for the presence of a free amino group in the 5-positions of the
pyrimidine cycle, were both negative. Diazobenzene sulfonic acid gave
a deep orange-red color with both convicine and vicine. This red color
was not found by Johnson and Clapp® to be given by pyrimidines which
were substituted in the 3-position of the ring. The reaction of convicine
with nitrous acid in the Van Slyke apparatus indicated the presence of a
free amino group.

The convicine on hydrolysis with sulfuric acid yielded alloxantin (equal
to 21.829, of the sample) and one molecule of ammonia. The presence
of dextrose in the hydrolysis product was indicated by the formation of
glucosazone. Tests for ketoses and pentoses were negative.

If convicine is a monoglucoside, the formula of the nitrogenous base
must be C;H;N;0;. The base cannot be alloxantin itself, but must yield
alloxantin and ammonia on acid hydrolysis. It is well known!® that al-
loxantin in water solution is largely dissociated into alloxan II and dialuric
acid ITI. Any base of the formula C;H:;N;O; which would readily lose
one nitrogen atom as ammonia to give either alloxan or dialuric acid would
satisfy the structural requirements of the convicine base, as, since there
is an oxidation-reduction equilibrium between alloxan and dialuric acid,
and since alloxantin is more insoluble than either of these compounds,
if either alloxan or dialuric acid were formed by acid hydrolysis of con-
vicine, alloxantin would crystallize from the solution.

NH—CO NH—CO
| | LOH | |
co c< CcO CHOH
| | YOH |
NH—CO NH—CO
I 111

7 Wheeler and Johnson, J. Biol. Chem., 3, 183 (1907).

8 Johnson and Johns, THIS JOURNAL, 36, 972 (1914).

9 Johnson and Clapp, J. Biol. Chem., 5, 163 (1908-9).

10 Bijilmann and Bentzon, Ber., 51, 522 (1918); Biilmann and Lund, A#nn. chim.,
19, 137 (1923); Biilmann and Mygind, Bul{. soc. chim., 47, 532 (1930).
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Derivatives of alloxan are excluded from consideration by the fact
that they would contain one too many oxygen atoms.
Three possible derivatives of dialuric acid suggest themselves:

IIIH——?O NH—«CIO 1\[7H~c,o
|
HN=C (IZHOH co (,IHNHz CIO (;)HOH
f l ,
NH—CO NH—CO NH—C=NH
v \'a VI

Formula IV is that of 2-iminodialuric acid, V is uramil and VI is 4-
iminodialuric acid.

Levene’ showed that divicine I was oxidized by potassium chlorate and
hydrochloric acid with rupture of the pyrimidine ring to yield guanidine.
We oxidized some of our convicine in the same manner, and from the re-
action product urea was isolated, but no guanidine. This indicates that
the convicine base does not contain a 2-imino group, and consequently does
not possess the structure IV. There is further no evidence in the literature
that a 2-imino group is split off from pyrimidines by dilute acids as ammonia.

If the convicine base possessed the structure of uramil, the 5-amino
group should condense with cyanic acid to form a pseudouric acid deriva-
tive. Baeyer!! showed long ago that this reaction did take place with
uramil, and Levene® in like manner prepared 2-iminopseudouric acid from
divicine. We found it impossible to cause any reaction to take place be-
tween convicine and potassium cyanate. From this positive evidence,
and for the negative reason that there is no evidence in the literature that
a 5-amino group is easily lost from a pyrimidine,’? we believe that the
convicine base cannot be uramil, V.

For the third possibility for the structure of the convicine base, that of
4-iminodialuric acid VI, there is strong evidence. While this compound
has never been synthesized, its reduced form VII.has been prepared by
Traube'® and by Conrad.’* It is very significant that Conrad found that
VII on warming with dilute acids was converted quantitatively to barbi-
turic acid VIII and ammonia

1}1}1—00 lI\TH—’CO

|
GO CH,  +HCI + HO —> |co CH: + NHLCI
NH—C=—NH NH—CO

VII VIII

11 Baeyer, Ann., 127, 3 (1863).

12 The statement of Beilstein [3d ed., Ergdnzungsband I, p. 767] that 1,3-di-
methyluramil is converted into ammonia and tetramethylalloxantin on boiling with
hydrochloric acid is evidently due to a misreading of a paper by Fischer and Ach,
Ber., 28, 2475 (1895).

13 Traube, Ber., 33, 1381, 3043 (1900).

4 Conrad, Ann., 340, 310 (1905).
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Of particular interest in connection with the relative NH—CO
stability of amino groups in the 2- and 4-positions of HN=(I: (‘:Hz
the pyrimidine cycle is Conrad’s finding that the com-
pound IX was hydrolyzed by dilute acids to 2-iminobar-
bituric acid and ammonia.

If the imino group in position 4 is so unstable in the barbituric acid
derivatives, it is aot to be anticipated that it would be any more stable
in a dialuric acid derivative such as VI. The quantitative formation of
one molecule of ammonia on hydrolysis of convicine with acids, and the
presence of alloxantin in the hydrolysis product, are then very simply
explained as being due to the hydrolysis of VI to dialuric acid I1I, which
is readily oxidized to alloxantin X

NH—C=NH
IX

NH—CO NH—CO
! é H,O HSO4 | |
2(]30 IHOH —> (NH,)S0s + 2CO CI‘,HOH
NH—C=NH NH—CO
VI III
O
NH——-CO CO—NH

| | N
CO HOC—O0—CH CO + H:0

l |
NH——CO CO—NH
X

For these reasons the authors believe that the properties of convicine
can best be explained by assigning to the pyrimidine nucleus in convicine
the structure VI. While the position of attachment of the sugar to this
pyrimidine is in doubt, from analogy with vicine and the nucleosides of
nucleic acid, and because the Wheeler—Johnson test is negative, the at-
tachment of the sugar to a nitrogen of the pyrimidine ring seems most
probable. It is true that convicine is not so highly resistant to acid hy-
drolysis as are the natural pyrimidine ribosides, which are nitrogen-linked,
but the resistance to hydrolysis of the latter is apparently associated with
the presence of a 4,5-double bond, and disappears on reduction of this
double bond.

The following structure is therefore proposed for the naturally occurring
glucoside convicine

NH—CO
l————O—‘—“"W | |
; OHH ?H ' (]10 (IZHOH-Hzo
HOH,C—C—C—C—C—C—N-—C=NH

[ W I
H H OHH H

Work is now in progress in this Laboratory on methods of synthesizing
both vicine and convicine.
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The authors wish to express their thanks to Doctors Bailey and Vickery
of the Connecticut Agricultural Experiment Station for extending the
facilities of their laboratories for part of this investigation, and to Pro-
fessor W. E. Ford of the Department of Mineralogy, Yale University,
for the crystallographic examination of alloxantin.

Experimental Part

The Isolation of Convicine.—Five kilograms of finely powdered broad beans was
mixed with 10 liters of 3% sulfuric acid and allowed to stand overnight. The next day
the mixture was neutralized with warm 20% barium hydroxide solution and made into a
thick paste with filter paper clippings. This paste was squeezed under a hydraulic
press, the turbid filtrate made barely acid with sulfuric acid and filtered again on a
Buchner funnel through paper pulp. The clear yellow filtrate was treated with an ex-
cess of a 109, solution of mercuric sulfate in dilute sulfuric acid, and made alkaline
with barium hydroxide solution. The heavy precipitate which came down was allowed
to settle, and most of the supernatant liquid was siphoned off. The precipitate was
separated from the balance of the liquid and washed with water in a centrifuge. It was
then suspended in water with some barium carbonate and the mixture saturated with
hydrogen sulfide. The mercuric sulfide was filtered off, and the filtrate concentrated
at atmospheric pressure to a volume of 400 cc. The dark red solution was cooled, made
just acid to litmus with sulfuric acid, and mixed with 1600 cc. of 959, alcohol. The
precipitate which came down was filtered off and the light yellow filtrate was further
concentrated 7% vacuo to incipient crystallization. The residue was transferred to a
crystallizing dish and placed in a desiccator over sulfuric acid. On standing overnight
it usually solidified. It was treated with a little water and the nearly white convicine
filtered off. Recrystallization from about 100 parts of boiling water with the addition
of a little norite yielded glistening, perfectly white leaflets, decomposing without melting
at 287°.

Re-concentration of the mother liquor yielded further amounts of less pure con-
vicine; total yield from 5 kg. of broad beans, 2.32-2.35 g. of crude convicine.

For analysis, the convicine was crystallized four times from boiling water and dried
to constant weight at 100°.

Anal. Caled. for CioHy;3N;Os-H,O: C, 37.14; H, 5.27; N, 13.01. Found: C,
38.20; H, 5.37; N, 13.08.

Amino nitrogen determinations were run in the micro Van Slyke apparatus on
samples of convicine dissolved in half-normal sodium hydroxide: convicine, 0.0100 g.,
0.0100 g.: N3, 0.83, 0.89 cc. at temperature, 30°. Amino N found: 4.5, 4.8.

Convicine is soluble to the extent of about one per cent. in boiling water. It is
readily soluble in normal sodium hydroxide and insoluble in chloroform and glacial acetic
acid. TIts cold saturated aqueous solution does not give a precipitate with potassium
mercuric iodide, aqueous iodine—potassium iodide or saturated mercuric chloride, but
does give a white precipitate with acid mercuric nitrate solution. Its aqueous solution
boiled for two minutes with Fehling’s solution shows no copper reduction.

A small amount of vicine was isolated by fractional crystallization of the material
obtained by concentration of the mother liquor of the first crop of convicine. It was
identified by its melting point (241-242 °)15 and by analysis.

Anal. Caled. for CioH;6N4O7-H,0: N, 17.39. Found: N, 17.72.

Hydrolysis with Sulfuric Acid.—2.000 g. of well-crystallized convicine and 40 cc. of
5 Levene found 242°; Winterstein, 239-242°.
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six normal sulfuric acid were heated for six minutes in a boiling water-bath in a closed
flask connected with a hydrogen generator. - The convicine dissolved. The mixture
was allowed to stand under hydrogen for four days. On one day’s standing, a few
crystals could be seen around the edges of the liquid, and at the end of the fourth day a
considerable quantity of quite large and well-formed alloxantin crystals had separated.
The flask was cooled in ice water, opened and the contents filtered in a current of carbon
dioxide through a filter paper into a 200-cc. volumetric flask. The residue on the
paper was washed with ice water, the washings being collected in the 200-cc. flask. The
crystals were then dried in a vacuum desiccator over sulfuric acid at room temperature.
They weighed 0.4363 g., or 21.82%, of the convicine taken.

Identification of Alloxantin.—The crystals turned violet-pink with ammonium
hydroxide solution, and this solution turned deep blue on adding a little ferric chloride.

A crystallographic comparison with an authentic sample of alloxantin by Prof.
W. E. Ford showed that the two were identical in crystal habit and refractive indices,
and gave the same interference figure.

The crystals were recrystallized from boiling water in an atmosphere of carbon
dioxide, dried and analyzed.

Anal. Caled. for CgHgNOg2H,0: N, 17.40. Found: N, 17.62.

Determination of Ammonia Formed.—The contents of the 200-cc. volumetric
flask were made to volume, and a 10-cc. aliquot was diluted, an excess of magnesium
oxide and a small piece of paraffin added, and distilled into standard tenth-normal
hydrochloric acid. The distillate was titrated with standard tenth-normal sodium
hydroxide. Ammonia N found from 0.1000 g. of convicine, 0.00398 g., or 3.989%,;
per cent. total N in convicine, C1oH13N;305-H,0, 13.00. The ammonia N is then 30.69,
of the total N.

Identification of Dextrose.—The balance of the solution, not used for the ammonia
determination, was treated with an excess of lead carbonate, filtered, and the residue
washed with cold water. The filtrate and washings were saturated with hydrogen
sulfide and the lead sulfide filtered and washed with water. The filtrate and washings
from the lead sulfide were concentrated iz vacuo on the water-bath to a small volume,
filtered again and the concentration continued at room temperature in a vacuum desicca-
tor. The solution, which was straw-colored until almost dry, turned to a deep red thick
sirup.

This sirup was extracted ten times with boiling 95% alcohol, and the alcoholic
extracts evaporated to dryness at room temperature in a vacuum desiccator. The
residue was a clear scarlet sirup.

This sirup was dissolved in a little water, 1 cc. of 10% mercuric sulfate solution
was added and the orange-pink precipitate was filtered and washed with water. The
light yellow filtrate was made alkaline with barium hydroxide solution, saturated with
carbon dioxide, filtered and the precipitate washed.

The clear pale straw-colored filtrate was evaporated in a vacuum desiccator over
sulfuric acid at room temperature to constant weight; wt. of brownish-yellow sirup,
1.1035 g.

The sirup was dissolved in 10 cc. of water and a 2-cc. portion was heated with 0.2 g.
of phenylhydrazine hydrochloride and 0.3 g. of sodium acetate in a boiling water-bath.
In a few minutes the osazone began to crystallize out. After heating for an hour and a
half, the reaction mixture was cooled and the osazone filtered and washed with water.
Recrystallized once from 1:1 alcohol-acetone and once from 50% alcohol, it melted at
207-208°, and had the characteristic crystalline appearance of glucosazone. A mixed
melting point with a known sample of glucosazone showed no depression. The weight
of twice recrystallized material was 0.0506 g.
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Portions of the sirup gave no color when heated with hydrochloric acid and resorcin
and no violet-red color with hydrochloric acid and phloroglucinol.

The balance of the sirup was treated with nitric acid by the technique of van der
Haar!® for the isolation of potassium acid saccharate. A few crystals separated, but on
recrystallizing till colorless their weight was only 2.8 mg.

Oxidation with Potassium Chlorate.—0.2000 g. of pure recrystallized convicine was
mixed with 1.5 cc. of 1:1 hydrochloric acid, and 0.04 g. of potassium chlorate added in
portions. The mixture was agitated from time to time. The convicine gradually dis-
solved. On standing overnight, the solution still smelled of chlorine. It was con-
centrated iz vacuo at room temperature over stick potassium hydroxide to dryness.
The residue was taken up in a little alcohol, filtered and the filtrate evaporated to dry-
ness at room temperature sn vacuo. The residue was taken up in a little water, made
alkaline with sodium hydroxide and sodium picrate solution added. There was an
odor of ammonia, but no trace of a precipitate.

The solution was diluted, acidified with hydrochloric acid and extracted with ether
until there was no more color in the ether layer. The aqueous solution was then evapo-
rated to dryness at room temperature over stick potassium hydroxide, taken up in 1 cc.
of water, 3.5 cc. glacial acetic acid and 0.5 cc. of a 109, methyl alcoholic solution of xan-
thydrol added. A precipitate came down which under the microscope consisted of
small needles clustered together at the ends. It was filtered, washed with alcohol and
dried 7% vacuo.

Anal. Caled. for dixanthylurea, CHoN:0s: N, 6.67. Found: N, 6.88.

Reaction with Potassium Cyanate.”—0.526 g. of convicine was warmed to about
70° with a mixture of 15 cc. of glacial acetic acid and 5 ce. of absolute alcohol. It did
not appear to dissolve. One gram of potassium cyanate was added in portions from time
to time. There was no odor of hydrocyanic acid. The mixture was digested on the
water-bath for two and one-half hours, the temperature rising to 79°. It was then
allowed to stand overnight. The next day the insoluble matter was filtered off, washed
with absolute alcohol and dried in a vacuum desiccator. It weighed 0.450 g., or 85.6%,
of the convicine taken. An analysis showed that it was unchanged convicine.

Amnal.  Caled. for C;oHisN3OsH:O: N, 13.00. N found in this sample of convicine,
12.31. N found in reaction product, 12.86.

Summary

1. The presence of convicine in broad beans (vicia faba), reported by
Ritthausen, has been confirmed.

2. On acid hydrolysis convicine yields alloxantin, one molecule of
ammonia and glucose which gives its corresponding glucosazone by inter-
action with phenylhydrazine. .

3. Potassium chlorate oxidizes convicine with the formation of urea.
No guanidine is formed.

4. Convicine did not react with potassium cyanate to form a urea
derivative.

18 A. W. van der Haar, ‘‘Anleitung zum Nachweis, etc., der Monosaccharide und
Aldehydsduren,” Gebriider Borntraeger, Berlin, 1920, p. 100.

7 Bailey and Snyder, Tars JOURNAL, 37, 935 (1915); Bailey and Read, 7bid., 37,
1884 (1915); Bailey and Mikeska, sbid., 38, 1771 (1916); Bailey and Moore, 7bid.,
39, 279 (1917).
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5. A structure for convicine is proposed. It is represented as a hexoside
of 4-iminodialuric acid.
6. This research is being continued.
NeEw Haven, CONNECTICUT
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TRIPHENYLVINYLMAGNESIUM BROMIDE

By C. FreperIcK KOELSCH!

RECEIVED JANUARY 5, 1932 PUBLISHED MaAy 7, 1932

During the course of an investigation on the unusual reactivity of the
halogen in benzoyldiphenylmethyl bromide, a need was felt for a method
by which substituted derivatives of the parent diphenylacetophenone
could be prepared. It was thought that the enol forms of such ketones
might be obtained by a reaction analogous to that sometimes used for the
preparation of phenols, namely, by the oxidation of a properly chosen
Grignard reagent. Such a Grignard reagent would have the —MgX group
attached to an unsaturated carbon atom and would be of the type RR’
C=C(MgX)CsH;, where R and R’ are aromatic radicals.

A compound of this type has not been prepared previously. The most
closely related Grignard reagents are styrylmagnesium bromide? and
B8,8-diphenylvinylmagnesium bromide.® Whether or not the more highly
substituted triphenylvinylmagnesium bromide could be obtained was a
question which had to be settled by experiment. In the present paper
it is shown that triphenylvinyl bromide forms a Grignard reagent, and
some reactions of this compound are described.

A number of so-called negative results were obtained in the study of this Grignard
reagent. With dry air or oxygen, a yellow ether-insoluble substance was formed, but de-
composition of this with dilute acids gave a tarry oil from which no diphenylaceto-
phenone could be obtained; on steam distillation of this tar no trace of benzophenone,
which would be formed from a possible peroxide, (C¢H;);C——CCsHs, was obtained.

\02/ \OMgBr
Thionyl chloride reacted vigorously to give an unworkable oil, while benzyl chloride was
recovered nearly quantitatively after six hours’ refluxing in ether; triphenylchloro-
methane was rapidly and completely converted into triphenylmethyl, isolated as the
peroxide; the other product was a yellow ether-soluble glassy substance from which no
crystalline material could be obtained. Acefone was apparently condensed by the re-
agent with the formation of mesityl oxide and triphenylethylene. Benzophenone gave a

deep red solution, but carbonation followed by hydrolysis showed that the whole of the
Grignard reagent was still present, and the ketone was recovered unchanged.

1 National Research Fellow in Chemistry.

2 Rupe and Proske, Ber., 43, 1231 (1910).

3 Lipp, ibid., 56, 571 (1923); Ziegler, ibid., 55, 2257 (1922); Ziegler and co-workers,
Ann., 443, 161 (1925); and previous papers. :
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More significant and interesting results were obtained when the Grignard
reagent was treated with certain other substances.

With zodine, triphenylvinyl iodide was obtained. Contrary to expec-
tations, no iodide dichloride could be obtained from this compound.
When a carbon tetrachloride solution of it was treated with chlorine,
iodine was liberated immediately even at —5°.

Treatment of the Grignard reagent with water gave the hydrocarbon
from which it is derived, triphenylethylene.

Formaldehyde gave B,v,v-triphenylallyl alcohol. This alcohol was etheri-
fied by allowing it to stand in methyl or ethyl alcoholic solution in the
presence of sulfuric acid. The ethers obtained were also prepared from
B,7v,v-triphenylallyl bromide by boiling with the corresponding alcohol.*

Benzaldehyde gave a,B,v,y-tetraphenylallyl alcohol, which, however,
could not be obtained crystalline or pure enough for analysis. By treat-
ing this alcohol with sulfuric acid in acetic acid, the known 1,2,3-triphenyl-
indene® was formed.

- —CCeHs

- 2

(CoHy):C—C(CsHs) CHOHCsH; — > gCGHs
v
CHCH;

Benzoyl chloride gave the long known triphenylacrylophenone CgHj-
COC(CsH5)=C(C4Hs)s.

Benzoyl peroxide reacted vigorously to give the enol benzoate of di-
phenylacetophenone,® which was hydrolyzed to diphenylacetophenone
by warming with alkali.

(CsHs)ZC:C(MgBr)CeHs + (C6H5COO)2 —_— (C6H5)2C=C(OCOC6H5)C5H5 +
CsH;COOMgBr;

HOH
(CsH;5):C=C(OCOC:H;)CeHs ——> [(CsH;):C=C(OH)CsH;] —> (CeH;)sCHCOCsH;,

In this indirect way the original object of this research was attained,
but the reactions involved are impractical from a preparative standpoint.

Carbon dioxide gave triphenylacrylic acid, and carbon disulfide gave the
sulfur analog, triphenylvinylcarbithionic acid, a beautifully crystalline
red substance.

Experimental

Triphenylvinyl Bromide.—To a solution of 40 g. of triphenylethylene” in 250 ml.
of glacial acetic acid was added with cooling 25 g. of bromine at such a rate that the
temperature remained below 40°. The solution was distilled for a short time to drive
off the hydrogen bromide, water was added almost to turbidity, and the solution was

* Cf. Meisenheimer, Ann., 456, 147 (1927).

5 Kohler, Am. Chem. J., 40, 230 (1908).

¢ Cf. Gilman and Adams, THIS JOURNAL, 47, 2816 (1925).
” Hell and Wiegandt, Ber., 37, 1431 (1904).
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cooled. The product was pure after one washing with dilute acetic acid and melted
at 114-115.5°; yield, 95-989%,.

Triphenylvinylmagnesium Bromide.—Ten grams of triphenylvinyl bromide, 0.8 g.
of magnesium, and a small crystal of iodine were covered with 200 ml. of dry ether, 0.05
ml. of ethyl bromide was added, and the mixture was refluxed. The reaction usually
started within ten minutes; in even the most obstinate cases, reaction could be started
by the addition of a small piece of magnesium separately etched with ethyl bromide.
Nearly all of the magnesium was dissolved in less than two hours after the reaction had
started. A U-shaped mercury seal closing the top of the condenser satisfactorily pre-
vented the diffusion of air.

In most cases one-half the quantity of ether specified above was used. Then the
reagent separated as a crystalline solid toward the end of the reaction, but its yield and
its reactivity appeared to be unaffected.

Reaction with Iodine.—To the Grignard reagent from 10 g. of triphenylvinyl
bromide was added solid iodine until the color was permanent. After hydrolysis with
dilute sulfuric acid and removal of the ether, the product was crystallized from alcohol
and finally from ligroin. There was obtained 6 g. of triphenylvinyl iodide which melted
at 125-126°.

Anal. Caled. for CaoHisI: C, 62.8; H, 3.92. Found: C, 63.0; H, 3.94.

Reaction with Water.—Hydrolysis of the Grignard reagent from 10 g. of triphenyl-
vinyl bromide gave 5 g. of triphenylethylene which boiled at 240-250° (33 mm.) and
melted at 66-68°. This took up the calculated quantity of bromine to give triphenyl-
vinyl bromide melting at 114-115°.

Reaction with Formaldehyde.—An excess of formaldehyde was led over the Grig-
nard reagent from 5 g. of triphenylvinyl bromide. After the exothermic reaction was
over, the product was decomposed with dilute ammonium chloride solution. Evapora-
tion of the ether left a sirup which crystallized on rubbing with petroleum ether. Re-
crystallization from 509, ethanol gave 2.05 g. of B,v,v-triphenylallyl alcohol which melted
at 126-128°, and was easily soluble in the common solvents. It gave a yellow solu-
tion in cold concd. sulfuric acid which became green on warming.

Anal. Caled. for Cg;HlsO: C,88.1; H,6.20. Found: C,88.0; H, 5.96.

a-Methoxy-8,v,y-triphenyl-g-propene.—A solution of 0.5 g. of 8,v,y-triphenylallyl
alcohol in 15 ml. of methanol containing 2 drops of concd. sulfuric acid was refluxed for
fifteen minutes. The product crystallized out on cooling, and was recrystallized from
methanol. It melted at 131-132.5°.

Anal. Caled. for CeeH300: C, 88.0; H,6.66. Found: C, 87.9; H, 6.35.

A mixed melting point showed the identity of the product with the one obtained
when B,v,y-triphenylallyl bromide was boiled with methanol.

a-Ethoxy-B,7v,v-triphenyl-g-propene.—The ethyl ether was prepared in the same
way from B,7v,7v-triphenylallyl alcohol and ethanol. It melted at 125-128° alone or
mixed with a sample of the same compound prepared according to the method of Meisen-
heimer.* Mixtures of the methyl and ethyl ethers or of either of these with the parent
alcohol melted at 100-115°.

Reaction with Benzaldehyde.—To the Grignard reagent from 5 g. of triphenylvinyl
bromide was added 1.6 g. of freshly distilled benzaldehyde. The crystalline magnesium
compound which separated on standing was filtered off and decomposed with dilute
sulfuric acid. An oil was obtained which could not be induced to crystallize. A por-
tion (2.7 g.) was boiled for two minutes with 20 ml. of acetic acid containing 3 drops of
coned. sulfuric acid. The 1,2,3-triphenylindene which crystallized out on cooling
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weighed 2.3 g. and melted at 128-131°. Two recrystallizations from alcohol raised the
melting point to 132-134°.

Anal. Caled. for CisHze: C, 94.2; H, 5.82. Found: C, 94.1 ; H, 5.90.

A solution of 0.9 g. of the crude tetraphenylallyl alcohol in 15 ml. of methanol con-
taining 2 drops of concd. sulfuric acid was allowed to stand at room temperature for six
hours in an attempt to form a methyl ether, but again triphenylindene crystallized out.

Reaction with Benzoyl Chloride.—To the Grignard reagent from 10 g. of triphenyl-
vinyl bromide was added 4 ml. of benzoyl chloride, and the mixture was refluxed for
two hours. Hydrolysis with dilute sulfuric acid and removal of the ether left an oil
which solidified on rubbing with alcohol. Recrystallization from ligroin gave 5 g. of
triphenylbenzoylethylene which melted at 147-149° and whose melting point was not
depressed by admixture with the same compound prepared by the method of Kohler.8

Reaction with Benzoyl Peroxide.—To the Grignard reagent from 5 g. of triphenyl-
vinyl bromide was added slowly and with cooling 3.5 g. of finely powdered benzoyl per-
oxide. After forty-eight hours the mixture was decomposed with dilute sulfuric acid.
Most of the triphenylvinyl benzoate crystallized from the ether layer. A total of 1.05 g.
of the compound was obtained which after one recrystallization from alcohol melted
at 151-153°.  On boiling this for three minutes with a little 5% alcoholic potash there
was obtained diphenylacetophenone which melted at 134-136° alone or mixed with an
authentic sample.

Reaction with Carbon Dioxide.—Carbonation of the Grignard reagent from 10 g.
of triphenylvinyl bromide was carried out in the usual way. After acid hydrolysis of the
magnesium compound, the product was extracted from the ether layer with sodium
carbonate solution, and was precipitated from this with hydrochloric acid. Crystalliza-
tion from acetic acid gave 8.0 g. of triphenylacrylic acid which melted at 217-218°
and gave the red diphenylindone melting at 151-152° on heating with zinc chloride.

Reaction with Carbon Disulfide.—To the Grignard reagent from 10 g. of triphenyl-
vinyl bromide was added 2 ml. of carbon disulfide. The mixture slowly became orange
in color and deposited a lemon-yellow crystalline substance. After forty-eight hours
the ether was decanted, and the deposit was washed with a little dry ether. It was then
dissolved in water. The addition of hydrochloric acid to the red solution obtained
precipitated an oil which rapidly solidified. Crystallization from hot glacial acetic
acid gave 4.7 g. of triphenylvinylcarbithionic acid which separated in the form of deep
red plates that melted at 135°.

Anal. Caled. for CyHieSy: S, 19.3. Found: S, 19.4.

Summary

Triphenylvinyl bromide with magnesium forms a Grignard reagent.
Although this compound does not react or reacts abnormally with some
few substances, it gives normal products with iodine, water, formalde-
hyde, benzaldehyde, benzoyl chloride, benzoyl peroxide, carbon dioxide
and carbon disulfide.

CAMBRIDGE, MASSACHUSETTS

8 Kohler, Am. Chem. J., 38, 559 (1907).



May, 1932 PHENYL-p-TOLYLACETOPHENONE 2049

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OF ILLINOIS AND
THE CONVERSE MEMORIAL LABORATORY OF HARVARD UNIVERSITY]

PHENYL-PARA-TOLYLACETOPHENONE

By C. Freperick KoeLscH!

RECEIVED JANUARY 5, 1932 PusLisHED MayY 7, 1932

By the action of phenyl-p-tolylacetyl chloride on benzene in the presence
of aluminum chloride, McKenzie and Widdows? obtained in poor yield
a compound melting at 160° which they believed to be phenyl-p-tolyl-
acetophenone. Recently McKenzie, Mills and Myles? by the dehydra-
tion of a,B-diphenyl-a-p-tolylethylene glycol obtained the isomeric p-di-
phenylacetotoluene which melted at 97-99.5°.

Needing some phenyl-p-tolylacetophenone, the writer essayed its prepa-
ration by the method of McKenzie and Widdows. All attempts, however,
to duplicate the results of these authors were unsuccessful; the only prod-
uct which could be isolated was diphenylmethane. This was quite sur-
prising in view of the fact that diphenylacetyl chloride and toluene under
the usual conditions of the Friedel-Crafts reaction were found to give an
excellent yield of p-diphenylacetotoluene.

Phenyl-p-tolylacetophenone was finally obtained in nearly quantita-
tive yield from toluene, desyl chloride, and aluminum chloride, but it
melted at 98° and not at 160° as reported by McKenzie and Widdows.
That the product actually had the structure assigned to it was shown by
its reactions.

Cleavage by boiling with alcoholic potash gave benzoic acid and phenyl-
p-tolylmethane.

Sodium in boiling toluene reacted slowly to give a sodium salt which
was cleaved by oxygen, probably through an intermediate peroxide, into
phenyl-p-tolyl ketone and sodium benzoate.*

0—O0
Na 6H5 02 CSHS / |
CHCOCeHs — C"‘C(ON&)CGH(, —_— C*CCeHs —
C/Hy C:H; CHy (I)N
a

C6H5COC7H7 + CeHx;COONa.

With phenylmagnesium bromide there was obtained a carbinol isomeric
with the one obtained from p-tolylmagnesium bromide and diphenylaceto-
phenone. Both of these carbinols gave triphenyl-p-tolylethylene on de-
hydration.

1 National Research Fellow in Chemistry.

2 McKenzie and Widdows, J. Chem. Soc., 107, 708 (1915).

3 McKenzie, Mills and Myles, Ber., 63, 904 (1930).

4 For analogous reactions see Kohler, Am. Chem. J., 36, 531 (1906); Staudinger,
Helv. Chim. Acta, 5, 663 (1922).
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CsHs\
/CHCOC§H5 + CeHaMgBr —_—

7Hy Hy

CeH,
’ “>CHC(CGH5)20H

—H,0
— > CsHs\
/C=C (Cs}{a)z

— > CH ,
—H,0 !

CeHs:
CeH;COCH(CeHy); 4+ C/H;MgBr —> o >C(OH)CH(CGH5)2
7XL7

Since the melting point of phenyl-p-tolylacetophenone (98°) lies so
close to that of the isomeric p-diphenylacetotoluene (101°), it seemed
advisable to repeat the work of McKenzie, Mills and Myles on the de-
hydration of «,@-diphenyl-a-p-tolylethylene glycol, especially since the
radical wandering necessary for the formation of p-diphenylacetotoluene
is so unexpected.’

~H0
C(OH)CHOHCH; ——> CH,COCH(C/Hy)s

C7H7 .
The reaction was found to take this course. The product melted at 101°
alone or mixed with p-diphenylacetotoluene, while a mixture with phenyl-
p-tolylacetophenone had a much lower and an unsharp melting point.

In agreement with the observation of Anschiitz and Forster,® desyl

chloride and benzene in the presence of aluminum chloride gave diphenyl-
acetophenone. The yield was good, and this is probably the best of the
many methods which have been used for the preparation of this compound.

Experimental

p-Diphenylacetotoluene.—Ten grams of diphenylacetic acid was warmed with 8
ml. of thionyl chloride, and when the reaction was finished the excess of thionyl chloride
was distilled under reduced pressure from a bath at 85°. The diphenylacetyl chloride
remaining was dissolved in 20 ml. of pure toluene and added slowly with shaking and ice
cooling to 10 g. of anhydrous aluminum chloride in 70 ml. of toluene. The solution was
boiled as long as hydrogen chloride, which was not evolved in the cold, was given off
(thirty minutes), and then to the cooled solution was added iced dilute hydrochloric acid.
The pale yellow toluene layer was steam distilled, leaving a solid residue. This was
crystallized twice from alcohol, giving 9.1 g. of pure diphenylacetotoluene melting at
100-101° (McKenzie, Mills and Myles give 97-99.5°).

The same compound was prepared in about 209, yield from diphenylacety! chloride
and p-tolylmagnesium bromide according to the procedure used by Orékhoff” for carry-
ing out the reaction between diphenylacetyl chloride and phenylmagnesium bromide.

§ Lagrave [Ann. Chim., [10] 8, 363 (1927)] in studying the rearrangement of

ethylene oxides of the type RCH—O—C(C¢Hs), has reached the conclusion (p. 383,
line 10) that the migratory tendency of hydrogen is greater than that of R, except
(p. 366) when R is p-anisyl.

® Anschiitz and Férster, Ann., 368, 93 (1909); ¢f. McKenzie and Lesslie, Ber., 61,
158 (1928).

7 Orékhoff, Bull. soc. chim., [4] 25, 189 (1919).
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Phenyl-p-tolylacetophenone.—To a solution of 25 g. of desyl chloride? in 150 ml. of
toluene was added with cooling 16 g. of anhydrous aluminum chloride in small portions.
The mixture, which evolved hydrogen chloride slowly in the cold, was refluxed for thirty
minutes, cooled and decomposed with iced hydrochloric acid. Steam distillation of the
toluene layer left a yellow residue which became solid on cooling. Crystallization from
alcohol gave 24 g. melting at 94-95° which was still slightly colored. Recrystallization
from benzene-ligroin gave a pure white product melting at 97-98°. The substance dis-
tilled undecomposed at 270-275° (29 mm.).

Anal. Caled. for CyH;50: C, 88.0; H, 6.30. Found: C, 87.8; H, 6.33.

Diphenylacetophenone.—Twenty-five grams of desyl chloride, 125 ml. of benzene,
and 16 g. of aluminum chloride refluxed for fifteen minutes gave diphenylacetophenone,
which after one crystallization from acetic acid melted at 135-136° and weighed 23 g.

Cleavage of Phenyl-p-tolylacetophenone with Alkali.—Ten grams of phenyl-p-
tolylacetophenone was refluxed for five hours with a solution of 5 g. of potassium hy-
droxide in 60 ml. of alcohol. Most of the alcohol was then distilled, and the residue was
steam distilled. From the distillate was obtained 3.8 g. of phenyl-p-tolylmethane
boiling at 275-280°; from the non-volatile part there was obtained 2.5 g. of benzoic acid,
identified by melting point and neutral equivalent. There was recovered 3.8 g. of un-
changed ketone. .

Cleavage of the Sodium Salt with Oxygen.—A solution of 10 g. of phenyl-p-tolyl-
acetophenone in 75 ml. of dry toluene was refluxed with 0.8 g. of sodium. A pale yellow
flocculent substance appeared as the metal reacted, and after six hours no more sodium
was present. Dry air was then aspirated through the cooled suspension for two hours.
Washing with water removed sodium benzoate, from which there was obtained 2.75 g.
(659%) of benzoic acid. The non-aqueous layer, after the toluene was steam distilled,
gave 3.5 g. of phenyl p-tolyl ketone boiling at 190-210° (35 mm.) and melting at 52°
(mixed melting point). This cleavage product was further identified by the formation
of diphenyl-p-tolylcarbinol melting at 69-70° from it and phenylmagnesium bromide.

a,a,8-Triphenyl-g-p-tolylethanol.—Six grams of phenyl-p-tolylacetophenone was
added to the Grignard reagent from 7.9 g. of phenyl bromide. ~After refluxing for thirty
minutes, the solution was decomposed with iced ammonium chloride. The residue
after removal of the ether was boiled out with alcohol, and the undissolved part was
crystallized from ligroin (80-110°) and then from methanol, giving 1.2 g. which melted
at 169-170°.

Anal. Caled. for Co:H.:0: C, 88.9; H, 6.58. Found: C, 88.7; H, 6.27.

,8,8-Triphenyl-a-p-tolylethanol.—The reaction product from 5.5 g. of diphenyl
acetophenone and the Grignard reagent from 9 g. of p-tolyl bromide was worked up in
the usual way, giving 1.2 g. which melted at 185-187°. (McKenzie, Mills and Myles?
give 180-181° for the compound prepared from p-diphenylacetotoluene and phenyl-
magnesium bromide.)

Anal. Caled. for CoH2O: C, 88.9; H, 6.58. Found: C, 88.8; H, 6.40.

@, 8-Triphenyl-g-p-tolylethylene.—Eight-tenths of a gram of a,a,(-triphenyl-
8-p-tolylethanol was refluxed for one hour with 10 ml. of acetyl chloride. The product
was crystallized from acetic acid, giving 0.55 g. of the hydrocarbon, which melted at
150-151°.

Anal. Caled. for CorHae: C, 93.6; H,6.35. Found: C,93.4; H, 5.90.

The dehydration of a,8,8-triphenyl-a-p-tolylethanol was carried out in the same
way. A mixed melting point showed the identity of the products.

8 Prepared according to Schroeter and Caspar, Ber., 42, 2348 (1909).
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Summary

Phenyl-p-tolylacetophenone could not be prepared from phenyl-p-tolyl-
acetyl chloride and benzene, but it was obtained from desyl chloride and
toluene. It reacted normally with phenylmagnesium bromide, and it
gave a sodium salt which oxygen cleaved into phenyl p-tolyl ketone and
sodium benzoate.

The work of McKenzie, Mills and Myles on the dehydration of «,8-
diphenyl-a-p-tolylethylene glycol has been repeated and confirmed.

CAMBRIDGE, MASSACHUSETTS

[ConTRrIBUTION FROM THE CHEMICAL LABORATORY OF MOUNT HOLYOKE CoLLEGE]

THE HYDROGEN CHLORIDE ADDITION PRODUCTS OF
TYROSINE N-PHENYLACETIC ACID AND OF THE
CORRESPONDING METHYL AND ETHYL ESTERS

By DoroTHY A. HAHN AND ANNE L. WHITE!

RECEIVED JANUARY 6, 1932 PUBLISHED MAy 7, 1932

The following account of certain transformations of the N-phenylacetic
acid derivative of tyrosine, NH(CHC¢Hs;COOH)CH(CH,CsH,OH)COOH,
represents a continuation of work previously reported.? The imino di-
basic acid was prepared by the same general method that has already been
described,?® but due to the fact that larger quantities of material were used
in the reactions, a few additional facts in regard to this preparation need
to be noted.

It was found, for example, during the process of digesting 50 g. of
ethyl N-3-methyl-5-anisalhydantoin-N-1-phenylacetate* with hydrogen
iodide and then hydrolyzing the product with barium hydroxide, that a
slight amount of decomposition had taken place in the sense

CHsll\T———CO CH;N——CO
0([3 e OCIl
C:H;O00CCH(CsH;) N——CHCH,C:H,OH HN—~CHCH,C:H,OH

The decomposition product, N -3-methyl-5-p-hydroxybenzylhydantoin,
was found mixed with the imino dibasic acid in the filtrate from the barium
sulfate. Both substances separated in crystalline condition on concentrat-
ing the solution and were readily separated due to the fact that the hy-
.dantoin is very soluble in hot water while the imino acid is relatively in-
soluble. After several recrystallizations from water the hydantoin was

! This work was offered in partial fulfilment of the requirements for the degree of
Master of Arts at Mount Holyoke College.

* Hahn and Dyer, THIS JOURNAL, 52, 2494 (1930).

3 Hahn and Dyer, 4bid., p. 2503.
4 Hahn and Dyer, bid., p. 2497.
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analyzed and finally identified by comparison with a specimen of N-3-
methyl-5-p-hydroxybenzylhydantoin which had been synthesized according
to the method described by Johnson and Nicolet.?

Due to the relatively great insolubility of the imino dibasic acid in
boiling water, considerable difficulty was experienced at first in attempting
to prepare it in quantity. For example, when starting with 50 g. of ethyl
N-3-methyl-5-anisalhydantoin-N-1-phenylacetate and proceeding in the
usual way,® it was found convenient to precipitate the barium sulfate in
approximately one liter of boiling solution. The filtrate under these
conditions when concentrated was found to yield only about 2-3 g. of the
imino acid, the bulk of the product being retained along with barium sulfate
as an insoluble white precipitate. The fact that one gram of imino acid
requires about 500 cc. of boiling water for solution made the matter of
separating it from the barium sulfate extremely difficult. The problem
was finally solved by extracting the barium sulfate with small quantities
of boiling aqueous hydrochloric acid (18%). Under these conditions the
imino acid reacted to form the corresponding hydrochloride, which is very
soluble in boiling acid of this concentration and only slightly soluble in the
cold solution. The hydrochloride, which separates in well-defined crystals
and is readily purified by recrystallization from aqueous hydrochloric acid,
is further characterized by the fact that it dissociates hydrogen chloride
when boiled with water, passing quantitatively into the free imino dibasic
acid. If the precaution is taken of first extracting the barium sulfate pre-
cipitate with boiling alcohol to remove all traces of organic coloring matter,
approximately 659, of the amount of imino acid required by theory may be
obtained in exceptionally pure condition by then extracting the barium sul-
fate precipitate with aqueous hydrochloric acid in the manner just described.

The N-phenylacetic acid derivative of tyrosine reacts with aqueous
hydrochloric acid to form two different addition products melting at
136-137° and 88-92°, respectively, with the evolution of a gas. They
represent the addition of cne and two molecules of hydrochloric acid to one
molecule of imino acid, and separate, respectively, from dilute and con-
centrated solutions of hydrochloric acid. Of the two the first represents
the more stable form but each may be readily transformed into the other
and also be hydrolyzed to the free imino acid. These relationships are
shown by means of the chart.

The hydrochloride, I, C;7H;;0sN-HCI-H:O, m. p. 136-137°, was prepared by dis-
solving 7.0 g. of imino acid, m. p. 222-224°, in 15 cc. of boiling 18% aqueous hydro-
chloric acid. The clear solution on cooling deposited 6.9 g. of fine white crystals which

melted at 136-137°. An additional 0.8 g. was obtained by concentrating the mother
liquor, thus bringing the yield up to approximately the amount required by theory.

5 Johnson and Nicolet, Am. Chem. J., 47, 470 (1912).
6 Hahn and Dyer, #bid., 52, 2503 (1930).
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CeH;
NH
(Hydrolysis) \CHCOOH (Hydrolysis)
CH,CsH,0H
(M. p. 222-224°)
%Ha CGHS
189 HCI
_CHCOOH (18% HCD CHCOOH
H;0-HCLNH( (Coned. HCI) 3H20-2HCI~NH<
C|3HCOOH > CHCOOH
CH,C:H,0H CH,C:H,0H
I (M. p. 136-137°) II (M. p. 88-92°)

The substance was purified by recrystallization from hot 189 aqueous hydrochloric
acid in which it is extremely soluble (1 g. in 1.5 cc.) and from which it separates on cooling
in clusters of small hard white crystals which form on the bottom of the beaker.

Amnal. Caled. for Ci;H;;O:N-HCI'H,O: N, 3.79; Cl, 9.61. Found: N, 3.79, 3.85;
Cl, 9.53, 9.57.

Although the analyses indicate the presence of water of crystallization, it was im-
possible to determine this separately because of the fact that the substance dissociates
hydrochloric acid on heating. Solution in alcohol or water produces the same effect
but under these conditions quantitative yields of the free imino dibasic acid are obtained
as a result of the hydrolysis. When concentrated hydrochloric acid, sp. gr. 1.18, is
added to solutions of this hydrochloride in hot aqueous 189, hydrochloric acid, the mix-
ture on cooling deposits a white crystalline precipitate which melts at 88-92° and which
represents the second modification referred to above.

The hydrochloride, II, C;;H;,0;N-2HCI-3H,0, m. p. 88-92°, was prepared by add-
ing 4.5 cc. of concentrated hydrochloric acid, sp. gr. 1.18, to a solution of 2.0 g. of imino
acid, m. p. 222-224°, in 9 cc. of hot 189, aqueous hydrochloric acid. Under these con-
ditions a substance crystallizing in long soft white needles and filling the entire space
occupied by the solution separated on cooling. The product consisted of 1.8 g., m. p.
88-92°, and corresponded to a yield of 649, of the theoretical. On concentrating the
mother liquor, 0.25 g. of the hydrochloride, I, m. p. 136-137°, was deposited.

In order to recrystallize the hydrochloride, IT, m. p. 88-92°, it was always necessary
to dissolve it in hot 189, aqueous hydrochloric acid and treat the solution with twice its
volume of concentrated hydrochloric acid, sp. gr. 1.18. After purification by several
recrystallizations, the melting point was found to remain constant, 88-92°, with the
evolution of a gas.

Here again it was found to be impossible to dehydrate the substance before making
the analyses since decomposition begins at about 90°. The results of analysis would
seem to indicate, however, that three molecules of water are held in the form of water of
crystallization.

Anal. Caled. for Ci7H;:O:N-2HCI-3H,0: N, 3.17; Cl, 16.07. Found: N, 3.18,
3.20; Cl, 16.05, 15.93.

The hydrochloride, m. p. 88-92°, is extremely soluble in alcohol but cannot be ob-
tained from this solvent in crystalline form since it separates as a gummy mass on con-
centrating the solution. The substance is also very soluble in water but hydrolyzes
immediately to give the free imino acid, which separates as a flocculent precipitate.
The transformation to the free acid may be carried out almost quantitatively by boiling
4.0 g. of the hydrochloride with 50 cc. of water for an hour. The substance is very
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soluble in hot 189, aqueous hydrochloric acid (1 g. in 1.8 cc.) and less soluble in hot con-
centrated hydrochloric acid, sp. gr. 1.18 (1 g. in 10 cc.).

This hydrochloride is of interest because of the fact that it is extremely unstable,
tending to dissociate hydrochloric acid under a variety of different conditions. For
example, when a sample of the substance was dissolved in 189, aqueous hydrochloric
acid and the solution allowed to cool, the product was found to lose one molecule of hy-
drochloric acid, passing quantitatively into the hydrochloride, I, m. p. 136-137°. The
same general effect was produced by heating the dry crystals, m. p. 88-92°, in a test-
tube at a temperature of 80°. In this case the evolution of hydrogen chloride gas was
demonstrated by collecting the gas in water and testing the solution with silver nitrate.
That the substance dissociates hydrochloric acid even on standing in the air at ordinary
temperatures has also been demonstrated, the change having been followed by means of
melting point determinations and analyses for chlorine. For example, a sample, m. p.
88-92°, was allowed to stand in a stoppered bottle for five months. At the end of this
time the melting point had changed from 88-92° to 93-138°, approaching the melting
point of the hydrochloride I. In analyzing for halogen it was found that a freshly pre-
pared sample showed 15.93 and 16.059%, of chlorine while a specimen that had stood in a
stoppered bottle for two months gave 15.88% and 15.82%,. The same specimen was
then allowed to stand in an open bottle in a desiccator and was analyzed three days later,
when the percentage of chlorine was found to have dropped to 15.74 and 15.70%.

The diethyl ester hydrochloride of the imino acid’” was readily prepared by dissolving
7.7 g. of imino acid, m. p. 222-224°, in 100 cc. of absolute alcohol which had been satu-
rated with dry hydrogen chloride gas. The mixture, after heating on a steam-bath for
five hours, with a reflux condenser, was concentrated to one-third its original volume and
allowed to cool. Since no precipitate formed under these conditions, 60 cc. of dry ether
was added, when a gum separated out which gradually became crystalline on standing.
The product, which was filtered and washed with a little alcohol-ether mixture, weighed
2.2 g. and melted at 160-162° with the evolution of a gas. Purified by recrystallization
from absolute alcohol-ether mixtures (1:3), the melting point changed to 161-162° with
the evolution of a gas.

Anal. Caled. for CyHyOsN-HCL: N, 3.44. Found: N, 3.4, 3.43.

This substance is extremely soluble in alcohol, dissolving in less than its own volume
of the solvent. It is insoluble in ether and may be precipitated from alcohol solution
by the addition of about three volumes of ether.

When treated with water it undergoes hydrolysis and an oil separates at once.
The aqueous solution, when decanted, was found to contain hydrochloric acid.

The corresponding dimethyl ester hydrochloride, m. p. 180-180.5°, was prepared
according to Fischer’s esterification method.

For example, 10 g. of imino acid, m. p. 929-224°, was dissolved by warming with
50 cc. of a saturated absolute methyl alcohol solution of hydrogen chloride. After heat-
ing the mixture with a reflux condenser, the alcohol was distilled off under reduced pres-
sure and the process repeated until the gummy residue remaining in the flask after the
distillation of alcohol finally changed into a hard brittle mass. This was then dissolved
in 30 ce. of a saturated absolute methyl alcohol solution of hydrogen chloride and 30 cc.
of ether added. Under these conditions the solution became cloudy and on standing a
crystalline precipitate was formed. The product obtained in this way when filtered and
washed with a small quantity of an absolute methyl alcohol—-ether mixture (1:1) weighed
6.0 g. and melted at 177-180°. Additional quantities of this substance were obtained
on concentrating the mother liquor and then adding ether. When purified by recrys-

7 Acknowledgment is made to Elizabeth Dyer for preparation of this substance.



2056 YUOH FONG CHI AND YUN HWANG CHEN Vol. 54

tallization from absolute methyl alcohol-ether mixtures, it separates in the form of very
fine white needles which melt at 180-180.5° with the evolution of gas.

Anal. Caled. for CigHuOsN-HCI: N, 3.69; Cl, 9.37. Found: N, 3.67, 3.68; CI,
9.32, 9.29.

The dimethyl ester hydrochloride is extremely soluble in absolute methyl alcohol,
dissolving in less than its own volume, and is insoluble in ether. While stable in alcohol~
ether mixtures, it readily dissociates hydrochloric acid when dissolved in water. Solu-
tion in this solvent is accompanied by the immediate separation of an oil and the water
layer when decanted gives a precipitate of silver chloride when tested in the usual way.

Summary
An improved method for separating and purifying tyrosine-N-phenyl-
acetic acid is described. Two distinct hydrogen chloride addition products
of this acid have been prepared, together with the hydrochlorides of the
corresponding methyl and ethyl esters.
SouTtH HADLEY, MASSACHUSETTS

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, UNIVERSITY OF CHEKIANG,
CHiNA]

- RESEARCHES ON PYRIMIDINES. CXXVIII. THE
REARRANGEMENT OF 2-ETHYLMERCAPTO-4-METHYL-6-
THIOCYANOPYRIMIDINE INTO ITS ISOTHIOCYANATE
MODIFICATION®?

By Yvuorn Fone Cur anp Yun Hwance CHEN

RECEIVED JANUARY 6, 1932 PusLisHED MAy 7, 1932

Since Wheeler, Johnson and their co-workers began the study of the
chemistry of thiocyanopyrimidine compounds,® no specific change has
proved to be more interesting to the writers than the rearrangement of
2-ethylmercapto-5-carbethoxy-6-thiocyanopyrimidine into its isomeric
isothiocyanate modification, a transformation which was described re-
cently in a paper by Johnson and Chi.# They found that this thiocyanate
could be distilled without decomposition and without molecular conversion
to the isothiocyanate form, while its molecular rearrangement into the
isothiocyanate form could be accomplished easily, under specific experi-
mental conditions, at a temperature much below that of its boiling point.

! This publication is a report of one phase of a research program dealing with the
chemistry of certain pyrimidine thiocyanates, which was started originally in the Sterling
Chemistry Laboratory of Yale University under the direction of Professor Treat B.
Johnson.

* This research has been accomplished and arranged for publication through the
support of a grant of $750 from the Rockefeller Foundation. The authors desire to
express here their appreciation and heartiest thanks for this liberal assistance.

# Wheeler and Bristol, Am. Chem. J., 33, 450 (1905); Johnson and McCollum,
tbid., 36, 143 (1906); Johnson and Storey, ibid., 40, 131 (1908).

¢ Johnson and Chi, THis JoURNAL, 52, 1580 (1930).
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This behavior was so interesting that the writers decided to examine the
stability of another pyrimidine representative which has not been investi-
gated. We now find that a similar behavior is observed in the case of the
molecular rearrangement of 2-ethylmercapto-4-methyl-6-thiocyanopyrimi-
dine (I) into its isomeric form represented by formula II.

I%(SQHB)=NC(CH3)=CH&SCN I“Q'C(SCsz)z——NC(CHa)=CH("TNCS
I II

This thiocyanopyrimidine I exhibits a chemical behavior similar to
Johnson and Chi’s 2-ethylmercapto-5-carbethoxy—G~thiocyanopyrimidine.
Tt can be distilled under diminished pressure (b. p. 155-158° at 5 mm.)
without decomposition and without conversion into its isothiocyanate
form IT. The stability of the pyrimidine I, however, is greatly influenced
by the presence of other reagents, and a molecular rearrangement to the
isothiocyanate II can be accomplished easily at a temperature very much
below that of the boiling point of the thiocyanate. This instability of
molecular structure is quite remarkable. The conditions under which
the transformation is brought about are described in the experimental
part of this paper. '

It has been the previous experience in the pyrimidine thiocyanate re-
searches that thiocyanates corresponding to I may lead to the formation
of polymeric forms of the thiocyanate after continued distillation.5 These
new constructions result from the polymerization of the isothiocyanate
modification resulting by molecular rearrangement. In the case of the
thiocyanate I, this polymerized form is not produced directly by distilla-
tion, but it is formed by prolonged heating of the rearranged form II.
The polymer is distinguished from the isothiocyanate form by its non-
reactivity toward ammonia, aniline and ethyl alcohol.

Experimental Part

2-Ethylmercapto-4-methy1—6—thiocyanopyrimidine. 1.—This pyrimidine is easily
prepared as follows: 20 g. of the corresponding chloropyrimidine® and 11 g. of potas-
sium thiocyanate are dissolved in 120 cc. of 95% alcohol and the solution heated to boil-
ing for one hour. The solution is then filtered hot to separate potassium chloride and
then cooled, when the thiocyanate separates jmmediately in the form of colorless crys-
tals. The yield was 19 g. or 81%. It was purified by crystallization from alcohol,
melts at 69-70° to a clear liquid, and boils at 155-158° under 5 mm. pressure. The thio-
cyanate is insoluble in alkali, soluble in benzene, toluene and xylene. It is very soluble
in hot alcohol, and insoluble in ether.

Anal. Caled. for CsHgNS:: N, 19.90. Found: N, 20.01, 19.62, 19.63.

This same thiocyanate compound I is likewise formed by refluxing 2-ethylmercapto-
4-methyl-6-chloropyrimidine with potassium thiocyanate in both toluene and xylene
solutions for one hour. The thiocyanate can be crystallized repeatedly from alcohol

s Johnson and Storey, Am. Chem. J., 40, 131 (1908).
¢ Johns, ibid., 40, 350 (1908).
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without conversion to a thionurethan; it does not undergo any change leading to the
formation of thioureas when exposed to the action of ammonia and aniline.

Molecular Rearrangement of the Thiocyanate I

2-Ethylmercapto-4-methyl-6-isothiocyanopyrimidine. IL.—Four grams of the
thiocyanate I was refluxed in 10 ce. of xylene for eight hours, giving a red colored solu-
tion. After distilling off the xylene, the isothiocyanate residue was triturated with cold
ether and the ether finally evaporated, leaving behind the crude isothiocyanate as a red
oil. This showed no signs of solidifying, and the yield corresponded to 679, of the
theoretical. When this oil was subjected to distillation under diminished pressure, it
slowly underwent a profound decomposition. A fraction distilling at 146-158° at 1
to 3 mm. exhibited all the properties of a true isothiocyanate. This reacted immediately
with aniline, ammonia and alcohol in accordance with its isothiocyanate structure. Not-
withstanding this characteristic behavior the oil did not respond to a good analysis for
nitrogen and it could not be purified by further distillation.

Anal. Caled. for CsHoN;S;; N, 19.90. Found: N, 21.00, 21.05.

Formation of the Polymerized Form of the Isothiocyanate.—Twenty grams of the
thiocyanate I was treated as in the previous experiment to accomplish rearrangement to
the isothiocyanate form. Attempts to purify the rearrangement product by distilla-
tion under diminished pressure led to the formation of a mixture of compounds. At
150-180° under a pressure of 4 to 10 mm., the impure isothiocyanate was collected.
The distillation was then continued until the temperature rose to 220 °, when a viscous
oil was obtained which solidified almost immediately in the receiver. This dissolved in
boiling benzene and separated on cooling in colorless crystals melting at 108-109°.
The same crystalline compound was also obtained by redistillation of the crude isothio-
cyanate fraction boiling at 150~180° (see above). This substance is apparently a poly-
merized form of the isothiocyanate II. It can be recrystallized from alcohol without
change, and does not combine with aniline and ammonia to form the corresponding
thiourea derivatives.

Anal. Caled. for (CsHN3Sy).: N, 19.90; S, 30.3. Found: N, 20.2, 20.00; S, 30.4.

Proof of Structure of the Isothiocyanate II

2-Ethylmercapto-4-methyl-6-thioureapyrimidine, CsH;,NS;.——The thiocyanate I
was rearranged into the isothiocyanate form II, and an ether solution of the latter
combined with an excess of concentrated aqueous ammonia. The corresponding thio-
urea was formed immediately and 1.8 g. of this was obtained from 2 g. of the thio-
cyanate. It was purified by crystallization from alcohol and melted at 229-231°.

Anal. Caled. for CsH2N,S;: N, 24.55. Found: N, 24.35, 24.42,

2-Ethylmercapto-4-methyl-6-phenylthioureapyrimidine, CiH;6N,S;.—Two grams
of the rearranged thiocyanate gave 2.8 g. of this compound by treatment with aniline
at ordinary temperature. This was purified by crystallization from 959, alcohol and
separated in prisms melting at 209-210°,

Anal. Caled. for CiyHeNS;: N, 18.41. Found: N, 18.28, 18.32.

2-Ethylmercapto-4-methyl-6-thionethylurethan Pyrimidine, CioHisON3Ss.—This
is formed by warming the crude isothiocyanate IT with absolute alcohol. The urethan
separates from alcohol in the form of flat prisms melting at 97-98°.

Anal. Caled. for CioH;sONsS:: N, 16.33. Found: N, 16.27, 16.31.

2-Ethylmercapto-4-methyl-6-thionmethylurethan Pyrimidine, CsH;30N;Sz.—Pre-
pared by the action of methyl alcohol on the crude isothiocyanate II. It crystallizes
from ethyl alcohol in the form of needles melting at 84-86°.

Anal.  Caled. for CoHiON:S:: N, 17.28. Found: N, 17.30.
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Experimental Conditions Influencing the Rearrangement of the Pyrimidine
Thiocyanate I

A.—Heating of the thiocyanate I at 115-120° for four hours and at 100° for eight
hours did not give any detectable amount of the isothiocyanate modification.

Digestion of the pyrimidine thiocyanate I in toluene did not produce a rearrangement
but the change was brought about by refluxing in xylene solution.

B. Rearrangement of the Thiocyanate I by Heating with Alcohol.—At the boiling
point of ethyl alcohol the pyrimidine thiocyanate I undergoes no change and can be
recrystallized repeatedly from this solvent without structural alteration. On the other
hand, when heated in alcohol solution at 100° for six hours (55° below its boiling point),
the thiocyanate is transformed completely into the isothiocyanate II, and the latter
combines with the alcohol, giving the corresponding thionurethan. The yield is ex-
cellent, and the thionurethan melts sharply after one crystallization at 97-98°.

Summary

1. 2—Ethylmercapto-4—methy1-6-thiocyanopyrimidine is formed by inter-
action of potassium thiocyanate with 2-ethylmercapto-4-methyl-6-chloro-
pyrimidine in boiling ethyl alcohol solution.

2. This thiocyanate distils at 155-158° at 5 mm. and is rearranged to
its isomeric form, the isothiocyanate, (1) by heating with alcohol at 100°
and (2) by digestion in boiling xylene.

3. 2-Ethy1mercapto-4-methy1-6-isothiocyanopyrimidine cannot be dis-
tilled without decomposition. It is slowly transformed into a polymeric
modification.

4. The thiocyanate does not react with alcohols, ammonia or aniline.
The isothiocyanate interacts with these same reagents to form the corre-
sponding thionurethans and thioureas, respectively.

HanccHOW, CHEKIANG, CHINA

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OF MARYLAND]

THE PARA-PHENYLPHENACYL ESTERS OF CERTAIN ORGANIC
ACIDS!

By NATHAN L. DRAKE AND JAMES P. SWEENEY

RECEIVED JANUARY 6, 1932 PuBLISHED May 7, 1932

The advantages of p-phenylphenacyl bromide as a reagent for identifying
organic acids have been previously described by Bronitsky and one of us.?
We have made frequent use of the reagent in this Laboratory in research
and in a course in organic qualitative analysis, and because of the success
we have experienced in its use, we have deemed it desirable to report the
melting points and solubility behavior of certain p-phenylphenacyl esters
not prepared in the earlier work.

1 From a thesis submitted to the Graduate School of the University of Maryland
by J. P. Sweeney in partial fulfilment of the requirements for the degree of Master of

Science.
2 Drake and Bronitsky, THis JOURNAL, 52, 3715 (1930).
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Judefind and Reid?® found that p-bromophenacyl bromide did not yield
esters smoothly with dibasic acids; however, from phenacyl bromide,
Rather and Reid* were able to prepare satisfactorily the esters of succinic
and glutaric acids. They did not attempt to prepare esters of any of the
other dibasic acids.

p-Phenylphenacyl bromide, was found to yield esters smoothly with
all the members of the a,w-dibasic acid series from malonic acid to sebacic
acid.

Experimental

Preparation of the Reagent.——The reagent was prepared as previously described.?
In order to obtain a colorless p-phenylacetophenone with a minimum of effort, it has
been found essential to wash the crude ketone obtained from the decomposition of the
Friedel-Crafts addition product very carefully until entirely free from acid. If this
precaution is taken, one or two crystallizations from alcohol are sufficient to give a color-
less product with the correct melting point. Similarly in the preparation of the bromide,
it is essential that all the acid be washed out of the crude material before recrystalliza-
tion. One recrystallization from hot 95% alcohol is then sufficient to yield a pure color-
less product. If these simple precautions are not observed, much difficulty will be
encountered in obtaining a satisfactory reagent.

TaBLE 1
REsuLTs OBTAINED
Melting or decomposition point Solvent for
Acid of p-phenylphenacyl ester recrystallization

Malonic 175  (dried at 100°C.) Alcohol
Glutaric 152 Acetone
Adipic 148 Acetone
Pimelic 145-148 dec. Alcohol
Suberic 151 Acetone
Azelaic 141 Acetone
Sebacic 140 Acetone
Phenylacetic 63 dec. Alcohol
Hydrocinnamic 95 Alcohol
Isocaproic 70 Alcohol
Tartaric 203-204 dec. Alcohol
p-Nitrobenzoic 182 Benzene
3,5-Dinitrobenzoic 154 Benzene
o-Bromobenzoic 98 Alcohol
Salicylic 148  (dried at 100°C.) Alcohol
p-Hydroxybenzoic 240 Acetone
0-Methoxybenzoic 131 Alcohol
Anisic 160 Alcohol
Gallic 195-198 dec. Aq. alcohol
o-Phthalic 167.5 Alcohol
4-Nitrophthalic 120 Benzene
Tetrachlorophthalic 193 Acetone
Benzilic 122 Alcohol

# Judefind and Reid, THis JOURNAL, 42, 1043 (1920).
* Rather and Reid, ibid., 41, 75 (1919).
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Preparation of the Esters.—The method used was similar to that employed in the
former work, but it was found more convenient to use a solution of 1 N sodium hydroxide
for neutralization of the acid, taking care to have the final salt solution slightly acid to
prevent formation of colored by-products. The neutral equivalent of an unknown acid
may thus be obtained with no additional effort.

The sodium salts of some of the dibasic acids were found to be insoluble in aqueous
alcohol, and caused trouble. Mere substitution of the ethyl ammonium salt for the
sodium salt did not obviate the difficulty. If, however, the acid was dissolved in a
little water and neutralized with ethylamine, alcohol could be added until the salt
started to come out of solution. By use of salts prepared in this way it was possible to
obtain the di-esters satisfactorily; 0.0025 mole of acid and 0.005 mole of reagent were
used in the experiments with dibasic acids.

Many of the esters listed below were found to be sparingly soluble in 95%, alcohol,
and accordingly their solubility was tested in acetone, ether and benzene.

Melting points were taken in a small beaker containing concd. sulfuric acid which
was well stirred during the determination. No corrections were applied to the melting
points, but the thermometer used was calibrated, and registered correctly at 0, 100 and
121.25°, the melting point of pure benzoic acid.

With but two acids were we unable to obtain satisfactory results.
The ester of methylanthranilic acid was a gum which could not be induced
to crystallize, and the ester of trinitrobenzoic acid was a red colloid which
could not be filtered. It was also found that under the conditions used

in this work, no esters were obtainable from sulfonic acids.

Summary

A number of common acids have been characterized by the preparation
of their p-phenylphenacyl esters.
CoOLLEGE PARK, MARYLAND

[CONTRIBUTION FROM THE PEARSON MEMORIAL LABORATORY OF TUFTS COLLEGE]

PENTHIAZOLINES. I. THE ACTION OF HALOGENS ON THE
DIMETHYL MALONATE ADDITION PRODUCT OF ALLYL
MUSTARD OIL!

By Davip E. WORRALL

RECEIVED JANUARY 7, 1932 PuBLISHED MAY 7, 1932

It has been shown previously that the aromatic isothiocyanates react
smoothly with certain esters? containing an active methylene group,
forming substituted thioamides that have been found useful for the prepara-
tion of heterocyclic ring compounds. The aliphatic derivatives have been
much less studied. Ruhemann was unable to obtain a tractable® sub-
stance from the action of allyl mustard oil on malonic ester. Methyl
isothiocyanate, however, and its homologs have been observed to form

! Original manuscript received July 3, 1931.

2 Worrall, THIS JOURNAL, 44, 1551 (1922); 45, 3092 (1923); 46, 2832 (1924).
$ Ruhemann, J. Chem. Soc., 93, 621 (1908).
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crystalline addition* products with malonic ester. The resulting esters
did not react smoothly with hydroxylamine or hydrazine, substances
used in the aromatic series for the preparation of isoxazolones and pyrazo-
lones;® moreover, the product contained sulfur in spite of the fact that
hydrogen sulfide was evolved in the reaction. Because of these facts and
the meager amount of material available, the reaction was not further
investigated at the time. In resuming the study of this reaction, allyl
mustard oil suggested itself in spite of Ruhemann’s discouraging results.
The substitution of dimethyl malonate for the usual ethyl ester resulted in a
crystalline product, low melting to be sure, but tractable and easily puri-
fied. The reaction may be formulated as follows
NaCH(COOCH;); + C;H;NCS —> CH(COOCH;),C(SNa)NC;H;

The product was precipitated from water by the addition of hydrochloric
acid.
CH(COOCH;),C(SNa)NCsH; + HCl = NaCl + CH(COOCH;),C(SH)NC;H;
CH(COOCH;),C(SH)NCsHy —> CH(COOCH;),CSNHC,H;

The resulting ester was found to react readily with hydrazine. Hydro-
gen sulfide was evolved and a small amount of a crystalline product was
eventually obtained which was identified as malonic acid monothioallyl-
amide. Hydrolysis, not condensation, takes place in the presence of this
base. The presence of hydrogen sulfide is due to further decomposition of
the new thioamide.

CH(COOCH;).CSNHC;H; + 2H,0 —> CHy(COOH)CSNHC;H; + 2CH;0H + CO,

In this respect the alkyl thioamides differ markedly from the corresponding
arylated substances. Bromine was absorbed by the new ester, but the
product contained one equivalent only of bromine. It is well known that
thioamides, through the enolic form, condense with certain halogenated
compounds producing thioazoline bases. Moreover, Dixon® has shown
that a penthiazoline is formed by the action of bromine on allyl urea. A
similar reaction is probable here,
C
HC/Br
CH(COOCH;),C(SH)NCH.CHBrCH,Br —> HBr + -
2

o

S/

<|: CH(COOCH;),;
AN
N
The penthiazoline ester shows only slight evidence of basic character.

It readily undergoes hydrolysis when heated with water even without the
addition of acid or alkali. Some evidence was found of the presence of
hydroxypenthiazoline-acetic acid, but no traces of the intermediate bromo

4 Worrall, Tr1s JOURNAL, 50, 1456 (1928).

5 Unpublished results.

¢ Dixon, J. Chem. Soc., 69, 24 (1896).

N
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derivative. However, the latter is easily obtained by the action of bromine

on malonic acid monothioallylamide.
CHz(COOH)C(SH)NCHzCH-:CHz + Br; —> CH,
40N\
HCBr S
CH,y(COOH)C(SH)NCH,CHBrCH;Br —> HBr + !: J:
H, CH,COOH
N7

No difficulty was experienced in replacing halogen in the penthiazoline
ester with an hydroxyl group without disturbing the ester radical. Al-
coholic silver nitrate quickly brought about the desired change.

s <
HCBr 8 HCéH S

| 4+ HO0 —> | é + HBr
H,C CCH(COOCH;) H,C CH(COOCH;),

N7 N7

The product of the action of malonic ester on allyl mustard oil reacts
smoothly in the presence of sodium methylate with ethyl chloroacetate,
a reaction discovered by Ruhemann, to form a thiophene derivative.
CH(COOCH;):C(SNa)NC;H;s +

CH,CICOOC:H; —> (ID(COOCHs)zC(N C;H;)SCHLCO + NaCl + C;H;OH

Experimental

Carbomethoxy Methyl Malonate Monothioallylamide.—To 11.5 g. of sodium sus-
pended in 500 cc. of dry ether were added 66 g. of dimethyl malonate and (the next day)
49 g. of allyl mustard oil. The mixture was allowed to stand for some hours with
occasional shaking at room temperature, after which it was heated under a reflux con-
denser for two hours. The entire contents was poured into ice water and the resulting
aqueous layer after separation was added slowly with stirring to a freezing mixture of
crushed ice and hydrochloric acid. The resulting bulky precipitate was filtered, washed
free from chlorides with cold water and then extracted with a rather large volume of a
mixture of approximately equal parts of ordinary ethyl alcohol and water warmed
merely to room temperature. On cooling to the freezing point of water, a colorless
precipitate of flat needle-like crystals quickly appeared. A yield of 77 g. or approxi-
mately 669 of the theoretical amount of fairly pure material was obtained in this
manner.

Anal. Caled. for CoHy;sONS: S, 13.9. Found: S, 13.7.

The pure substance separates from alcohol-water mixtures in the form of brilliant
narrow plates melting at 42-43°. It is easily dissolved by the usual organic solvents,
also by aqueous sodium hydroxide, from which it may be recovered unchanged in the
cold by the prompt addition of dilute acetic acid. The alkaline solution undergoes de-
composition on standing at room temperature.

Malonic Acid Monothioallylamide.—Attempts to prepare this substance by the
action of alkali on the ester failed. However, by the use of a less vigorous.reagent,
namely, hydrazine, the above acid was obtained. To 10 g. of the ester dissolved in
alcohol was added the molar equivalent of hydrazine. The mixture was then heated
under a reflux condenser for four to five hours and allowed to concentrate to a small
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volume. The crystalline product separating on the addition of an excess of hydro-
chloric acid to the dark red solution was recrystallized from water; yield of crude prod-
uct, approximately two grams.

Amnal. Caled. for CéHyO0.NS-2H,0: S, 16.4. Found: S, 16.4.

It crystallizes from warm water in brilliant plates. The melting point is not sharp,
the substance softening at 115° and partially melting with foaming due to the elimination
of water at 120-121°. The new thioamide is very soluble in alcohol, although only
sparingly soluble in benzene, chloroform and similar solvents.

The preparation of the thiazoline esters may be illustrated by the following experi-
ment. To 30 g. of carbomethoxymethylmalonate monothioallylamide dissolved in a
small volume of chloroform and cooled with a freezing mixture was added dropwise the
molar equivalent of bromine mixed with chloroform. The clear mixture, after several
extractions with cold water to remove hydrobromic acid, was concentrated to a small
volume and alcohol added. A prompt removal of the acid is essential as otherwise the
substance decomposes even when cold, eventually changing into a tar. The resulting
solid after thorough washing with water was crystallized from alcohol; yield of pure
material, 27 g.

TaBLE 1
HALOGEN DERIVATIVES OF PENTHIAZOLINE-2-DIMETHYLMALONATE
Halogen, %
Formula M. p., °C. Cryst. form Caled. Found
-5-Chloro  C¢H;;O4NSCl  145-146 Microscopic needles 13.4 13.4
-5-Bromo  C¢H;;,ONSBr 153-154 Flat needles 25.8 25.6
-5-Iodo CoH;,0.NSI 156-157 Flat needles 35.6 35.8

A more complete analysis was made of the bromine compound. Caled. for
CoH12:O:NSBr: C, 34.8; H, 3.9; S, 10.3. Found: C, 35.0; H, 4.2; S, 10.3.

These halogen derivatives are sparingly soluble in hot alcohol, but very soluble in
chloroform. They are insoluble in cold sodium hydroxide solution or dilute mineral
acids and exhibit marked stability toward concentrated nitric acid even after short
heating. Permanganate dissolved in acetome is not reduced. Cold concentrated
hydrochloric and sulfuric acids dissolve the substances. On heating with water the
bromine derivative gradually dissolves. Carbon dioxide is set free, also hydrobromic
acid, and a non-tractable gum is formed which gives forth a pyridine-like odor on neutrali-
zation with alkali. It is not changed after several hours’ heating with methyl iodide
and is recovered unchanged after decomposition with water of the addition product
with CH3;MglI in ether. )

2-Hydroxypenthiazoline-2-dimethylmalonate.—To 5 g. of the bromothiazoline ester
dissolved in alcohol was added the molar equivalent of silver nitrate and the mixture
heated for several hours. Sodium bicarbonate was then added to neutralize the nitric
acid formed in the reaction and the mixture filtered. The filtrate was concentrated
to a small bulk from which crystals separated on cooling; yield, 3.5g. It was recrystal-
lized from alcohol.

Amnal. Caled. for CgH130:NS2H,0: S, 11.3. Found: S, 11.3.

The hydroxy derivative is soluble in hot water and readily soluble in hot alcohol,
separating in slender flat needles melting at 104-105° with preliminary softening.

While no satisfactory results were obtained in attempts to hydrolyze the above-
mentioned esters, it was found possible to obtain the monocarboxyl derivatives by the
action of halogens on malonic acid monothioallylamide as follows. To the substance
dissolved in glacial acetic acid was added the appropriate amount of the halogen. A
prompt precipitation of the halogen acid salt of the carboxyl derivative took place. The
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salt was decomposed after filtration by trituration with water mixed with alcohol, fol-
lowing which the penthiazoline was recrystallized from water.

TaBLE II
HALOGEN DERIVATIVES OF PENTHIAZOLINE-2-ACETIC ACID
Halogen, %
Formula M. p., °C. Cryst. form Caled. Found
-5-Chloro CsH0,NSCI-2H,O 179-180 Powder 15.5 15.3
-5-Bromo CeHsO,NSBr-2H,O 188-190 Flat needles 29.2 28.5
-5-Todo CsHz0,NSI-2H,O 213-214 Feathery needles 39.6 39.8

Considerable difficulty was experienced in obtaining satisfactory results with the
bromine derivative, for this substance was acted upon by the vapors of fuming nitric
acid and apparently bromine was lost before the tube was sealed. After heating,
the inside of the Carius tube was spattered with silver bromide. A sulfur determina-
tion was made with the following satisfactory results. Caled. for CeHO,NSBr-2H,O:
S, 11.7. Found: S, 11.7.

Apparently water of crystallization is lost on standing, for the bromo derivative
was observed to change to a crystalline powder.

Anal. Caled. for CeHsO0.NSBr: C, 30.5; H, 3.4. Found: C, 30.3; H, 3.5.

These halogen derivatives soften before the melting point is reached and partially
decompose with foaming at the melting point. They are very soluble in glacial acetic
acid, moderately so in water and insoluble in alcohol, ether, etc. The addition of hydro-
gen chloride to a glacial acetic acid solution of these substances precipitates the corre-
sponding salt. They are slowly decomposed by hot water, liberating the corresponding
halogen acid and forming a gum similar to that obtained by the hydrolysis of the penthi-
azoline ester.

2-Allylimino-3-dicarbomethoxy-4-ketotetrahydrothiophene.—A solution of 10 g. of
carbomethoxy methylmalonate monothioallylamide in methyl alcohol was mixed with
the equivalent amount of sodium methylate and ethyl chloroacetate. Considerable
heat developed and on standing a dark green color developed. After an hour or so, a
small amount of dilute acid was added to decolorize the solution, which was then poured
into water. A bulky precipitate of slender lustrous needle-like crystals formed. It was
recrystallized from water containing approximately 109, alcohol.

Anal. Caled. for C;yHisOsNS: S, 11.8. Found: S, 11.8.

It is very sparingly soluble in hot water, from which it separates in long snow-
white needles melting at 78-79°. On separation from alcohol the substance retains a
yellow color which is not removed by repeated crystallization.

Methylcarbomethoxymethylmalonate Monothioallylamide.—Ten grams of methyl
dimethylmalonate was condensed in the customary manner with allyl mustard oil and the
product shaken with ice water. Then the water extract was slowly run into a freezing
mixture of crushed ice and hydrochloric acid. The crude product was recrystallized by
shaking with alcohol at room temperature, cooling with ice, and adding a few drops of
water. An oil separated out, but on pouring off the turbid liquid and seeding, small
colorless erystals resulted. The substance, which melted on warming to room tempera-
ture, was not further examined but was allowed to react in chloroform solution cooled
to 0° with bromine. Then water was added to extract the hydrobromic acid. How-
ever, the solid product quickly changed to a tar on standing. Apparentlya penthiazoline
was formed, but it subsequently decomposed.

Summary

Allyl mustard oil forms addition products with dimethyl malonate and
methyldimethylmalonate.
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The first addition product undergoes hydrolysis in the presence of hydra-
zine into methyl malonate monothioallylamide.
It forms addition products with halogens which through the loss of
halogen hydride are immediately converted into penthiazolines.
Carbomethoxymethylmalonate monothioallylamide in the presence of
sodium methylate forms a thiophene derivative with ethyl chloroacetate.
TuUFTS COLLEGE, MASSACHUSETTS

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, VALE UNIVERSITY]

THE FORMATION OF FURO-o,3’-DIAZOLES FROM ACYL
IMIDOTHIOCARBONATES AND ACYL PSEUDOTHIOUREAS!

By SmA0 TSENG YANG? AND TREAT B. JOHNSON

RECEIVED JANUARY 12, 1932 PuBLISHED MaAY 7, 1932

A review of the literature of the chemistry of furo-a,8’-diazoles or 1,2,4-
oxdiazoles reveals the fact that there are essentially two different methods
which are available for the synthesis of representatives of this type of
heterocyclic compounds, namely, (1) by interaction of amidoximines with
acyl chlorides or acid anhydrides according to Tiemann’s well-known
reaction expressed below, and which has been extensively studied and
applied,® and (2) by the action of hydroxylamine on acyl imidothiocar-

NOH N—O.
CaHsC’/\/NH + camcom—_—c.n.c/\ /\cc:.,H5
N

bonates and acyl pseudoureas, or reactions which were reported by Johnson
and Menge in 1904.* This latter method of synthesis has never been
carefully studied since its discovery; furthermore, the structures of the
resulting diazoles were by no means definitely settled in the original con-
tribution. In this paper we shall describe experimental methods which
permit us to decide definitely the constitution of the heterocyclic condensa-
tion products obtained by the application of Johnson and Menge’s reac-
tion.

Johnson and Menge described one experiment illustrating the behavior
of hydroxylamine toward an acyl imidothiocarbonate. They observed
that hydroxylamine interacted with diethyl benzoylimidothiocarbonate I at
ordinary temperature with formation of a compound to which they as-

! Constructed from a dissertation presented by Shao Tseng Yang to the Faculty of
the Graduate School of Yale University, June, 1931, in partial fulfilment of the re-
quirements for the degree of Doctor of Philosophy.

2 Holder of a Rockefeller Foundation foreign fellowship, 1929-1931.

3 Tiemann and Kriiger, Ber., 17, 1685 (1884); and many co-workers between 1884

and 1895.
* Johnson and Menge, Am. Chem. J., 32, 362 (1904).
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signed the constitution of a'-phenyl-g-ethoxyfuro-a,f’-diazole II, and
expressed its formation as follows

N——COC:H,;
_OC:H; , /OCyH; I
CﬁHsCONﬂC\ + NH;OH = C5H5C0N=C\ — CeHaC N
SC.Hs NHOH o
I II

In trying to reproduce the original experiment difficulty was at first en-
countered in establishing experimental conditions favoring the formation
of this furo-a,B’-diazole. Unless a definite technique is applied benz-
amide is the major product of reaction. The formation of this amide is
explained by the fact that the thiocarbonate I is very susceptible to the
action of warm alkali and to add hydroxylamine hydrochloride simul-
taneously with the thiocarbonate I to an alcoholic solution of potassium
hydroxide will invariably give benzamide. A free hydroxylamine solution
must be first prepared in order to accomplish successfully the desired
reaction.

In the second place, the regulation of the temperature when applying
the reaction is another very important factor as the change is an exothermic
one leading to secondary reactions unless the reaction temperature is kept
low. In this respect the dimethyl benzoylimidothiocarbonate is far more
sensitive to temperature changes than the diethyl ester I.

The thiocarbonate I and its corresponding dimethyl ester react with
hydroxylamine to form the respective furo-a,B’-diazoles represented by
formulas IT and ITI. In neither case does hydroxylamine interact with the
imidothiocarbonate with formation of a mercaptofuro-a,8’-diazole deriva-
tive as represented by formula IV. Furthermore, the two imidothiocar-
bonates, dimethyl benzoylimidothiocarbonate and O-methyl-S-ethyl ben-
zoylimidothiocarbonate, react with hydroxylamine to give the same furo-
a,B'-diazole III. In other words, the mercapto group of the imidothio-
carbonate is more readily eliminated by treatment with hydroxylamine
than the alkyloxy group. A compound corresponding to formula IV
was never detected as a product of this reaction. The formation of such
mercapto derivatives of a furo-a,8’-diazole may be predicted by allowing
hydroxylamine to interact with acyl imidodithiocarbonates, a reaction
which has not hitherto been studied.

N——COCH; N——CSCH;s

cmd N cad %
N

O

III v
As to the structures of the furo-a,8’-diazoles formed in the above reac-
tions, it was necessary to decide between the two possible isomeric
constructions, namely, an o'-phenyl-g-alkoxyl-furo-a,8’-diazole 11 or o'-
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alkoxy-B-phenyl-furo-e,’-diazole VII. This was accomplished by
reduction of our respective furo-«,8’-diazoles with zinc dust and acetic
acid. Both of our condensation products II and IIT were reduced prac-
tically quantitatively to benzoylurea VI as is expressed by the equation
below. This change involves theoretically the intermediate formation of
an acyl-imido ester V. These results confirm the original conclusions of

N—COC;Hs 1ﬁr-coc2H5
H
CHC N —> CH,C NH  —»> CH,CONHCONH,
I v VI

Johnson and Menge. An isomeric o’-alkoxyl-g-phenyl-furo-e,g’-diazole
VII would be expected to give by reduction an entirely different product or
a urethan derivative of benzamidine VIII as is illustrated by the equa-
tion

o L
H
GHOC N —> GHOC NH —> CHC(—NH)NHCOOC,H;
N NOH
viI VIII

The behavior of our furo-a,B’-diazoles on reduction is entirely in accord
with that of the anhydroximes on reduction, which were investigated by
Rose and Scott’ This method of establishing structure is undoubtedly
applicable to other heterocyclic constructions containing the furo-«,g’-
diazole ring.

a’-Phenyl-B-anilino-furo-a,8’-diazole XI is formed by the action of
hydroxylamine on benzoylpseudomethylphenylthiourea in pyridine solu-
tion.® Johnson and Menge state in their original paper that this type of
transformation is accomplished by interaction of hydroxylamine with an
acylimidopseudourea, but no experimental evidence in support of this was
presented. It has been our experience that the oxygen pseudoureas are
not as reactive toward hydroxylamine as the corresponding sulfur analogs;
therefore, we confined our work to the study of the sulfur derivatives.
The reaction leading to the formation of an anilino-furo-a,B’-diazole is
given below

/NHCQHa /NHC6H5
C6H5C0N=C\ + NH,O0H —> CsHsCON==C\
SCH; NHOH
IX X
IﬁI ——CNHCsH;
CeH;C N
o’
XI

® Rose and Scott, THIS JOURNAL, 39, 273 (1917).
¢ Wheeler and Merriam, ¢bid., 23, 293 (1901).
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The pseudothiourea IX used in this work, which was first prepared by
Wheeler and Merriam® by the action of aniline on dimethyl benzoylimido-
dithiocarbonate, was synthesized by the direct alkylation of sym.-benzoyl-
phenylthiourea with methyl iodide. When the furo-«,B’-diazole XI was
reduced with zinc and acetic acid it was converted smoothly into benzoyl-
phenylguanidine XII, a change which establishes its constitution. The

1‘\|IH—~CNHCGH5

I
CeHC N + H, = CeH;CONH—C—NHCsH;
o’ I
NH
XII

free guanidine melted at 90-91°, and the picrate of the guanidine melted at
187—188°. These results, therefore, identify the reduction product as the
guanidine derivative previously described by Wheeler and Johnson.?
In other words, the acyl imidothiocarbonates and the corresponding
pseudothioureas interact with hydroxylamine in a similar manner with
evolution of mercaptan and formation of well characterized, crystalline
furo-a,B8’-diazole compounds.

Experimental Part

Preparation of Acylimidothiocarbonates.—Dimethyl benzoylimidothiocarbonate,
CeH;CON=C(OCH;)SCHj,,? was prepared by alkylation of methyl benzoylthioncar-
bonate? in alkaline solution with methyl iodide. It melted at 46 ° after recrystallization
from ether. The corresponding diethyl imidothiocarbonate was prepared in an analo-
gous manner by alkylation of ethyl benzoylthiocarbamate with ethyl bromide. It
boiled at 200-203° at 16 mm. (Wheeler and Johnson reported the temperature of 209-
212°at 19 mm.). The mixed ester O-methyl-S-ethyl benzoylimidothiocarbonate, which
was prepared by the action of ethyl bromide on the potassium salt of methyl benzoyl-
thioncarbamate, boiled at 195-205° at 14 mm.

Preparation of Acyl Pseudothioureas.—The pseundomethyl benzoylphenylthiourea,
CsH;CON=C(SCH;)NHCsH;, and the corresponding pseudoethyl compound used in
this work were prepared by the direct alkylation of sym.-benzoylphenylthiourea in so-
dium alcoholate solution with methyl iodide and ethyl bromide, respectively. The
pseudomethyl compound was obtained in a yield of 70% and melted at 104-105 °,10
and the pseudoethyl compound melted at the temperature of 88°, as originally reported
by Wheeler and Merriam.

a’-Phenyl-g-methoxy-furo-c,s '-diazole, C¢HsO:N. (III).—This compound is
easily prepared as follows: 56 g. of dimethyl benzoylimidothiocarbonate is dissolved in
50 cc. of 95% alcohol and the solution combined with an alcoholic solution of hydroxyl-
amine, prepared by adding 19 g. of hydroxylamine hydrochloride to a solution of 15 g.
of potassium hydroxide in 100 cc. of methyl alcohol. The solutions were mixed at a low

7 Wheeler and Johnson, Am. Chem. J., 26, 417 (1901).

8 Wheeler and Johnson, 4bid., 24, 200 (1900); Johnson and Menge, ¢bid., 32, 364
(1904).

s Miquel, Ann. chim., [5] 11, 330 (1877). Wheeler and Johnson, Am. Chem. J.,
24, 200 (1900).

10 See Wheeler and Merriam, THIS JOURNAL, 23, 290 (1901).
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temperature and then allowed to stand in an ice chest for forty-eight hours. The alcohol
solution was then poured into cold water when the furo-e,g’-diazole separated as an
oil ‘which soon solidified. It was purified by crystallization from dilute alcohol and
separated in the form of prisms. Some of these crystals were more than one inch in
length. The yield of purified furo-e,8’-diazole was 31 g. It melted at 58-59°,

Anal. Caled. for CgHyOsN,: C, 61.36; H, 4.54; N, 15.90. Found: C, 61.28;
H, 4.60; N, 16.05.

The furo-a,p’-diazole is insoluble in water, moderately so in ligroin and very soluble
in alcohol, ethyl acetate, chloroform, ether and benzene.

a’-Phenyl-g-ethoxy-furo-e,8’~diazole, C;oH;o0:N;, (II).—This furo-a,8’-diazole
was prepared according to the same technique described in the previous experiment
by allowing hydroxylamine to interact with diethyl benzoylimidothiocarbonate at ordi-
nary temperature. After standing in an ice chest for thirty-six hours, the alcohol solu-
tion was poured into water, when the furo-e,8’-diazole separated as an oil which
solidified almost immediately. It was purified by recrystallization from 95%, alcohol
and separated in the form of stout prisms melting at 49-50°. The solubility of this
compound is similar to that of the corresponding methoxy compound.

Anal. Caled. for CyoHy00:N;3: N, 14.73. Found: N, 14.83.

These two furo-a,8’-diazoles are characterized by their great stability and extreme
inertness. Notwithstanding the fact that they contain an imido ester grouping they
do not form salts with the acids—hydrochloric, nitric and sulfuric. In concentrated
hydrochloric acid they remain undissolved in the cold and on warming the acid the furo-
a,B’-diazoles melt without alteration. In concentrated sulfuric and nitric acids both
fure-a,8’-diazoles dissolve in the cold and are reprecipitated unchanged by dilution of
the acid solutions with water. They are not attacked by concentrated nitric acid when
the acid solution is heated at the boiling point for several minutes. They can be heated
to 250 ° without decomposition. They do not react with aniline at its boiling point, and
can be heated with alcoholic ammonia at 200-250° for hours without alteration. We
obtained no evidence that Wieland and Bauer’s!? a’-phenyl-g-amino-furo-e, 8’-diazole
is formed by interaction with ammonia. Neither of the two furo-e,8’-diazoles responds
favorably to the experimental conditions employed in applying a Zeisel reaction. The
furodiazole nucleus is completely destroyed by hydriodic acid at 100° with the formation
of benzoic acid.

Reduction of a’-Phenyl-g-methoxy-furo-«,8’-diazole with Zinc and Glacial Acetic
Acid.—Five grams of this furo-a,8’-diazole was dissolved in 25 cc. of cold glacial acetic
acid and ten grams of zinc dust added. The mixture was then heated at 85-90° for one
hour and finally allowed to stand for three hours, when the unchanged zinc was removed
by filtration and the excess of acetic acid evaporated on a water-bath. A crystalline
residue was obtained. This was identified as a mixture of the unaltered furo-e,8’-di-
azole and benzoylurea. About one-half of the furo-a,B’-diazole was recovered un-
changed. On recrystallizing the crude reduction product from alcohol the urea was ob-
tained in pure form melting at 208°.

Anal. Caled. for CsHsO0:N3: N, 17.07. Found: N, 17.00.

When the corresponding a’-phenyl-g-ethoxy-furo-«,8’-diazole was reduced with
zine dust and acetic acid under the same conditions it was also converted into benzoyl-
urea. After digesting with zinc at 95-100° for three hours, about one-half of the furo-
a,3’-diazole was still recovered unaltered.

a-Phenyl-g-anilino-furo-a,3’~diazole, C,;H;;ON; (XI).—This furo-e,8’-diazole is

1! Wieland and Bauer, Ber., 40, 1691 (1907).
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formed by the action of hydroxylamine on pseudomethyl benzoylphenylthiourea or
pseudoethyl benzoylphenylthiourea. One experiment will be described in order to illus-
trate the technique employed. Ten grams of pseudomethyl benzoylphenylthiourea
was dissolved in 25 cc. of pyridine and two molecular proportions of hydroxylamine
hydrochloride added to the solution while cooling. After allowing to stand for about
forty-eight hours the pyridine solution was diluted with water, when the above furo-
a,B'-diazole separated in a crystalline condition. This crude reaction product was
washed with dilute sulfuric acid to remove traces of pyridine and then recrystallized
from benzene. It separated, on cooling, in the form of rectangular prisms melting at
139-140°. It did not respond to a test for sulfur and also crystallized from alcohol in
prisms melting at 139-140°. For analysis the compound was dried at 110-120° to
constant weight.
Anal. Caled. for N, 17.72.  Found: N, 17.62, 17.70.

The furo-a,8’-diazole did not interact with acetic anhydride by refluxing with this
reagent for three hours. It dissolved in concentrated sulfuric acid in the cold, giving a
red colored solution. On diluting the acid solution with water the furo-«,8’-diazole
was precipitated unchanged.

Behavior on Reduction.—Two grams of the anilino-furo-a,8’-diazole was reduced
with zinc dust and glacial acetic acid at 90-95° for three hours. After removing the.
excess of zinc and evaporating the acetic acid, a crystalline substance was obtained which
was purified by crystallization from benzene. It was identified as benzoylphenyl-
guanidine and melted at 90-91°. When picric acid was added to an alcoholic solution
of the base, the picrate separated as reported previously by Wheeler and Johnson.”

Anal. (Picrate). Caled. for CaoH1OsNg: N, 17.94. Found: N, 17.80.

B-Chlorethyl Benzoylthioncarbamate, CsH;CONHCSOCH,CH:Cl.—This com-
pound is easily prepared by allowing freshly distilled benzoyl isothiocyanate to interact
at ordinary temperature with ethylene chlorohydrin. The thioncarbamate was purified
by crystallization from acetone or alcohol and crystallized in the form of needles melting
at 179-180°.

Anal. Caled. for CioH100:NSCI: N, 5.71. Found: N, 5.74, 5.83.

Summary

1. Acylimidothiocarbonates react with hydroxylamine to form alkoxyl
furo-a,B’-diazoles.

2. Pseudoalkylacylphenylthioureas react with hydroxylamine to form
anilino-furo-ea,B’-diazoles.

3. The structures of heterocyclic combinations of the furo-a,B’-diazole
type are established by their behavior on reduction with zinc and acetic
acid. The alkoxyl compounds are broken down with formation of acyl-
ureas while the anilino derivatives give acyl derivatives of substituted
guanidines.

New HAVEN, CONNECTICUT
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THE FORMATION OF 1,4-DIPHENYLHEXADIENE-1,5 IN THE
REACTION BETWEEN CINNAMYL CHLORIDE AND MAGNESIUM

By HENRY GILMAN AND STANTON A. HARRIS

RECEIVED JANUARY 12, 1932 PuBLISHED MAY 7, 1932

Introduction
Two hydrocarbons have been isolated in the unusual reaction between
cinnamyl chloride and magnesium.! One of these has been identified
definitely as the solid dicinnamyl, CeH;CH=CHCH,CH,CH=CHCHj;.
The other hydrocarbon, a liquid, has been designated as 1,4-diphenyl-
hexene-1 and is said to owe its origin to the following reactions

. HOH
CeH;CH=CHCH,MgCl —> C;H;CHCH(MgCIl)CH,MgCl L—;
+
CsH;CHCH,CH;, (
)
CH.CH=CHGC,H;
(4)

That is, Compound (A) is formed as a consequence of the addition of one
molecule of the so-called cinnamylmagnesium chloride to the ethylenic
linkage of another molecule of this Grignard reagent. The evidence in
support of (A) turns on its ultimate analysis and its oxidation to phenyl-
succinic and benzoic acids.

It has also been suggested? that the liquid hydrocarbon might be a diole-
fin formed as follows

—MgCl,

CeH;CH=CHCH;MgCl —> C¢H;CHCH(MgCl)CH;Cl ——— >

CsH; CH=CHCH,CI CH=CHCH,C¢H;
CsH;CHCH=CH,
€89
CH,CH=CHC:H,
(B)

In this mechanism, one molecule of the RMgCl compound adds to the
ethylenic linkage of a molecule of cinnamyl chloride to give a new Grig-
nard reagent which then loses magnesium chloride.

Each of these mechanisms suffers from the disadvantage that it postu-
lates addition of a Grignard reagent to an ethylenic linkage. No such
addition has been established, and present evidence is overwhelmingly
against it.> We have shown that the liquid hydrocarbon is Compound

! Rupe and Biirgin, Ber., 43, 172 (1910).
* V. Braun and Kéhler, 4bid., 51, 79 (1918).
3 A recent article with leading references on the non-addition of RMgX compounds

to an ethylenic linkage is Gilman and Harris, Rec. trav. chim., 49, 762 (1930). It should
be stated that the postulation of such addition was made at a time when there appeared
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(B), 1,4-diphenylhexadiene-1,5. This was demonstrated: first, by ulti-
mate analysis, the values for carbon and hydrogen agreeing better for
Compound (B) than for (A); second, by catalytic reduction whereby
exactly two moles of hydrogen were taken up; third, by ozonization that
gave formaldehyde and benzaldehyde, which together with the phenyl-
succinic acid obtained previously! by permanganate oxidation, definitely
supports (B) and makes (A) altogether unlikely because it would hardly
be expected to give any formaldehyde, and phenylsuccinic acid is rather
to be expected with (B) than (A); and, fourth, by definitely establishing
the identity of the reduction product with an authentic specimen of 1,4-
diphenylhexane.

The evidence based on reduction to 1,4-diphenylhexane obviously
supports both (A) and (B). It has been presented, however, in order
to exclude a third possible compound, namely, 3,4-diphenylhexadiene-1,5.

CH;CH—CH=CH;
CeH;CH—CH=CH,

©

Actually, Compound (C) has been suggested* tentatively as a structure
for the oil obtained in related reactions between cinnamyl bromide and
ethylmagnesium bromide and phenylmagnesium bromide, respectively.
Were it not for the facts that Compound (C) does not agree with the
reduction and oxidation products of the liquid hydrocarbon, it might be
considered a possibility for the following reasons.

First, it appears altogether probable that the first step involved in a
reaction between an RX compound and magnesium in ether is the forma-
tion of a free radical which can undergo several reactions, among which
are coupling to give an R-R compound, rearrangement to a different free
radical and disproportionation.’ Second, the R'R compound can be
formed as follows, also through the intermediate free radicals.®

2 RX + 2R'MgX —> R-R + R"R’ + MgX, - (III)
RX 4 RMgX —> R-R + MgXe (IVv)

Third, the reaction between cinnamyl chloride and magnesium gives a

to be some basis for such reaction, and that Professor Rupe is now of the opinion that
a Grignard reagent does not add to an ethylenic linkage. See, in this connection,
Gilman and Schulz, THIS JOURNAL, 53, 2799 (1931).

4 Prévost and Danjat, Bull. soc. chim., 47, 588 (1930). See, also, Kirrmann,
ibid., 47, 834 (1930). V. Braun and Kohler, Ber., 51, 83 (1918), earlier studied the
reaction between cinnamyl bromide and ethyl- and phenylmagnesium halides.

In a paper by Prévost, Bull. soc. chim. 49, 1372 (1931) [C. A. 26, 1574 (1932)],
which became available after our manuscript was submitted for publication, it has been
shown that the second hydrocarbon is 1,4-diphenylhexadiene-1,5.

5 A recent article with leading references is Gilman and Zoellner, THIS JOURNAL,
52, 3984 (1930).
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Grignard reagent which reacts® with a wide variety of compounds as
though its formula were C;H;CHCH=CH, and not C¢H;CH=CHCH,MgCl.

MgCl
For these reasons, the two radicals expected in a reaction between cinnamyl
chloride and magnesium are

CsHsCH=CHCH2— and CeHs(I:HCH———CHz

The union of two of the former (cinnamyl) radicals would give dicinnamyl;
the union of two of the latter (a-phenylallyl) radicals would give Com-
pound (C), 3,4-diphenylhexadiene-1,5; and the union of one of each of
these radicals would give Compound (B), 1,4-diphenylhexadiene-1,5.
We thus see that there is no basis of expectation, on theoretical grounds,
for Compound (A), 1,4-diphenylhexene-1. Compound (C) may be con-
tained in the oily mixture of hydrocarbons which has so far definitely
yielded dicinnamyl and 1,4-diphenylhexadiene-1,5 (B). The proportions
of R‘R compounds in such reactions varies with experimental conditions
and with the nature of halogen in the RX compound. For example,
with cinnamyl bromide and magnesium the chief hydrocarbon is dicin-
namyl® and not, as with cinnamyl chloride, 1,4-diphenylhexadiene-1,5.

Experimental Part

Preparation of Hydrocarbon Mixture.—In a typical experiment, 60.8 g. (0.4 mole)
of cinnamyl chloride (melting at 7-8°) dissolved in 100 cc. of ether, was added to 5 g.
(0.205 atom) of magnesium, the reaction being first started with a small quantity of
ether. At the end of the reaction, there was a slight positive color test? showing the
presence of a small quantity of Grignard reagent.® This was destroyed by the addition
of 2 cc. of cinnamyl chloride. The solution was then hydrolyzed, and the ether layer
dried over calcium chloride and then distilled. On the first distillation, a total yield of
34.9 g. or 74.5% of hydrocarbons was obtained, boiling over the range 165-180° (34
mm.). The last portion of the distillate crystallized in the receiver, and was identified
as dicinnamyl. After five fractionations, 20 g. or a 42.99%, yield of hydrocarbon, dis-
tilling at 157-160° (2 mm.), was obtained: #% 1.5890; d230.9919. The higher fraction
yielded 4.1 g. or 8.759%, of dicinnamyl. An intermediate fraction was not investigated,

Anal. Caled. for CisHis: C, 92.26; H, 7.74. Found: C, 92.08; H, 7.95.

Catalytic Reduction of Liquid Hydrocarbon.—The reduction of 11.7 g. (0.05 mole)
of hydrocarbon in 50 cc. of alcohol was effected with 0.15 g. of Adams’ catalyst. In
ten minutes, 7.6 pounds (0.1 mole) of hydrogen was absorbed, showing the presence of
two ethylenic linkages. Like results were obtained with 0.025 mole of the hydrocarbon.

® Gilman and Harris, THIS JOURNAL, 49, 1825 (1927); ibid., 53, 3541 (1931). This
latter reference and that of Gilman and Kirby, ibid., 54, 345 (1932), describe several
mechanisms proposed for the allylic rearrangements of Grignard reagents like cin-
namylmagnesium chloride. See, also, Austin and Johnson, ibid., 54, 647 (1932).

7 Gilman and Schulze, bid., 47, 2002 (1925).

8 Cinnamylmagnesium chloride can be prepared in an 87% yield. See Gilman
and Harris, Rec. trav. chim., 50, 1052 (1931).
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The product, subsequently identified as 1,4-diphenylhexane, boiled at 147-148° (3 mm.);
129 1.5456; d33 0.9608.

Anal. Caled. for CisHae: C, 90.75; H, 9.24. Found: C, 90.4; H, 9.16.

Dicinnamyl likewise took up the theoretical quantity of hydrogen.

Ozonization of Liquid Hydrocarbon.—Ozonization, by the procedure of Doeuvre,?
gave formaldehyde and benzaldehyde. Under the same conditions, dicinnamyl yielded
benzaldehyde but no formaldehyde.

Synthesis of 1,4-Diphenylhexane.—The following transformations were used in the
preparation of 1,4-diphenylhexane.

+ (HOH) | (HI)
CeHslc!Csz CsHs——C"‘—CzHB ——— CaHsCHCHzCHs
’ CH,CH;CH,CsHj CH;CH;CH,CoHj

The y-phenylpropyl chloride was obtained in an 829, yield by heating an ether solution
of 80 g. (0.59 mole) of y-phenylpropyl alcohol with 75 g. (0.63 mole) of thionyl chloride
for one hour. The corresponding Grignard reagent, y-phenylpropylmagnesium chloride,
was obtained in a 98, yield'® in a 0.5 mole run, the reaction being started with activated
magnesium—copper alloy. When treated in a customary manner with propiophenone,
the Grignard product yielded 81.5 g. or a 64% yield of 1,4-diphenylhexanol-4; b. p.
177-179°; n? 1.5508; d39 1.0284.

Anal. Caled. for CisH200: C, 85.04; H, 8.66. Found: C, 84.96; H, 8.69.

Twelve and one-half grams of the carbinol was heated in a pressure bottle with
95 cc. of constant boiling hydriodic acid and some red phosphorus for two hours at 140-
150°. The synthetic 1,4-diphenylhexane obtained in this manner had the following
constants: b. p. 147-149° (3—4 mm.); 729 1.5460; d§g 9660.

Anal. Caled. for CisHae: C, 90.75; H, 9.24. Found: C, 90.57; H, 9.19.

Summary

The liquid hydrocarbon formed from cinnamyl chloride and magnesium
in ether has been shown to be 1,4-diphenylhexadiene-1,5 and not 1,4-
diphenylhexene-1, as previously reported. Mechanisms have been pro-
posed for its formation.

AwmEs, Iowa

9 Doeuvre, Bull. soc. chim., 45, 140 (1929).

10 By the acid-titration method of Gilman, Wilkinson, Fishel and Meyers, TH1s
JOURNAL, 45, 150 (1923). See, also, Gilman, Zoellner and Dickey, 2bid., 51, 1576
(1929).
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The excellent method of Davidson and Baudisch! for the synthesis
of uracil consists in treating malic acid and urea with fuming sulfuric acid.

COOH COOH NH, NH—CO
l H,S0; | | l |

(lng B ﬁH + C|ZO —_— (IIO CH
CHOH.COOH CHOH NH, NH——C&H

This synthesis is of considerable significance since it allows an easy mode
of entrance into the pyrimidine series of compounds. With uracil as a
starting material, many pyrimidines substituted in the 1, 2, 3, 5 and 6 posi-
tions can easily be made. Hilbert and Johnson? have taken advantage of
this procedure and synthesized cytosine by a new method. More re-
cently? it has been demonstrated that thymine can also be prepared directly
from uracil in a manner analogous to Kircher’s* synthesis of 4,5-dimethyl-
uracil from 4-methyluracil. The reaction was carried out by treating uracil
with formaldehyde and hydrochloric acid. The resulting uracil-5-methyl
chloride was reduced with tin and hydrochloric acid and yielded thymine.
Since the method of Davidson and Baudisch for the preparation of uracil
is far superior to the older one of Wheeler and Merriam,® it was of interest
to determine if it could also be applied for the preparation of other py-
rimidines.

The Syntheses of Uracil-4-Acetic and Orotic Acids.—It is reasonable
to expect that other a-hydroxy-a,B-dicarboxylic acids will also break down
with fuming sulfuric acid in a manner typical of a-hydroxy acids to yield
products which will combine with urea to form cyclic ureides. The easily
available citric acid has such a configuration and should yield, with urea,
uracil-4-acetic acid, a view which has now been confirmed.

As is well known, citric acid in the presence of fuming sulfuric acid breaks
down to form acetonedicarboxylic acid. It was either this or more prob-
ably the enol form which condensed with the urea to form uracil-4-acetic
acid. The structure of the pyrimidine was proved beyond reasonable

! Davidson and Baudisch, THIS JOURNAL, 48, 2379 (1926).
? Hilbert and Johnson, sbid., 52, 1152 (1930).
3 Unpublished results.

4 Kircher, Ann., 385, 203 (1911). »
"Wheeler and Merriam, Am. Chem. J., 29, 478 (1903).
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1l\IHz ?OOH 1‘\IH»—CO
?o + %H — ?o éﬁlH + 2H;0
NH, HOCCH,COOH NH—CCH,COOH

doubt since the properties of it and a number of derivatives were the same .
as those recorded by Wheeler and Liddle.* The method is recommended
the best for the preparation of this substance.

The limitations of this method for the synthesis of pyrimidines are
well illustrated by the failure to isolate any products when ethyl acetoace-
tate and ethyl sodiumformylpropionate were used (for other examples see
experimental portion) in place of malic or citric acids. ~Theoretically,
one would have expected the synthesis of 4-methyluracil and thymine,
respectively. The fact that these latter experiments were unsuccessful
seems surprising, since these compounds are so similar in structure to
formylacetic and acetonedicarboxylic acids which react so smoothly.

The attempt to decarboxylate uracil-4-acetic acid by treatment with
barium hydroxide solution was unsuccessful, since the pyrimidine ring was
ruptured, yielding the insoluble barium salt of S-carbamidoglutaconic acid.
This was readily decomposed by hydrochloric acid and regenerated uracil-4-
acetic acid, indicating that the salt probably was the ¢is” modification.
Although the rupture of a pyrimidine having a double bond in the 4,5 posi-

1‘\IH—~C\O 1?H2 clo
co %H + Ba(OH); —> CO ﬁH Ba + H,0
NH-—CCH,COOH NH—CCH,COO

tion was odd, it was not new. Miiller® condensed ethyl oxaloacetate with
methylurea and obtained 3-methyluracil-4-ethylcarboxylate. When the
sodium salt of this substance was treated with hydrochloric acid a 8-methyl-
carbamidoacrylic acid, —H,NCON(CH;)CH=CHCOOH, was obtained.
Neither acids nor alkali converted this substance into 3-methyluracil.

6 Wheeler and Liddle [THis JoURNAL, 30, 1156 (1908)] previously synthesized
uracil-4-acetic acid. Acetonediethylcarboxylate was condensed with 2-ethylpseudo-
thiourea in alkaline solution and yielded 2-ethylmercapto-6-oxypyrimidine-4-ethyl-
acetate. This was saponified and the resulting mercapto acid digested with concen-
trated hydrochloric acid to form uracil-4-acetic acid.

HNH C.H;:0C=0 HN—C=0
C2H5S(‘) + CH —> C,H;SC (lZH
NH HOinH2COOC2H5 ll\lI~glCHgCOOC2Hg,
HN—CO " NH—CO
cmst bn —> o bu
N—CCH,COOH NH—CCH,COOH

7 Cis with respect to the newly formed carboxyl and ureido groups.
8 Miiller, J. prakt. Chem., 56, 498 (1897).



2078 GUIDO E. HILBERT Vol. 54

Johnson and Shepard® have reported a similar case. They isolated a by-
product in the reaction of 2-thiouracil with sodium ethylate and ethyl
chloroacetate which they believed to be B-thiocarbamidoacrylic acid, that
was unaffected by acids. The fact that these acrylic acid derivatives did
"not yield pyrimidines on acid treatment was interpreted as indicating that
they had the trans configuration.?

In order to obtain further information on the ease of hydrogenation of
the 4,5 double bond in keto pyrimidines, uracil-4-ethylacetate and 3-
methyluracil were hydrogenated using Adams and Shriner’s platinum
oxide as catalyst. The saturation of the double bond in both cases was
found to be very slow.

Biscaro and Belloni'! in 1905 isolated orotic acid from milk. Recently
Bachstez!? showed that it was identical with uracil-4-carboxylic acid,
which has been synthesized a number of times. Miiller'® prepared the
ethyl ester by condensing urea with ethyl oxaloacetate in acetic acid.
This was subsequently saponified to the acid by Wheeler.14

Later Behrend and Struve!® synthesized the acid by the oxidation of
4-methyluracil in potassium hydroxide solution with potassium ferri-
cyanide. More recently Johnson and Schroeder'® have prepared it by the
oxidation of uracil-4-aldehyde with chromic acid. Of these methods, that
of Behrend and Struve appears to be the best since 4-methyluracil is
readily available and the oxidation can easily be carried out, resulting in a
good yield of orotic acid. = As uracil-4-acetic acid can now be made as easily
as 4-methyluracil, its smooth oxidation would be expected to lead to an-
other convenient synthesis of orotic acid. The action of potassium ferri-
cyanide on uracil-4-acetic acid in alkaline solution was studied. The
oxidation did not go as smoothly as that of 4-methyluracil; the yield of
orotic acid was somewhat less. It is possible that the ease in rupture of the
ring was partly responsible for the decreased yield. Under the conditions
operated, the method, as yet, cannot be recommended as being better than
that of the oxidation of 4-methyl-uracil.

9 Johnson and Shepard, Am. Chem. J., 46, 345 (1911).

1 A number of examples have been reported in which the acrylic acid derivative
was converted to a pyrimidine by treatment with acid. Behrend, 4nn., 229, 8 (1885),
noted that a carbamidocrotonic ester was converted to 4-methyluracil and Johnson and
Clapp [Am. Chem. J., 32, 130 (1904)] found that a-methyl-B-guanidinoacrylic acid was
changed to 2-amino-5-methyl-6-oxypyrimidine. In these cases the acid was assigned
the cis structure.

1 Biscaro and Belloni, Estratto Annuario Soc. Chimica di Milano, 11, 1 (1905);
Chem. Centr., 11, 63 (1905).

12 Bachstez, Ber., 63, 1000 (1930); Giorn. chim. ind. applicata, 12, 174 (1930).

13 Miiller, J. prakt. Chem., 56, 488 (1897).

14 Wheeler, Am. Chem. J., 38, 358 (1907).

15 Behrend and Struve, Ann., 378, 153 (1910).

16 Johnson and Schroeder, THIS JOURNAL, 53, 1989 (1931).
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Orotic Acid as the Possible Intermediate in the Synthesis of Purines
from Histidine.—The occurrence of orotic acid in milk arouses interest
as to the possible mechanism of its formation and the role that it may play
in metabolism.”” Because of the carbon grouping in position 4 it seems im-
probable that it is a degradation product of either purines or the pyrimidine
nucleosides. The possibility that uracil might be the precursor of orotic
acid is also unattractive. The conversion of uracil into orotic acid requires
considerable energy as, in general, decarboxylations involve a decrease in
free energy. One might thus expect that the synthesis of this product at
the expense of considerable energy would necessitate its playing a rather
important role in the organism regarding which, as yet, thereisa lack of any
positive information. A more plausible explanation is that which is
suggested by the relationship of kynurenic acid to tryptophane.

Kynurenic acid (II) was first isolated from the urine of dogs by Liebig.
Ellinger'® in 1904 definitely proved that it was a metabolic product of
tryptophane. A number of mechanisms' for the formation of kynurenic
acid have been suggested; however, that proposed by Kotake and co-
workers® is the most probable one. They have been able to isolate an
intermediate—kynurenine (1)—that was converted either by an organism
or barium hydroxide solution to kynurenic acid. They have offered the
following scheme for the conversion of tryptophane to kynurenic acid.

O—w(”ZCchH(NHg)COOH O——ﬁCH;CH(NHz)COOH
l — . —_
N N

H

H
OH

COOH : PN
OC=CHCH(NH,)COOH Ococmcocom{ O NcH
—> —_— |
NH, NH, g/ SCO0H

I II

An inspection of the structures of tryptophane and histidine shows that

—CCH,CH(NH,;)COOH
they have in common the grouping NE (”:H which, in

the case of tryptophane, is directly involved in the conversion of the indole

17 Tt is possible that the orotic acid comes directly from the diet, that is, it might be
a plant product. It has not as yet, however, been shown to occur in plants.

18 Ellinger, Z. physiol. Chem., 43, 325 (1904).

19 Ellinger and Matsuoka, ibid., 109, 259 (1920); Robson, Biochem. J., 22, 1157
(1928).

2 Kotake and Iwao, Z. physiol. Chem., 195, 139 (1931); Kotake and Kiyokawa,
ibid., 195, 147 (1931); Kotake and Shichiri, sbd., 195, 152 (1931); Kotake, 7bid., 195,
158 (1931); Kotake and Ichihara, sbid., 195, 171 (1931); Shichiri and Kiyokawa, ¢bid.,
195, 166 (1931).
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to the quinoline compound. The postulation of an analogous transforma-
tion with histidine results in the formation of a pyrimidine ring.

COOH
_/N—CCH,CH(NH,;)COOH _/N—C=CHCH(NH;)COOH
HC< | — HC< v —_—
NH—CH NH, I

C—OH NH—CO

N—
HC/ (“3H —_ (IDO EH

\N=éCOOH I|\T H—-—yZCOOH
IV A
The intermediate (III) is the analog of kynurenine and (IV) of kynurenic
acid. An additional oxidation of the 2 position of either the imidazole or
the pyrimidine yields the 2-oxypyrimidine—orotic acid (V). That such an
oxidation is possible is indicated by the well-known conversion of purines
in the organism to uric acid.

This set of equations represents not only the idea that histidine is the
precursor of orotic acid but also suggests a mechanism of purine synthesis
from histidine. The ease with which purines can be synthesized from
pyrimidines iz vifro has led a number of investigators to suggest that the
latter may be the precursors of the former. The conversion of orotic
acid to purines is quite easy to picture, since every step but one has already
been reported in the literature. The decarboxylation of orotic acid yields
uracil. This was converted by Wheeler and Johnson?! into isodialuric acid,
with which, upon heating with urea, Behrend and Roosen?? synthesized
uric acid.

In addition to the striking analogy that it bears to the intermediary
metabolism of tryptophane, the above speculations are supported by
the work of Ackroyd and Hopkins,? Rose and Cook,2* and Stewart. In
general they found that in the absence of histidine in the diet, the allantoin
content of the urine decreased. As allantoin is usually accounted for
by the oxidation of uric acid, they interpreted this as indicating that his-
tidine was the precursor of the purines, and hence essential for nuclear
synthesis. A number of other investigators, however, have reported
negative results. Mitchell and Hamilton? aptly summarized the status
of the work in the following quotation, ‘“Many negative results have been
reported from experiments designed to establish a relationship between

21 Wheeler and Johnson, J. Biol. Chem., 3, 183 (1907).

22 Behrend and Roosen, 4#xn., 251, 235 (1888).

28 Ackroyd and Hopkins, Biochem. J., 10, 551 (1916).

24 Rose and Cook, J. Biol. Chem., 64, 325 (1925).

% Stewart, Biochem. J., 19, 1101 (1925).

% Mitchell and Hamilton, “The Biochemistry of the Amino Acids,” New York,
1929, p. 360.
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histidine and purines in animal metabolism but such results cannot be con-
sidered as invalidating the positive indications that have been observed."”’

In the absence of any experimental work on a relation between histidine
and orotic-acid, it must be emphasized that the above discussion is of a
speculative nature but has been offered as it might prove of value in the
elucidation of the intermediary metabolism of histidine and the anabolism
of pyrimidines and purines.

I am greatly indebted to Dr. Reid T. Milner and Mrs. Mildred Sherman
for carrying out the microanalyses recorded in this paper.

Experimental

In the course of various investigations on pyrimidines large quantities of uracil
were required, so attempts were made to improve upon the method of Davidson and
Baudisch. The modification consisted of reversing the procedure of Davidson and Bau-
disch with regard to the addition of urea and malic acid to fuming sulfuric acid, and heat-
ing to 85°. This was an improvement inasmuch as it cut down to one-half the time de-
voted to the experiment and also increased the yield by 20%,.

Uracil-4-acetic Acid.—A large number of experiments was carried out under differ-
ent experimental conditions. The success of the experiment was dependent upon the
amount of sulfur trioxide in the fuming sulfuric acid and the temperature to which the
reaction mixture was heated. Much variation of these two factors decreased the yield
enormously. The following procedure was found to give the best results. To a 3-liter
three-necked flask equipped with a stirrer was added 400 cc. of fuming sulfuric acid con-
taining 15% sulfur trioxide. The acid was cooled to —10° and 80 g. of finely ground
citric acid added at such a rate that the temperature did not rise above 5°; this usually
required about fifteen minutes. If the temperature rose to 10 °, an appreciable amount
of the acetone dicarboxylic acid was formed. Since this reaction took place with the
evolution of heat, considerable trouble was experienced in attempting to lower the tem-
perature. The remainder of the citric acid, 80 g., and 100 g. of finely ground urea were
then quickly added; a vigorous reaction took place with considerable foaming and the
evolution of large quantities of carbon monoxide and carbon dioxide. The temperature
of the reaction mixture immediately rose to 55-60° and then with the help of a burner
was brought to 75° and held there for thirty minutes. The straw colored reaction mix-
ture was cooled and poured on 1200 g. of ice. On inoculation, uracil-4-acetic acid started
to separate out at once and was completely separated on standing in the ice box for two
days, yvield of crude dry product 42-43 g. It was decolorized with bone black and re-
crystallized from water. When a hot water solution was rapidly cooled it separated in
the anhydrous condition (fine needles); on very slow cooling, as the monohydrate (stout
prisms); it did not melt at 300°.

Anal. Caled. for CeHgN.04.H.0: H;0, 9.58. Found: H,0O, 9.61. Calcd. for
CeHgN,Os: C, 42.34; H, 3.56; N, 16.47. Found: C, 42.46, 42.40; H, 3.63, 3.80; N,
16.44.

The conditions (acidic) of the above reaction preclude the preparation of the
analogous thiopyrimidines by the substitution of urea by thiourea. The preparation
of 4-methyluracil and thymine from ethyl acetoacetate and ethyl sodiumformylpro-
pionate, respectively, was unsuccessful; the conditions of the experiment were widely
varied with respect to the strength of the sulfuric acid and the temperature at which the
reaction was carried out. It was also impossible to synthesize quinolones by heating
aniline with either malic or citric acid in fuming sulfuric acid.
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Uracil-4-methylacetate.—Large blocky plates, m. p. 220°.
Anal. Caled. for C:HsN:O4: N, 15.22. Found: N, 15.41, 15.23.

Uracil-4-ethylacetate.—It separated from a 509, alcohol-water solution as colorless
plates containing one molecule of water of crystallization and melting. at 191-192°
(Wheeler and Liddle reported 187-188°).

Anal. Caled. for CsHiN2O5: HpO, 8.833. Found: H,0, 8.55. Caled. for CsHjo-
N.O4s N, 14.14. Found: N, 14.24, 14.27.

The Action of Barium Hydroxide on Uracil-4-acetic Acid.—When a solution of
uracil-4-acetic acid was mixed with a solution of barium hydroxide, there was no imme-
diate precipitate. However, if this was warmed or allowed to stand for some time, an
insoluble barium salt precipitated. This behavior would seem to indicate that the
pyrimidine has been altered The barium salt was best obtained by the following pro-
cedure. Two grams of uracil-4-acetic acid was dissolved in 25 cc. of hot water and
treated with a hot solution of 15 g. of barium hydroxide hydrate in 75 cc. of water. A
clear solution resulted which, on standing overnight, precipitated star-like clusters of
prisms, yield 2.9 g. It was insoluble in boiling water. The analysis agreed best with
that of the barium salt of 8-carbamidoglutaconic acid.

Anal. Caled. for CeHsOsNyBa: Ba, 42.47. Found: Ba, 42.25.

It dissolved readily in hot dilute hydrochloric acid and on cooling deposited uracil-
4-acetic acid.

Orotic Acid.—A solution of 7.4 g. of uracil-4-acetic acid in 475 cc. of water was
treated with 27.5 g. of potassium hydroxide and 78 g. of potassium ferricyanide. The
reaction mixture was a dark reddish-brown, characteristic of this type of oxidation.
It was allowed to stand at room temperature for twenty-two days; there was a slight
decrease in the color of the solution at the end of this time. On acidification with acetic
acid, considerable carbon dioxide was evolved and the brown potassium salt separated.
This was allowed to stand for a few hours and filtered. The precipitate was recrys-
tallized from boiling water and separated as star-like clusters of prisms; yield of po-
tassium orotate 2.2 g. It was dissolved in water acidified with hydrochloric acid,
cooled and filtered. The product after decolorization with bone black and recrystalliza-
tion from water was compared optically with an authentic specimen. They were found
to be identical. The crystals were biaxial negative, had a medium angle, and were
strongly birefringent. The angle of extinction was either zero or very small. The
low index was 1.66 and the high index was somewhat over 1.74.

Amnal. Caled. for C;H,ON,-H,O: H;0, 10.35. Found: H,0O, 10.38. Calcd. for
GC:HO4N;: C, 38.45; H, 2.58; N, 17.95. Found: C, 38.54, 38.60; H, 2.53, 2.56; N,
17.95, 17.99.

4,5-Dihydrouracil-4-ethylacetate.—A solution of 2.2 g. of ethyluracil-4-acetate in
100 cc. of warm alcohol was treated with 0.2 g. of platinum oxide and subjected to 42
pounds’ pressure of hydrogen for twenty-four hours. The reaction at the end of this
time was complete and the reduction product had crystallized out. It was brought into
solution by heating and the platinum black removed by filtration. The filtrate was
concentrated to 50 cc. and cooled. The 4,5-dihydrouracil-4-ethylacetate that sepa-
rated was recrystallized from 25 cc. of ethyl alcohol, from which it separated as a mass of
colorless prisms melting at 155-156°, yield 1.5 g.

Amnal. Caled. for CsHpN:Os: C, 47.98; H, 6.04; N, 14.00. Found: C, 47.92,
48.14; H, 6.16, 6.31; N, 14.08, 14.12.

3-Methyl-4,5-dihydrouracil.—This was prepared by reducing 6 g. of 3-methyluracil
in the same manner as described above. The filtrate from the reduction mixture was
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concentrated to 25 cc. and cooled; long thick needles separated. It was recrystallized
from 25 cc. of hot alcohol, in which it was very soluble; m. p. 175-176°; the yield was
very good.

Anal. Caled. for CsHsO.Ny: C, 46.84; H, 6.30; N, 21.87. Found: C, 47.15,
46.93; H, 6.27,6.21; N, 21.89.

Summary

1. Uracil-4-acetic acid was prepared by treating urea and citric acid
with fuming sulfuric acid. This pyrimidine ring was easily ruptured by
barium hydroxide solution and yielded the barium salt of S-carbamido-
glutaconic acid.

2. Orotic acid was synthesized by oxidizing uracil-4-acetic acid in
alkaline solution with potassium ferricyanide.

3. The possibility that orotic acid may be an intermediate in the syn-
thesis of purines from histidine has been discussed.

WasHINGTON, D. C.

[CONTRIBUTION FROM THE DEPARTMENT OF BrorocicaL CHEMISTRY, COLLEGE OF
PHYSICIANS AND SURGEONS, CoLuMBIA UNIVERSITY]
THE ACTION OF ACETIC ACID UPON CERTAIN
CARBOHYDRATES!

By H. T. CLarkE aND H. B. GILLESPIE
RECEIVED JANUARY 23, 1932 PUBLISHED MAY 7, 1932

It has been shown? that native cellulose is esterifiable by the action of
boiling acetic acid to a limited extent represented in the formula CyHae-
O(COCHj;), whereas hydrated cellulose under the same conditions can
yield an ester of the limiting composition CuHy00(COCH;)s. A study
of the behavior of other carbohydrates toward acetic acid was therefore
undertaken in the hope of finding a clue to the nature of the factors which
tend to restrict the esterifiability of cellulosic hydroxyl groups.

Reducing carbohydrates, such as glucose and fructose, caramelize
under the influence of boiling acetic acid alone or in the presence of sodium
acetate. This applies also to the two non-reducing carbohydrates of the
furanose type which have been examined, namely, sucrose and inulin—
a finding which need occasion no surprise, in view of the well-established
ease with which the five-membered ring of sugars may be opened by acid
reagents. The cyclic structure of non-reducing glycosides of the pyranose
type, on the other hand, withstands the action of boiling acetic acid, and
such compounds ultimately yield fully esterified products. Thus a-
methylglucoside, 8-methylglucoside and a-methylmannoside are converted
into the corresponding tetraacetates, while potato starch yields a ‘‘tri-
acetate.’” Similarly, mannitol is converted into its hexaacetate.

1 Work supported by a research grant from The Chemical Foundation.
2 C. J. Malm and H. T. Clarke, Ta1s JoURNAL, 51, 274 (1929).
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These experiments thus throw little light upon the problems raised by
the case of cellulose, beyond adding indirect confirmation of the view
advanced by Hess and Trogus? that reactions with undissolved cellulose
take place upon micellar surfaces. .

The results obtained with potato starch nevertheless offer a certain
intrinsic interest. This starch, which appears*5¢ to contain 96 to 989, of
B-amylose, is at first esterified on treatment with boiling acetic acid in
much the same way (though far more rapidly) as is hydrated cellulose,
yielding as a primary product a “monoacetate’” CiHgOs(COCH;). At
this stage the starch becomes soluble in acetic acid, and esterification
continues until the composition approximates that of the ‘“‘triacetate”
CsH;05(COCHj);.

The general properties of the products at various stages are shown in
Table I. The faculty of yielding a blue color with iodine disappears
when about 69, of acetyl has been introduced, but returns on removal
of the acetyl groups by alkaline hydrolysis, the regenerated starch closely
resembling ordinary “soluble starch.” Progressive esterification is

TaBLE 1
% 2 5
4 2 K £3
® §”0§0 (m)av 05%5 Elo'E‘gg
P g2 g B ERAE oy 1S
mows ® £ 2 4 E A B2a5 IABS R 3 R ki 3
1 46 — - — — — — — — — — — — — = Blue —
2 6.0 — = — — — — — — — — — — _ + Red -
4 {10,6—+ ————————— = + 4 Brown 0
205 ++ — — = = — — — — = + + + Brown -
8[19.7—4— ———————— = 4 4 4+ Brown -
1214 + + — = — — — — — — = + + -+ Brown 0
i2 {23.3—+ ———————— + + + + Brown -+163°(21) —
25.7 + 4+ — — — — = — — = 4 + = 4 Brown +172°(21) —
18 277+ + + - - - 4+ — — + 4+ + = = Brown +175°(22)0
24 301+ ++ - - -+ — — + + + = = Brown +187°(19) —
% 3813+ ++ - - -4+ — -+ 4+ + — — Brown -192°(19) —
48 3844+ +++ -+ + =4+ 4+ 4+ + — — Brown +187°(19) 0
7”2 34+ +++ -+ + + 4+ + 4+ + — — Brown +187°(21) 0.27
9% 379++++ -+ + 4+ 4+ + 4+ — — — Brown —
14 410+ +++ -+ + 4+ 4+ + + — — — Brown 0.61
192 417+ + ++ -+ + 4+ + + = — — — Brown -
224 3.4+ +++=++ 4+ 4+ + = — — — Brown —
206 440 + + + + = + + + + 4+ — — — — Brown 0.66
620 44.1 4+ + + + = + + 4+ 4+ — — — — Brown -

3 Hess and Trogus, Z. physik. Chem., 15, 157 (1931).

* Taylor and Iddles, Ind. Eng. Chem., 18, 713 (1926).

5 Haworth, Hirst and Webb, J. Chem. Soc., 2681 (1928).
¢ Baldwin, THIS JOURNAL, 52, 2907 (1930).
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accompanied by increasing solubility in non-polar solvents, though in no
case was solubility in 959, ethyl alcohol or ethyl ether observed. The
lower esters are soluble in water; those of intermediate composition are
soluble in aqueous ethyl alcohol of various ranges of concentration.

The products obtained by boiling potato starch with acetic acid alone
for seventy-two hours and more yield, on alkaline hydrolysis, solutions
possessing reducing power, the extent of this increasing with the duration
of the treatment. This effect appears to be mainly due to the degrading
action of the phosphoric acid which exists in combination with the 3%
of a-amylose present in the starch, and may be largely suppressed by the
addition of sodium acetate. In Table II are summarized the results
of an experiment in which 110 g. of potato starch was boiled with 2200 cc.
of acetic acid containing 1 g. of sodium acetate. The reducing power,
estimated by the method of Folin and Wu,” is expressed as percentage
of glucose in the starch acetate; detectable reduction occurred only with
products obtained on boiling for 192 hours or more. Addition of the
sodium acetate markedly retards the rate of esterification.

TaBLE II
Time heated, Solubility in Reducing Time heated, Solubility in Reducing

hours Acetyl, % acetic acid power hours Acetyl, % acetic acid power

4 0.6 - 0 48 29.8 + 0

8 7.5 - 0 96 34.8 -+ 0

12 15.5 —_ 0 144 37.3 + 0
12 18.6 + 0 192 41.2 + 0.16
18 23.6 + 0 288 41.6 + .32
24 27.1 -+ 0 384 43.3 + .23

Apart from its reducing properties, the final product of the action of
boiling acetic acid upon potato starch resembles the starch triacetates
obtained by the methods of other workers, particularly that of Tsuzuki.®
A triacetate of the same general properties, but lacking reducing power,
may also be prepared by boiling the starch with acetic acid until it has
dissolved and then completing the acetylation with acetic anhydride;
we believe that this two-step process provides the most convenient method
for preparing a starch triacetate. The products obtained by the methods
of Haworth, Hirst and Webb® and of Hess and Smith® appear to be some-
what less degraded, inasmuch as they dissolve less readily and less com-
pletely in organic liquids.®

Table III shows the acetyl contents, reducing power and rotation in
three solvents of triacetates obtained by various methods from the same

7 Folin and Wu, J. Biol. Chem., 41, 367 (1920). The authors are indebted to Miss
Rhoda Howard for kindly making these determinations.
8 Tsuzuki, Bull. Chem. Soc. Japan, 3, 276 (1928).

9 Hess and Smith, Ber., 62, 1619 (1929).
10 Cf. Brigl and Schinle, ibid., 62, 99 (1929).
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sample of potato starch. With the exception of the product prepared
according to the directions of Hess and Smith, which gelatinized rather
than dissolved in pyridine and chloroform, the solubilities were roughly
the same in every case.

TaBLE III
% Reducing [a]ses in
Method of preparation Acetyl, power Pyridine Chloroform . Acetic acid

Haworth, Hirst and Webb 41.2 0 +129° (28°) Turbid +142°(17°)
Hess and Smith 44.5 0 Turbid Turbid Turbid
Tsuzuki 46.1 0 179°(25°) 193°(25°) 183°(17°)
Boiled 28 hours AcOH then

AcO + GHN 44.5 0 174°(20°) 197°{21°) 184°(20°)
Boiled 384 hours AcOH + AcONa

Fraction 1 43.0 0.52 194°(19°) 198°(21°) 196°(19°)

Fraction 2 43.5 0.17 189°(22°) 196°(22°) 189°(22°)

Experimental

The method of acetyl determination was in all cases essentially the same as that
adopted for the cellulose derivatives.

a-Methylglucoside Tetraacetate.—A mixture of 50 g. of a-methylglucoside and
500 cc. of glacial acetic acid was boiled under reflux in an all-glass apparatus. After
twenty-four hours the acid was distilled through a column until the temperature of the
vapor reached 115°. The distillate amounted to 175 cc.; this volume of glacial acetic
acid was replaced in the reaction mixture and the boiling under reflux continued for
forty-eight hours longer. On distilling off the moist acid up to 115°, 125 cc. of distillate
was obtained and a similar volume of fresh acid replaced. This process was continued,
moist acid being removed at increasing intervals until boiling had been continued for
a total time of 240 hours. The acetic acid was then removed by distillation under
reduced pressure, the dark brown viscous residue was dissolved in ethylene chloride and
this solution shaken with dilute potassium carbonate, filtered, separated and distilled
under reduced pressure from the steam-bath. The residue, weighing 81 g., was
distilled under 4 mm. pressure, when 64 g. of a pale yellow, very viscous oil passed over at
158-160°. This contained 47.7% acetyl (calculated for C;Hi100s(COCH,)s, 47.5%).
This distillate remained liquid almost indefinitely at room temperature if not inoculated.
On addition of a crystal of a-methylglucoside tetraacetate it crystallized very slowly,
becoming completely solid only after a lapse of several months. It was, however, rapidly
converted into the crystalline form by rubbing under cold water with a crystal of the
tetraacetate. After one recrystallization from alcohol it melted at 100.5-101.5° and
showed no depression of melting point when mixed with authentic a-methylglucoside
tetraacetate. On hydrolysis of a sample of the sirupy product by means of alcoholic
barium hydroxide, a-methylglucoside, m. p. 166°, was regenerated.

B-Methylglucoside Tetraacetate.—By heating 10 g. of B-methylglucoside and 200
cc. of acetic acid, as above, for 240 hours (acetyl content after 144 hours, 41.09).
Distilled product (b. p. 185-187° (5 mm.)) analyzed 46.99 acetyl (caled. 47.5%) and
crystallized on inoculation, m. p. 101-102.5°, from toluene; did not depress melting point
of a sample prepared with acetic anhydride.

a-Methylmannoside Tetraacetate.—From 50 g. of a-methylmannoside and 500
cc. of acetic acid for 144 hours; b. p. 204-207° (5 mm.), contained 47.6%, acetyl; m. p.
65-66° from alcohol; mixed m. p. 65-66°.

Mannitol Hexaacetate.—From mannitol and 10 parts of acetic acid for 240 hours;
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crystallized on concentrating the reaction mixture; m. p. 119°;1! acetyl 59.2% (calcd.
59.5%).

Acetylation of Potato Starch.—Commercial potato starch, containing about 12%,
of moisture, was suspended in twenty times its weight of glacial acetic acid and heated
to boiling, Continual mechanical stirring was necessary to avoid bumping. The
water was removed at the outset and then at frequent intervals, the distillates being
replaced by equal volumes of glacial acetic acid. Samples were withdrawn periodically;
during the first eighteen hours the undissolved portions were separated by centrifuging
and well washed with acetic acid; the solution was freed of the bulk of the acetic acid
by distillation under reduced pressure and the residue precipitated by means of 95%
ethyl alcohol. Subsequently, samples of the homogeneous solution were merely con-
centrated under reduced pressure and precipitated with alcohol. The products were
repeatedly washed with alcohol until free of acetic acid and then dried ¢ vacuo over
phosphorus pentoxide.

Rotations were determined on samples obtained after twelve to seventy-two hours’
boiling; those secured after longer periods were too dark to read. The material pro-
duced by boiling for 384 hours in the presence of sodium acetate (Table IT) was subjected
to fractional precipitation, and so obtained free of color. The dark solution in acetic
acid was slowly diluted with water until about half of the dissolved ester had precipitated.
The supernatant liquor, containing 53 %, of acetic acid, was practically colorless; on dilu-
tion with much water it yielded Fraction 1. The first precipitate was then dissolved in
ethyl acetate and ether added to the solution until the supernatant portion was colorless.
This process was repeated six times with the dark coagulum. The clear solution was
concentrated to a small volume and treated with excess of ether, when Fraction 2 pre-
cipitated. The dark, gummy residue was discarded. The properties of Fractions 1 and
2 are shown in Table ITI.

Preparation of Starch Triacetate.—A suspension of 50 g. of potato starch (con-
taining 129% moisture) in 1000 cc. of acetic acid containing 1 g. of sodium acetate was
boiled under reflux, with stirring, for twenty-eight hours, aqueous acetic acid being
periodically removed and replaced with anhydrous acid. The volume was then reduced
to 500 cc. by distillation under diminished pressure. The residual clear solution was
mixed with 150 ce. of 959, acetic anhydride and 75 cc. of pyridine, and boiled for six
hours. The volume was then reduced, by distillation under diminished pressure, to
about 200 cc., and the sirupy residue was poured into a liter of ice water. The granular
precipitate was well washed with water and then with alcohol, and dried iz vacuo over
phosphorus pentoxide. The starch triacetate (44.5%, acetyl) weighed 76.6 g. (98% of
the theoretical amount); it was readily soluble in acetic acid, chloroform, dioxane, ethyl
acetate and pyridine, almost completely in acetone, slightly in benzene, insoluble in ethyl
alcohol, ethyl ether and water. Other properties are recorded in Table III.

Summary

On treatment with boiling acetic acid:

1. Reducing carbohydrates and the non-reducing furanoses, sucrose
and inulin, caramelize.

2. Mannitol and non-reducing glycosides of the pyranose type become
fully esterified.

3. Potato starch yields a continuous series of amorphous acetates,
the acetyl content of which increases with time of treatment and reaches

11 Bouchardat, Ann. chim., [5] 6, 107 (1875), reports 119°.
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a limit with the introduction of three acetyl groups for each glucose
residue.
New York City

[CONTRIBUTION FROM THE RESEARCH LABORATORY OF ORGANIC CHEMISTRY,
MassacHUSETTS INSTITUTE OF TECHNOLOGY, No. 79]

THE REACTIVITY OF ATOMS AND GROUPS IN ORGANIC
COMPOUNDS. XII. THE PREPARATION AND PROPERTIES
OF MIXED ALIPHATIC ETHERS WITH SPECIAL REFERENCE
TO THOSE CONTAINING THE TERT.-BUTYL RADICAL

By JaMmes F. Norris AND GEORGE WAYNE Rigsy!
RECEIVED JANUARY 26, 1932 PUBLISHED MAY 7, 1932

The influence of structure on the lability of bonds in organic molecules
is shown in a marked degree by compounds which contain a tertiary
radical. For example, the fert.-butyl alcohol reacts with concentrated -
hydrochloric acid over 200,000 times as rapidly as does n-butyl alcohol.
It seemed of interest, therefore, to determine whether or not the facts
accumulated in connection with the study of the lability of the carbon-
oxygen and of the hydrogen—oxygen bonds in alcohols? by means of rates
of reaction could be utilized in devising improved methods for the prepara-
tion of ethers and esters. A study of these classes of compounds from the
standpoint of their relative reactivities with reagents would lead to a fuller
understanding of the influence of structure on the lability of atomic linkings.

Certain fert.-butyl alkyl ethers have been prepared by the commonly
used methods, but the results, as measured by yields and purity, have
been far from satisfactory. One of the methods used is based on the view
that the mechanism of ether formation from alcohols involves the inter-
mediate formation of an alkyl sulfuric acid and consequently concentrated
sulfuric acid was used to bring about the reaction between feri.-butyl
alcohol and ethyl alcohol. Since the acid rapidly converts the tertiary
alcohol into polymers of isobutylene, the yields obtained were very small.

When the Williamson synthesis is used difficulties are encountered as
the result of the unique behavior of compounds containing a tertiary
radical. Sodium fert.-butylate is formed very slowly and reacts very
slowly with alkyl halides. The chief reaction between tertiary alkyl
halides and the sodium derivatives of normal alcohols is the removal
of hydrogen halide from the alkyl halide. When these methods are used
the yields are also very small.

1 From the thesis of George Wayne Rigby submitted in partial fulfilment of the
requirement for the degree of Doctor of Philosophy, 1930.

2 (a) Norris, Rec. trav. chim., 48, 885 (1929); (b) Norris, Z. physik. Chem., 130,
662 (1927); (c) Norris and Ashdown, Turs JoURNAL, 47, 837 (1925); (d) Norris and
Cortese, tbid., 49, 2640 (1927).
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It seemed probable that advantage could be taken of the great reactivity
of the hydroxyl group in fert.-butyl alcohol and of the alcoholic hydrogen
in primary alcohols in the preparation of mixed ethers through the catalytic
influence of dilute acids in the way used to prepare esters.

A series of experiments showed that mixed ethers containing the fer.-
butyl and primary alkyl radicals could be readily prepared in this way.
The best yield of tert.-butyl ethyl ether, 959 of the theoretical, was ob-
tained when one mole of the tertiary alcohol was added slowly to a boiling
mixture of two moles of ethyl alcohol and a 15%, aqueous solution of sul-
furic acid, the volume of which was about 2.5 times that of the ethyl
alcohol. The vapors were passed through a column at such a rate that the
minimum boiling mixture of the ether and water was allowed to pass over.
Other mixed fert.-butyl ethers containing primary radicals were prepared
in a similar way.

The fact that the hydrogen of the hydroxyl group in secondary alcohols
is much less reactive than the corresponding atoms in primary alcoliols
necessitated a change in conditions where an attempt was made to prepare
tert.-butyl isopropyl ether. When 159, sulfuric acid was used the re-
action was very slow with the resultant formation of large quantities of
isobutylene. In order to increase the rate, a greater molecular ratio of the
secondary alcohol was used and to decrease the decomposition of the tertiary
alcohol an aqueous solution of sodium hydrogen sulfate was employed as
the catalyst. The yield of the mixed ethers was 829, of the theoretical.

The formation of mixed ethers containing secondary and primary
alkyl radicals was next investigated. The reactivity of the hydroxyl
group in secondary alcohols is very much less than that of the same group
in tertiary alcohols. The results of the study of the preparation of ethers
of this class were found to be in accord with this fact. Much higher
concentrations of sulfuric acid were required to bring about the reaction.
The product in all cases was a mixture of the three possible ethers. The
differences between the reactivities of the hydroxyl groups in primary
and secondary alcohols is not sufficiently great to lead to the formation
of only the mixed ether as was the case when fert.-butyl alcohol was used.
By varying the amount and the concentration of sulfuric acid the ratio
of mixed ether to simple ethers could be changed. In one experiment
with sec.-butyl alcohol and ethyl alcohol when 509, sulfuric acid was
used the total yield of the three ethers amounted to 49.5%, of the theoretical
of which 8%, was diethyl ether and 72.59, sec.-butyl ethyl ether. The
tendency for a larger proportion of the mixed ether to form is in accord
with the differences in reactivity of the hydroxyl group and the hydrogen
atoms in primary and secondary alcohols.

A number of ethers were prepared by the methods outlined above and
by the application of the Williamson synthesis, which gave satisfactory
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results when primary and secondary alcohols were used. Especial care
was taken to obtain the ethers in a very pure condition since the physical
constants recorded in the literature are not concordant. The boiling
points, densities and indices of refraction were determined and are re-
corded in the experimental part of this paper.

One of the chief objects of this research was the study of ethers con-
taining two different alkyl radicals to determine if their reactions are in
accord with the relative reactivities of the carbon-oxygen bonds present
as determined by a study of the rates at which these bonds react when
present in the corresponding alcohols. It was expected that the ethers
containing the ferf.-butyl radical would show unusual reactivity, and the
results proved to be in accord with the expectation. The reactions studied
were those with hydrochloric acid, sulfuric acid, acetic acid, acetyl chloride,
benzoyl chloride and acetic anhydride.

The aliphatic ethers are more or less soluble in solutions of hydrochloric
acid. It has been shown that certain ethers form molecular compounds
with hydrogen chloride at low temperatures.® It is highly probable that
these addition products are oxonium compounds. It is possible that
such compounds are formed when ethers dissolve in aqueous solutions of
hydrochloric acid. It is to be expected that the tendency of the oxygen
atom in ethers to form oxonium compounds would vary with the radicals
which they contain. A quantitative study of the solubilities of the iso-
meric butyl ethyl esters was accordingly made. The solubility of an
ether is determined by the concentration of the acid and the tempera-
ture. The results are shown in Figure 1. The relative solubilities of the
butyl ethyl ethers in the same concentration of acid and at a definite
‘temperature vary markedly with the structure of the butyl radicals.
The solubilities show a striking relationship with the labilities of the bond
linking the butyl radicals to the oxygen atom, the more labile the bond
the greater the solubility. If oxonium compounds are present in the
solution, it follows that the tendency for oxygen to exhibit oxonium
valencies is determined by the lability of the bond linking the oxygen
atom to carbon—the more reactive this bond, as measured by the rate
at which it is broken by hydrochloric or hydrobromic acid, the greater
the tendency to form oxonium compounds with hydrochloric acid.

It is a striking fact that with decreasing temperature the molecular
ratio of the ether to hydrogen chloride in the solution approaches one to one.

The isomeric butyl ethyl ethers react extremely slowly at room tempera-
ture with concentrated hydrochloric acid, with the exception of the fert.-
butyl compound. When fert.-butyl ethyl ether and concentrated hydro-
chloric acid in the molecular ratio of one of the former to five of the latter
are mixed the ether dissolves, but is rapidly converted into fert.-butyl

% Maass and MclIntosh, THIS JOURNAL, 34, 1274-1290 (1912).
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chloride, which separates. When such a mixture was allowed to stand
overnight 999, of the theoretical quantity of the chloride was obtained.

In order to get a definite idea of the effect of the structure of the butyl
radical on the lability of the carbon-oxygen linkage in these ethers, the
rates of the reactions with hydrochloric acid at 25° were measured. The
ethers were dissolved in the acid in a vessel so constructed that the volume
of the chloride formed could be measured. The tubes were sealed, placed
in a thermostat and the volume of chloride noted from time to time.
Density determinations of the products showed that they were the pure
butyl chloride corresponding to the ether used.

2
6
5 ! /
35 f
:, yAmy,
%3 / / :
29 ;/ // >
, A=

-40 -30 -20 -10 -0 10 20 30 40
Temperature, °C.

(1) Iso-butyl ethyl ether, (2) n-butyl ethyl ether, (8) sec.-
butyl ethyl ether, (4) fert.-butyl ethyl ether.

Fig. 1.—Solubilities of isomeric butyl ethyl ethers in 35.219,
hydrochloric acid.

There was an induction time before the chlorides separated. In order
to have the results comparable zero time was taken when a measurable
amount of chloride had separated—1 to 3% of the theoretical amount.
When velocity constants were calculated on the assumption that the
reaction was one either of the first or second order, the values of the
constants obtained dropped off rapidly after 509, of the calculated amount
of chloride had separated. In order to avoid postulation in regard to the
order of the reaction as the cause of the change in the value of the constant,
the results are represented in Table I as time required for the several
reactions to proceed to the extent of 25%. These values serve to compare
the relative reactivities of the bonds involved.

Experiments 1, 2 and 3 show the effect of change in structure of the
butyl radical on the rate at which the carbon-oxygen bond is broken
by concentrated hydrochloric acid with the consequent formation of the
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TaBLE I
ForMaTION OF BUTYL CHLORIDES FROM THE IsoMeRIC ButyL ETHYL ETHERS
- Time in
Mol. ratio hours to
: Temp., compd. to Concn. of 25% con-
No. Compound °C. HCI1 HCl, % version
1 n-Butyl ethyl ether 25.0 1:18.8 35.21 768
2 Sec.-butyl ethyl ether 25.0 1:18.8 35.21 105
3 Iso-butyl ethyl ether 25.0 1:18.8 35.21 1250
4 Tert.-butyl alcohol 0.0 1:10 26.75 1.6
5 Tert.-butyl methyl ether .0 1:10 26.75 3.5
6 Tert.-butyl ethyl ether .0 1:10 26.75 0.83

butyl chlorides. The order of reactivity is the same as that previously
obtained in the study of the rates at which the corresponding butyl alcohols
react with aqueous solutions of hydrobromic acid, with the formation
of the butyl bromides.

The tertiary butyl ethers react so rapidly with concentrated hydro-
chloric acid at 25° that it was necessary to study them under different
conditions. Experiments 4, 5 and 6 show the effect of the change from
H to CH; and to C;Hs on the lability of the bond linking the carbon
atom of the butyl radical to oxygen. The results bring out an important
point. When the alcoholic hydrogen atom in methyl alcohol and that in
ethyl alcohol are replaced by a p-nitrobenzoyl radical, the former reacts
about twice as rapidly as the latter.’* The results in the table show that
when similar ethers of these alcohols are converted into the respective
alcohols the ethyl ether reacts almost five times as rapidly as the methyl
ether. When RO—H is converted into RO—R’ the reaction is more
rapid when R is CH; than when it is CoH;. When RO—R’ is converted
into RO—H the reverse is true. These results bring out the important
fact, often overlooked, that the relative lability of a bond, as measured
by rates of reactions, is not a fixed property of the radical but is determined
both by the nature of the radical itself and the nature of the group with
which it is brought into combination in the reactions studied. It has
been shown, for example, that tert.-butyl chloride reacts much more
rapidly with water than does #-butyl chloride, but that the tertiary
chloride reacts more slowly with potassium iodide than does the normal
chloride.* The relative lability of the carbon—chlorine bonds in the two
chlorides is different when measured by different reagents. In one case
chlorine is replaced by hydroxyl and in the other by iodine. It should be -
noted in this connection that ters.-butyl alcohol reacts rapidly with hydro-
chloric acid, whereas it reacts much more slowly with hydriodic acid.
These facts and those of a similar nature must be considered in comparing
the relative activating effects of radicals on atomic linkings.

The action of sulfuric acid with the ethers was studied. One mole

* Conant and Hussey, THIS JOURNAL, 47, 476 (1925).
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of normal or isobutyl ethyl ether dissolves in one mole of concentrated
sulfuric acid. When ice is added to the mixture the ethers are recovered
unchanged. All the tert.-butyl ethers are quickly decomposed by concen-
trated sulfuric acid. If the temperature of the mixture is allowed to rise
the higher polymers of isobutylene are obtained. If the reactants are
cooled to 0° and mixed so that the temperature does not rise, the polymer
formed is almost entirely tri-isobutylene. When heated with dilute
sulfuric acid (10%,) the tertiary ethers are slowly hydrolyzed; at the same
time some isobutylene is formed.

All the butyl ethyl ethers react at room temperature with acetyl chloride
in the presence of zinc chloride. Two reactions occur: the one yielding
n-butyl chloride and ethyl acetate takes place to the extent of 349,
and the one yielding ethyl chloride and n-butyl acetate, 58%,. Both
the ethyl-oxygen and the n-butyl-oxygen bonds are broken. At 60°
the chief products are ethyl chloride and butyl acetate. The effect of
increase in temperature on the relative labilities of the two bonds is marked
in the case of the two normal radicals.

At room temperature isobutyl ethyl ether gives chiefly isobutyl acetate
and ethyl chloride. At 80° the reaction produced a number of products
among which were tert.-butyl chloride and isobutylene. The bond broken
in the ethers containing secondary and tertiary radicals is the one be-
tween these radicals and oxygen. Sec.-butyl ethyl ether at room tempera-
ture in the presence of zinc chloride gave only sec.-butyl chloride and
ethyl acetate. Tert.-butyl ethyl ether under these conditions reacted
rapidly and gave a theoretical yield of tert.-butyl chloride and ethyl
acetate.

Acetic anhydride did not react with the ethers at room temperature
or at 100° in the absence of a catalyst. Reaction did take place slowly
at room temperature in the presence of zinc chloride. In all cases the
pure acetates containing the two radicals were formed.

New methods of preparing fert.-butyl acetate which yielded the com-
pound in a state of high purity are described in the experimental part of
this paper. The ester was converted rapidly by concentrated hydro-
chloric acid into tert.-butyl chloride and acetic acid. The preparation and
properties of fert.-butyl benzoate, prepared for the first time, also are given.

The work shows clearly the practical value from the standpoint of the
synthesis of organic compounds of the results obtained from the study
of the reactivity of bonds as measured by rates of reactions. They also
give additional information in regard to the mechanism of ether formation
under the influence of sulfuric acid. The older view of Williamson that
an alkyl sulfuric acid is formed as an intermediate product does not appear
to apply in the case, at least, of the ethers containing the tert.-butyl radical.
Experiments showed that there was no evidence of the formation of an
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alkyl sulfuric acid when ethyl alcohol alone, or mixed with tert.-butyl
alcohol, was heated at 70° with 159, sulfuric acid. The solutions when
cooled and carefully titrated showed the presence of the amount of sulfuric
acid used. The fact that primary, secondary, and tertiary alcohols
required different strengths of acid to bring about the formation of ethers
is in accord with the relative stabilities toward water of the addition
products of the alcohols and sulfuric acid.

Even in the case of a primary alcohol it is doubtful whether or not the
mechanism involves the intermediate formation of an alkyl sulfuric acid.
It has been shown by Barbet’ that diethyl ether is best prepared, with a
yield of 959, or better, when alcohol is passed through concentrated sulfuric
acid heated to 140°. When alcohol vapor was passed into ethyl sulfuric
acid at the same temperature the yield was 709, and much sulfur dioxide
was evolved.

Experimental Details

Materials Used.—The most convenient way to purify the four butyl alcohols is
to fractionate their constant boiling mixtures with water. The products obtained in
this way, which boiled within 0.5°, were dried, first with potassium carbonate and then
with lime, and were fractionated. The alcohols obtained boiled within 0.1°.

In some of the larger scale preparations involving the use of tert.-butyl alcohol, a
commercial sample of the alcohol was used, which was found to contain 109%, of water
but was otherwise quite pure.

The acetic anhydride when distilled in an all-glass apparatus boiled at 137°. The
acetyl chloride was obtained from a so-called “‘practical”’ sample. Seven distillations
with precautions against superheating were necessary to obtain a product that boiled
constantly at 50.9° (corr.) at 760 mm. and had the density dZ° 1.0922. The chloride
reacted very slowly when added to a large volume of cold water. A sample remained
in contact with bright sodium chips for nine months at room temperature without ap-
parent action. Care was used in the preparation because the constants given in the
literature are not concordant and because it was found that the presence of impurities
in the chloride affected its behavior with the ethers studied. The boiling point obtained
agrees with that given by Thorpe.$

The benzoyl chloride used boiled at 198° at 760 mm. and at 77° at 2 mm. pressure.

The alkyl halides were prepared from the alcohols and aqueous solutions of the
acids and gave constants in agreement with the literature.

Determination of Boiling Points.—Distillations were carried out through columns
of the Vigreux type fitted with condensing heads and covered with insulating material.
In the final purifications and the determinations of boiling points vacuum jacketed
spiral columns of the Davis” type were used.

In the distillations heat was supplied from an electric heater connected in series
with a slide-wire rheostat. Attention was paid to the heat furnished and the amount of
reflux. Under the conditions used the flat portion of a distillation curve of the pure
compound included almost the entire sample, with a variation in temperature of less
than 0.05°.

® Barbet, British Patent 100,406 (1915) and 101,724 (1916).
¢ T. E. Thorpe, J. Chem. Soc., 37, 188 (1880).
? Davis, Ind. Eng. Chem., Anal. Ed., 1, 61 (1929).
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The distillation curve of a sample of fert.-butyl ethyl ether serves to detect the
presence of a trace of tert.-butyl alcohol, which can be separated only with great diffi-
culty. Theshape of the curve makes it possible to detect as little as 0.059%, of the alcohol
and a smaller quantity of water.

The physical constants of the tert.-butyl ethers reported in the literature show that
the compounds have not been hitherto prepared in a state of purity. Samples prepared
by the published methods gave the constants reported, but when distillation curves
were made the presence of impurities was evident. The behavior of the ethers with
certain reagents is affected by the presence of these impurities.

The careful study of the problem leads to the conclusion that accurate distillation
curves made with an efficient column are a better criterion of purity than density deter-
minations. Bennett and Philip,8 who worked with ferf.-butyl methyl ether, have
expressed the opinion that density is a better criterion of purity than boiling point.

All accurate boiling points were determined with short range ‘“‘normal glas’” An-
schiitz thermometers, graduated to 0.2°. They were compared with thermometers
calibrated by the Reichsanstalt and by the United States Bureau of Standards. Cor-
rections were made for atmospheric pressure.

Determinations of Density.—These determinations were made with a glass-
stoppered Sprengel tube having a capacity of about 13.5 ce. The temperature was
95 = 0.005°. The weights were checked against a set calibrated by the United States
Bureau of Standards. Densities are reported to the fourth decimal place and appear
to be accurate to 2 in this place.

Preparation of Terf.-butyl Ethers.— Tert.-butyl methyl ether was made by the
methods described in the literature. The preparation from sodium fert.-butylate and
methyl iodide? gave a yield of 60% of a product which boiled at 53-55 °, and was difficult
to purify. The yield, by similar methods, of the ethyl ether was 509, of the n-propyl
ether 259%, and the n-butyl ether 65%.

Tert.-butyl ethyl ether was also prepared by the action of a small amount of con-
centrated sulfuric acid on the two alcohols.®® The yield of the crude ether was 48%.

Since these methods were not entirely satisfactory, the effect of other catalysts was
studied. Potassium hydrogen sulfate gave good results. When a mixture of 10 cc. of
commercial 90%, tert.-butyl alcohol, 6 cc. of ethyl alcohol (95%) and 1.3 g. of powdered
potassium hydrogen sulfate was distilled very slowly, the yield of crude ether (b. p.
64 to 70°) was 919, of the theoretical.

The best practical method of preparation was found to involve the use of dilute
sulfuric acid as a catalyst. In this way the methyl, ethyl, n-propyl and n-butyl ethers
derived from fert.-butyl alcohol were prepared. The details of the preparation of one
ether by this process. which is new, are given below.

Preparation of Teri.-butyl Ethyl Ether—In a 3-liter flask are mixed 988 cc. of
distilled water and 98 cc. of pure sulfuric acid (sp. gr. 1.84). When the solution has
cooled, 0.5 g. of powdered silicic acid to ensure regular boiling and 450 cc. of 959, ethyl
alcohol are added. The flask is attached to a 2-bulb Wurtz column by means of a stop-
per which carries a 100-cc. separatory funnel and a thermometer. A thermometer is
inserted in the column, which is connected with a condenser and heat is applied. ‘When
the temperature in the flask reaches 70°, 100 cc. of fert.-butyl alcohol (90%) is added
from the funnel. The product is distilled slowly, care being taken by the regulation
of the supply of heat to keep the temperature of the issuing vapors at 64°, which is the
boiling point of the minimum boiling mixture of the ether and water. From 0.5 to 0.75

8 Bennett and Philip, J. Ckem. Soc., 1930 (1928).

9 Henry, Rec. trav. chim., 23, 329 (1904).
10 Mamontroff, J. Russ. Phys.-Chem. Soc., 29, 230 (1897).
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cc. of distillate collects per minute. From time to time 25 cc. of the butyl alcohol is
added until the total amount is 350 cc. The final distillate measures about 460 cc.

The product is washed in a separatory funnel repeatedly with 25 cc. of water.
From ten to fifteen treatments are necessary to remove the last traces of ferf.-butyl
alcohol. When all the alcohol has been removed, the two layers separate instantly and
completely, leaving the ether layer absolutely clear. The product is shaken with potas-
sium carbonate and finally dried by refluxing over sodium for one hour. The pure ether
boilsat 73.1°. The yield is 959, of the theoretical calculated from the terz.-butyl alcohol
used.

In the above directions the alcohols are in ratio of approximately one of butyl
alcohol to two of ethyl alcohol. The excess of the latter serves to hasten the reaction
and diminishes the formation of isobutylene. An efficient column is not advisable
during the preparation as it holds back the ether and partial decomposition takes place
in the flask. The distillation should not be stopped and the mixture left overnight
because 15%, sulfuric acid in the presence of ethyl alcohol slowly converts tert.-butyl
alcohol, on standing, into isobutylene and its polymers.

If larger quantities of the crude ether are to be separated from fert.-butyl alcohol,
it is preferable to redistil the product with a large amount of water and collect a second
time the minimum boiling mixture of the ether.

A saturated aqueous solution of fert.-butyl ethyl ether contains at 25° 1.3% and
at 0° 3.49 of the ether.

According to Henry? tert.-butyl methyl ether reacts slowly with sodium. This
observation was no doubt due to the fact that the sample studied contained some of the
butyl alcohol from which it was prepared. A sample of the highly purified ether was
heated with sodium in a sealed tube at 90° for six weeks; only slight superficial action
on the metal was observable.

The preparations of the following mixed ethers containing the ferf.-butyl radical
were made according to the directions just given, using the alcohols in the molecular
ratio of one of the tertiary to two of the primary alcohol: methyl, n-propyl, and -
butyl. On account of the boiling points, the tertiary alcohol must be added very slowly
in the preparation of the n-butyl ether. The yields of the purified ethers were CHj,
95%; CoHs, 95%; n-CsHi, 68%; n-CiH,, 51.5%,.

Preparation of Tert.-butyl Isopropyl Ether.—Isopropyl alcohol reacts with teri.-
butyl alcohol more slowly than does n-propyl alcohol. When the ether is prepared
under the conditions used in making the z-propyl compound, the yield is reduced as
the result of the formation of isobutylene by the long continued action of the dilute
sulfuric acid. It was found that an aqueous solution of sodium hydrogen sulfate gave
excellent results. The ether was prepared as follows.

In a 500-cc. flask with three necks were placed 120 cc. of water, 22 g. of sodium
hydrogen sulfate, 70 cc. of isopropyl alcohol and 0.5 g. of silicic acid. In one neck of
the flask was placed a 2-bulb Wurtz column, in the second a dropping funnel and in the
third a thermometer which extended into the liquid. Heat was applied and 50 cc. of
tert.-butyl alcohol (90%) allowed to drop in slowly during ten hours. The distillate
boiling at 70-71° was collected. The yield of the crude ether was 829 of the theoretical.
The product was purified in the way described above. The ether boiled at 87.6° and
had the density 0.73653°.

Henry!! reports that this ether boils at 75-76° and has the density 0.7734%°. We
obtained a product that boiled constantly at 77.2° and had the density 0.75433°. 1t
reacted rapidly with sodium, however. After repeated treatment with the metal the
ether had the boiling point and density recorded above. It was not affected by sodium.

11 Henry, Rec. trav. chim., 23, 329 (1904).
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n-Butyl Ethyl Ether.—This ether was prepared from sodium butylate and ethyl

bromide. It was purified by shaking with a mixture of one volume of sulfuric acid and
one volume of water and by fractional distillation. Its physical properties are given in
Table II.
" Preparation of Sec.-butyl Ethyl Ether.—This compound has not been described.
It was prepared as follows: to 1 liter of anhydrous sec.-butyl alcohol (b. p. 99.5°)
was added 8.5 g. of sodium. When the metal had dissolved, 25 cc. of pure ethyl bromide
was added and the mixture allowed to stand for two days. Ten grams of sodium was
added and later 25 cc. of ethyl bromide and the mixture allowed to stand for two days.
The process was repeated until 175.5 cc. of ethyl bromide had been used. The product
was distilled and the part boiling between 80 and 85° collected. This was mixed with
1 liter of water, distilled, and the portion boiling at 67-72° collected. This was re-
distilled with water and the portion boiling at 71-72° collected. The ether was sepa-
rated, dried, refluxed with sodium and fractionated. The physical properties are given
in Table II.

Preparation of Sec.-butyl Ethyl Ether with Sulfuric Acid as Catalyst.—The forma-
tion of an ether from a secondary and a primary alcohol requires a much higher con-
centration of sulfuric acid than is needed when one of the reactants is tertiary alcohol.
A series of experiments was made with 25 cc. of sec.-butyl alcohol and 25 cc. of ethyl
alcohol. When 100 cc. of 259, sulfuric acid was used, no ether was formed. With 400
cc. of 409, acid the yield was 5.56%. With 300 cc. of 509, acid the yield of the three ethers
was 49.5%, calculated as the secondary ether formed. When 150 cc. of 75% acid was
used the crude ethyl ether in the product amounted to 38%. No ethers were formed
when a 159, solution of sodium hydrogen sulfate was used. The products in all cases
contained the three possible ethers, the mixed ether predominating. This fact is in
accord with the labilities of the bonds involved.

Isobutyl Ethyl Ether.—This ether was prepared from isobutyl alcohol (b. p.
107.9), sodium and ethyl bromide. The yield of purified ether was 667.

Preparation of Isopropyl Ethyl Ether.—In the study of the formation of this ether
from the alcohols and sulfuric acid the following results were obtained.

When 200 ce. of isopropyl alcohol, 300 cc. of ethyl alcohol and 534 cc. of sulfuric
acid (75%) were used the yield of ethers formed was 77.5% calculated as isopropyl ethyl
ether. The mixture on fractionation was shown to contain 349, diethyl ether and 61%
isopropyl ethyl ether. A series of experiments showed that the yield of ethers decreased
with decrease in the strength of the acid, but that the proportion of mixed ether increased.

When 25 cc. of each alcohol was slowly distilled with 200 cc. of 50%, acid, the yield
of the product, which was shown to be chiefly the mixed ether, was 33.8%.

The isopropyl ethyl ether boiled at 53-54° and had the density 0.72035.

In all the preparations the reaction was very slow. Fourteen hours were required
to complete the experiments noted above.

Preparation of Tert.-butyl Acetate.—This compound was prepared by a number of
different methods. The method described in the literature!? furnishes a yield of impure
ester of 45% of the theoretical.

When 10 cc. of tert.-butyl alcohol, 14 cc. of acetic acid and 10 cc. of 15% sulfuric
acid were used, the yield of ester was 24%,.

When 100 cc. of the alcohol, 78.5 cc. of acetic acid and 100 cc. of an aqueous solution
of sodium hydrogen sulfate were used, the yield of ester before purification was 65%.

Acetic anhydride gave better results. The ester can be prepared conveniently
from commercial 909, tert.-butyl alcohol as follows: 100 cc. of the alcohol, 100 cc. of
acetic anhydride and 1 g. of zinc dust are refluxed for two hours. The product is dis-

12 Kondakow, Bull. soc. chim., [3]17, 583 (1892).
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tilled and the portion boiling below 98° is refluxed with 50 cc. of acetic anhydride. The
vield (94%) was 114 cc. of the ester which boiled at 97.8°. Equally good results were
obtained when zinc was replaced by magnesium.

Significant results using anhydrous fert.-butyl alcohol were as follows: 10 cc. of
the alcohol and 10 cc. of the anhydride reacted under the influence of 0.004 g.of an-
hydrous zinc chloride. On standing for twelve hours at room temperature, or by
refluxing for one hour, the yield of crude ester was the theoretical.

The preparation of the ester from the alcohol and acetyl chloride furnished an
explanation of the behavior of tertiary alcohols with acyl chlorides. It has been con-
cluded in the past that tertiary alcohols behave abnormally in their reactions with acyl
chlorides in that tertiary halides and acetic acid are formed instead of an ester and hydro-
chloric acid.

In the presence of a molecular quantity of dimethylaniline, a 989, yield of the ester
was obtained. In the absence of the amine and when heated to boiling for ten minutes,
509% ester and 509, chloride were formed. When the temperature was kept below 20°,
a quantitative yield of the chloride was formed.

These facts show that the primary reaction between the alcohol and the acyl chlo-
ride is the formation of the ester. The latter subsequently reacts with the hydrochloric
acid and is converted into the butyl chloride. The ester is rapidly converted into the
chloride by concentrated hydrochloric acid.

When fert.-butyl acetate (5 cc.) was refluxed with methyl alcohol (1 cc.) and 2
drops of concentrated sulfuric acid, the chief product was methyl acetate.

Preparation of Tert.-butyl Benzoate.—Twenty cc. of anhydrous fert.-butyl alcohol,
24.4 cc. of pyridine and 16.8 cc. of benzoyl chloride were mixed. Heat was evolved
and white crystals separated. The next day the mixture was treated with water and
the oil dried and distilled at 2 mm. pressure. The yield of the ester was 809, Its
physical properties are given in Table II.

The compound decomposed completely into isobutylene and benzoic acid when
distilled at atmospheric pressure. Dilute sulfuric and hydrochloric acids hydrolyze it
rapidly; it appears to be quite stable toward a solution of sodium hydroxide.

TaABLE II
PROPERTIES OF CERTAIN MixXxED ETHERS AND CoMPOUNDS CONTAINING THE Terf.-BUTYL
RapicaL

The compounds marked with an asterisk, some of the indexes of refraction, and
the minimum boiling mixtures with water are reported for the first time.
Minimum b. p.

Boiling point, with water, °C.,

°C., at 760 mm. at 760 mm. 42 P2

Compound (corr.) (corr.) 4 D
Tert.-C{H,OCH; 55.2 51 0.7354 1.3667
Tert.-C4HOC,Hs 73.1 64 . 7364 1.3728
*TBTL-C4H90-"-C3H7 97 4 81 . 7472 1. 3830
Tert.-C4sHyO-n-CHyg 124 88 .758 1.3928
Tert.-CHyO-is0-CsHy 87.6 71 .7365 1.3773
*Tert.-CyH,OC,H,0C:H;(8) 147 94 .829 1.4170
*Sec.-C/H,OCH; 81.2 71 L7377 1.3753
Is0-C4H,OCH; 81.1 69 .7323 1.3739
n-C,Hy,OCH;, 92.3 75 .'7447 1.3798
Tert.-CsH,Cl 50.7 49 .8370 1.3828
Tert.-CH,OOCCH; 97.8 76 .8593 1.3838

*Tert.-C;sHyOOCCHs 96 (2 mm.) .. .9928 1.4896



May, 1932 THE REACTIVITY OF ATOMS AND GROUPS 2099

Chemical Reactions of the Mixed Ethers with Acetic Acid.—None of the highly
purified ethers reacted with glacial acetic acid at room temperature or when heated
at 100° for forty-eight hours. The reported formation of the acetate from fert.-butyl
ethyl ether was no doubt due to the presence of the alcohol in the ether used. In the
presence of a trace of sulfuric acid this ether was converted almost quantitatively by
acetic acid into ethyl acetate and fert.-butyl alcohol. The latter may not have been the
primary products of the reaction since it was shown, as stated above, that fert.-butyl
acetate is converted by methyl alcohol in the presence of sulfuric acid into methyl
acetate and the tertiary alcohol.

At room temperature there was no reaction between any of the ethers and aceticacid
in the presence of zinc chloride.

With Acetyl Chloride.—There was no reaction between the ethers and acetyl
chloride in the absence of a catalyst. All the mixed ethers reacted slowly with acetyl
chloride at room temperature in the presence of anhydrous zine chloride.

When n-butyl ethyl ether was used and the reactants were allowed to stand for
twenty-one days in a sealed tube, the products obtained were separated and determined.
The reaction which led to the formation of ethyl acetate and normal butyl chloride took
place to the extent of 33.6% when measured by the amount of the former product and
36.69 by the amount of the latter. The reaction by which n-butyl acetate and ethyl
chloride were formed was found to be 58.3%, from the former and 58.69, from the latter.
At 60° the reactions by which ethyl acetate and #-butyl acetate were formed took place
to the extent of 23 and 769, respectively.

When isobutyl ethyl ether was allowed to stand with acetyl chloride and zinc
chloride at room temperature for sixteen days, the ethyl acetate reaction took place to
the extent of 22.8% (from ethyl acetate formed) and 219, (from n-butyl chloride) and
the n-butyl acetate reaction 65% (from acetate) and 649, (from ethyl chloride).

When sec.-butyl ethyl ether was used the products, after twelve days, were as
follows: 95.6% ethyl acetate and 76.5% secondary butyl chloride.

Tert.-butyl ethyl ether reacted rapidly at room temperature. After standing over-
night the theoretical yield of ethyl acetate and tert.-butyl chloride was obtained. The
same result was obtained when the mixture was heated for ten minutes.

With Benzoyl Chloride.—All the ethers reacted at room temperature with benzoyl
chloride in the presence of zinc chloride. The reaction was slower than with acetyl
chloride. Analogous products were obtained—n-butyl ethyl ether gave 86% n-butyl
benzoate, after standing for sixty-one days; the isobutyl ether 62.5%, isobutyl benzoate;
the sec.-butyl ether 989, sec.-butyl chloride and the tert.-butyl ethyl ether, on standing
for twelve hours, gave 999, of fert.-butyl chloride and ethyl benzoate.

With Acetic Anhydride.—The ethers did not react at room temperature. In the
presence of zinc chloride the results were as follows: n-butyl ethyl ether in sixty-two
days, 139, each of butyl acetate and ethyl acetate; the isobutyl ether in sixty-two days,
89 of the two acetates; the sec.-butyl ether in forty-three days, 23%:; tert.-butyl ethyl
ether, overnight, 82%. Inall cases the two acetates were formed in equivalent amounts.

Zinc dust can be used instead of zine chloride. When equivalent quantities of fert.-
butyl ethyl ether and acetic anhydride were refluxed with zinc dust for two hours, a
quantitative yield of the two esters was obtained.

Zinc Chloride as Catalyst.—Zinc chloride does not act as a true catalyst in the
reaction described above. When acetic acid, acetyl chloride, or acetic anhydride was
used, the chloride at first dissolved and later zinc acetate separated in crystalline form.
The salt was identified by its melting point, 342.5-343° (uncorr.) and by its properties.
The reactions brought about by zinc chloride took place when zinc acetate or magnesium
dust was used.
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At room temperature zinc chloride does not decompose the mixed ethers, but forms
a compound with them. When a solution of zinc chloride in tert.-butyl methyl ether
which had stood for eighty-one days was opened there was no evidence of the presence
of an unsaturated hydrocarbon. When the excess of the ether was removed an oil was
obtained which decomposed at 80° and yielded a gas which showed the properties of
methyl chloride. When the evolution of gas ceased, the product was heated to 165°;
at this temperature there was a second evolution of gas, which proved to be an unsatu-
rated hydrocarbon. - When some of the liquid obtained by heating the addition product
to 165° was treated with concentrated hydrochloric acid, tert.-butyl chloride was formed.

Summary

1. The results of the previous study of the relative reactivities of the
hydroxyl group and the hydrogen of this group in the three classes of
alcohols have been utilized in devising new and improved methods for the
preparation of certain mixed ethers.

2. Mixed ethers which contain the fert.-butyl radical and a methyl,
ethyl, #-propyl, n-butyl or isopropyl radical can be prepared conveniently
with satisfactory yields, when the two alcohols are heated with a 159,
aqueous solution of sulfuric acid or of sodium hydrogen sulfate.

3. In order to prepare ethers containing a secondary and a primary
radical, the strength of the acid to effect the reaction must be 509, or
greater. In all cases the three possible ethers are formed, the mixed
ether being produced in the largest amount.

4. The results indicate that the mechanism of the formation of ethers
with the use of sulfuric acid does not involve the intermediate formation
of an alkyl sulfuric acid. An addition product of an alcohol and sulfuric
acid is probably the active material involved.

5. A number of mixed ethers have been prepared in a very pure con-
dition and their physical constants determined.

6. The behavior of a number of mixed ethers with hydrochloric acid,
sulfuric acid, acetic acid, acetyl choride, benzoyl chloride and acetic
anhydride has been studied. The results obtained are in accord with
labilities of the bonds involved, as determined by rates of reactions.

7. Tert.-butyl acetate and benzoate have been prepared by new and
improved methods and their behavior studied.

CAMBRIDGE, M ASSACHUSETTS
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[CONTRIBUTION FROM THE CHEMISTRY LABORATORY OF THE JoHNS HOPKINS
UNIVERSITY ]

PARA-HALOGEN-PHENACYL ESTERS OF THE NORMAL FATTY
ACIDS

By CARRIE GUTMAN Moses AND E. EMMET REID

REecEIVED FEBRUARY 10, 1932 PuBLISHED MAY 7, 1932

A number of these esters were prepared by Judefind and Reid! and others
by Hann, Reid and Jamieson.? It has seemed desirable to fill the gaps in
the series both for the sake of completeness and to study the relations of the
melting points of the various derivatives to each other.

It is well known that the melting points of the normal hydrocarbons
and of their simple derivatives show alternations as we go from one member
to the next in a series. It has recently been found by Malone and Reid?
that the melting points of the 3,5-dinitrobenzoates of the normal alcohols
show the same phenomenon. It was of interest to see whether this would
also be found to be true with these derivatives of the acids.

In order to have strictly comparable data, all of the derivatives have
been fully prepared whether they had been made previously or not. On
recrystallization most of the esters appear as brilliant white plate-like

TaBLE I
MELTING POINTS OF THE p-HALOGEN-PHENACYL ESTERS OF THE NorMAL FATTY ACIDS
Chloro, °C. Bromo, °C. Todo, °C.
Formic 128.0 135.2 163.0
Acetic 72.4 67.2° 86.0 85.0% 117.0 114.0°
Propionic 98.2 63.4 59.0% 98.0 94.9°
Butyric 55.0 63.0 63.2° 81.5 81.4°
Valeric 97.8 75.0 63.6% 81.0 78.6%
Caproic 62.0 72.0 71.6° 84.0 81.5%
Heptoic 65.0 72.0 78.8
Caprylic 63.0 67.4 65.5% 79.2 77.0%
Pelargonic 59.0 68.5 77.0
Capric 61.6 67.0 66.0% 82.0 80.0%
Undecylic 60.2 68.2 81.8
Lauric 70.0 70.0° 76.0  76.0° 85.8
Tridecylic 67.0 75.0 88.5
Myristic 76.0 76.0° 81.0 81.0° 89.8
Pentadecylic 74.0 77.2 93.0
Palmitic 820 82.0° 8.0 81.5° 86.0° 94.2  90.0°
Margaric 78.8 82.6 78.2° 92.0 88.8%
Stearic 86.0 86.0° 90.0 78.5°  90.0° 97.2 90.5%

® Judefind and Reid, THIS JOURNAL, 42, 1043 (1920).
® Hann, Reid and Jamieson, ibid., 52, 818 (1930).

1 Judefind and Reid, THIS JOURNAL, 42, 1043 (1920).
* Hann, Reid and Jamieson, ibid., 52, 818 (1930).
3 Malone and Reid, 7bid., 51, 3424 (1929).
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crystals. The acetic esters are tinged with yellow which becomes more
pronounced with exposure to the light. The formic esters suffer this change
more quickly and melt with decomposition. '

The melting points are given in Table I and are plotted in the figure.
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Fig. 1.

The chloro series shows well-defined alternations, the swings being
very wide for the first six compounds. At the eighth compound there is a
reversal of the alternation, the odd-numbered compounds melting higher
up to that point and after it the even. In the bromo series this reversal
takes place at the eleventh member. In the iodo series there is a well-
defined alternation from five to twelve and again from fifteen to eighteen
but in the reversed sense. In this series the butyric and valeric esters melt
at nearly the same point while in the bromo series this is true of the pro-
pionic and butyric.

It seemed of interest to compare the melting points of the p-bromo-
phenacyl derivatives from mixtures of palmitic and stearic acids with
that of the margaric acid derivative. The results are given in Table II.

The derivative from 2:1 mixture does not change its melting point on
recrystallization. That of 1:2 derivative approximates that of the mar-
garic acid derivative, 82.6°, but is not sharp and is raised on recrystalliza-
tion. The appearance of the derivative from the mixture is very different
from one of the pure acids.
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TaBLE II

MELTING POINTS OF p-BROMOPHENACYL ESTERS OF PALMITIC AND STEARIC ACIDS AND
THEIR MIXTURES

Palmitic Stearic Crude, °C. Recryst., °C.
1 0 86.0
0 1 90.0
1 1 79.0 80.4
1 2 82.5 83.8
2 1 80.6 80.6
Experimental

The methods used were substantially those already described in the
papers quoted. The one uniformly giving best results was found to be the
neutralization of a weighed amount of the acid with slightly less than the
theoretical amount of sodium alcoholate, heating (the higher acids) until
all was in solution, testing for acidity with slightly moistened litmus paper
(the solution must be slightly acid) and, if necessary, adding a minute
quantity of the acid itself or, in case of the higher acids, hydrochloric acid.
The alcoholate was made by adding three grams of sodium to one liter of
959, alcohol. An amount of the reagent calculated for the quantity of
base used was then introduced and the whole refluxed for an hour. With
the lower acids a small quantity of water was required but the esters of the
higher acids precipitated from the alcoholic solution on cooling under the
tap.

The precipitate was filtered rapidly with suction, well washed with cold
alcohol, dilute alcohol and water and then dried between filter paper for at
least twenty-four hours, after which the melting point was taken and the
compound recrystallized. This procedure was repeated until a constant
melting point was obtained. The melting points were determined in a
Thiele tube filled with mineral oil, using a thermometer corrected by the
Bureau of Standards.

Summary

The para chloro, bromo and iodophenacyl esters of the normal acids
from acetic to stearic have been prepared and their melting points com-
pared.

Alternation in the melting points appears in all these series.

BALTIMORE, MARYLAND
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[CoNTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OF IrLiNois]

STEREOCHEMISTRY OF DIPHENYL. XXI.
RESOLUTION OF 2,4,6,2’,4’,6'-HEXACHLORO-
3,3’-DICARBOXYDIPHENYL!?

By JurLius WHITE AND ROGER ADAMS

RECEIVED FEBRUARY 11, 1932 PusLisHED MAyY 7, 1932

In previous papers two compounds have been described in which all
four groups in the 2,2',6,6’ and one compound in which three groups in
the 2,2’,6 positions in diphenyl have been substituted by the same groups.
These are 2/4,6,2',4',6’ -hexamethyl-3,3’-diaminodiphenyl (I), 2,4,6,-
2',4/,6’-hexanitro-3,3’-dicarboxydiphenyl (II) and 2,4,6,2,4"-pentanitro-
3-carboxydiphenyl (III).? Since each ring in itself is asymmetrically
substituted in these compounds, enantiomorphic forms of each are capable
of existence and were actually produced in the laboratory.

CH; NO, NO, Cl
NH COOH COOH COOH
CH; CH; NO, NO; NO; NO, Cl1 Cl
CH;, CHj NO;y NO, O, Cl Cl
NH, COOH COOH
CH; NO, NG, Cl
I II III v

Another example of this type is described in this communication in which
the chlorine atom is present in the positions adjacent to the diphenyl
linkage. The substance prepared was 2,4,6,2’,4’,6’-hexachloro-3,3’-di-
carboxydiphenyl (IV). It was resolved through the brucine salt. The
d-active compound was stable to racemization in boiling alcohol, glacial
acetic acid and, as the sodium salt, in boiling water.

The compound was synthesized by starting with trichloro-m-toluidine
and converting it first to 2,4,6-trichloro-3-iodotoluene (V). By means of
copper powder 2,4,6,2',4’,6’-hexachloro-3,3’-dimethyldiphenyl (VI) was
produced. By means of a mixture of potassium permanganate and nitric
acid, in a sealed tube at 180°, 2,4,6,2’,4’,6’-hexachloro-3,3’ -dicarboxy-
diphenyl resulted.

! For the last papers in this field see: Woodruff and Adams, ibid., 54, 1977 (1932);
Hill and Adams, ibid., 53, 3453 (1931); Bock and Adams, ibid., 53, 3519 (1931).

2 This communication is a portion of an abstract of a thesis submitted by Julius
White in partial fulfilment of the requirements for the degree of Doctor of Philosophy
in Chemistry at the University of Illinois.

® Moyer and Adams, Tars JOURNAL, 51, 630 (1929); Bock, Moyer and Adams,
1ibid., 52, 2054 (1930); Stearns and Adams, 7bid., 52, 2070 (1930).
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al cl
CH; COOH
cl
CH, cl Jai cll Joi
—_— —_—
SN2 cr’ \cl c el
! CH, COOH
' & &1
v VI v

Before the above procedure was developed a number of interesting
but unsuccessful experiments were performed to obtain compounds con-
taining a properly substituted chlorinated diphenyl with salt-forming
groups. In particular 2,4,6,2",4’ ,6’-hexachlorodiphenyl (VII) was readily
nitrated to the 3,3’-dinitro-2,4,6,2’,4’,6’-hexachlorodiphenyl (VIII) and
this in turn was reduced to the corresponding diamine (IX).

Cl Cl Cl C1
NO; NH, HCOCH.C1
Cl Cl Cl Cl Cl1 Cl Cl! Cl1
— | —_ —_— |
Cl Cl Cl Cl Cl Cl Cl Cl
NO, NH, NHCOCH:Cl
Cl Cl Cl Cl
VII VIII IX X

The diamine, on account of the lack of basicity of the amino group, could
not be converted into stable salts. To introduce salt-forming groups
the diamine was converted to the di-chloroacetamido compound (X) and
then this product was treated with ammonia and amines to replace the
halogens. No well-characterized compounds were obtained from the
di-chloroacetamido compound.

Experimental

2,4,6-Trichloro-m-toluidine.—The general method of Bures and Rubes* was
employed. To 90 g. of m-toluidine in a 3-liter round-bottomed flask connected with a
mechanical stirrer and a reflux condenser was added cautiously 1 liter of acetic anhy-
dride. A continuous stream of chlorine was passed in. The reaction mixture became
warm but no external cooling was necessary. At the end of six to eight hours the reaction
was complete as indicated by the reaction mixture becoming cold and a portion of the
chlorinated product separating out. Water was slowly and carefully added to decom-
pose the excess of acetic anhydride and to precipitate completely the product from solu-’
tion. It was purified from hot ethyl alcohol and melted at 180-181 °. To this acetylated
derivative 250 g. of 509, sulfuric acid was added and the trichloro-m-toluidine was steam
distilled. No recrystallization was necessary, m. p. 77-78°.

1-Iodo-2,4,6-trichloro-3-methylbenzene.—A solution of 65 g. of trichloro-m-
toluidine? in 400 cc. of concentrated sulfuric acid was cooled to 15-20 °, stirred, and

¢ Bures and Rubes, Coll. Czechoslov. Chem. Communications, 1, 648 (1929).
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32.5 g. of solid sodium nitrite was slowly added. The mixture was stirred for one hour
after addition of the nitrite and then carefully poured into a very large excess of cracked
ice. A solution of 65 g. of potassium iodide dissolved in 125 cc. of water was now
slowly added with stirring. The solution was warmed to 40° until no more oxides
of nitrogen were liberated and the excess of iodine was removed by the addition of sodium
bisulfite. The crude iodo product was recrystallized from acetone as white crystals,
m. p. 95-97°.

Anal. Caled. for C:H,CLI: Cl +1,723. Found: CI 4+ I,72.12.

2,4,6,2',4’,6'-Hexachloro-3,3-dimethyldiphenyl.—A mixture of 50 g. of the tri-
chloroiodotoluene and 50 g. of copper bronze was heated on an oil-bath for three hours
at 235-250°. The mixture was cooled and extracted with hot ethyl alcohol several
times. Crystals of hexachlorodimethyldiphenyl separated on cooling and could be
recrystallized from alcohol as white crystals, m. p. 119-120°.

Anal. Caled. (Parr Bomb): Cl, 54.75. Found: Cl, 54.92.

2,4,6,2',4',6’ - Hexachloro - 3,3’ - dicarboxydiphenyl.—The hexachlorodimethyldi-
phenyl was oxidized to the hexachlorodicarboxydiphenyl by means of potassium per-
manganate and nitric acid (sp. gr. 1.15-1.20). The general method of Rupp® was used.
A mixture of 5 g. of hexachlorodimethyldiphenyl, 3.2 g. of solid potassium permanga-
nate, 23 cc. of concentrated nitric acid and 25 cc. of water was placed in a Carius tube
and heated on an oil-bath at 175-185° for eight hours. After the tube was cooled, the
reaction mixture was treated with water and the precipitate filtered. The acid was
dissolved in very dilute sodium hydroxide and reprecipitated with dilute hydrochloric
acid. It was further purified by recrystallization from a mixture of ethyl acetate and
petroleum ether; white crystals, m. p. 318-320°.

Anal. Calced. for C,;H,0,Cls: C, 38.4; H, 0.89. Found: C, 38.76; H, 0.83.

Resolution of 2,4,6,2’,4’,6'-Hexachloro-3,3’-dicarboxydiphenyl.—To 450 cc. of
anhydrous ethyl acetate containing 5.384 g. (0.0136 mole) of anhydrous /-brucine was
added 3.0675 g. (0.0068 mole) of hexachlorodicarboxydiphenyl dissolved in 350 cc. of
anhydrous ethyl acetate. An immediate precipitate resulted. This was allowed to
stand overnight. It was then filtered and washed with a small amount of anhydrous
ethyl acetate. The weight of the salt was 3.4 g. melting at 209°.

Rotation. 0.2050 g. made up to 15 cc. with ethyl alcohol (95%) at 25° gave ap
—0.20° 1 = 2; [a]® —7.3°. The salt was purified by washing with boiling ethyl
acetate but with no change in melting point or rotation.

Anal. Caled. for CeoHgClLNO1:  C, 56.66; H, 4.53; Cl, 17.08; N,4.49. Found:
C, 56.93; H, 4.68; Cl, 16.79; N, 4.58.

The mother liquor was evaporated to 100 cc. and allowed to stand overnight. More
salt separated. It weighed 1.2 g. The mother liquor was further concentrated iz
vacuo to 50 cc. and allowed to stand overnight. The weight of this last fraction of salt
was 3.7 g., m. p. 206-210°.

Rotation. 0.2050 g. made up to 15 cc. with ethyl alcohol (95%) at 25° gave ap
—0.49°% I = 2; [a]¥ —15.5°. The salt was recrystallized from a mixture of ethyl
acetate and petroleum ether, melting again at 206-210° and with no change in rotation.

Anal. Caled. for CeoHsClNOr: C, 56.66; H, 4.53. Found: C, 57.13; H,
4.74.

d-2,4,6,2',4',6’-Hexachloro-3,3'-dicarboxydiphenyl.—The pure dibrucine salt was
dissolved in chloroform and shaken with dilute hydrochloric acid several times. The
chloroform layer was then separated and shaken with dilute sodium hydroxide. The

5 Rupp, Ber., 29, 1625 (1896).
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sodium hydroxide layer was separated and treated with dilute hydrochloric acid. The
acid which precipitated out was filtered off and recrystallized from a mixture of ethyl
acetate and petroleum ether. It was found to be brucine-free and melted at 293-294°.
Further recrystallization did not change the melting point.

Rotation. 0.4442 g. made up to 15 cc. in ethyl alcohol (95%) at 25° gave ay
+0.10; I = 2; [«]®® +1.7°. The acid was again recrystallized and the rotation taken.
0.3234 g. made up to 15 cc. in ethyl alcohol (95%) at 25° gave ap, +0.08°%; 1 = 2;
[]% +1.8.

Further recrystallization did not alter the rotation.

Anal. Caled. for C1HOCls: C, 38.4; H, 0.89. Found: C, 38.79; H, 1.08.

1-2,4,6,2,4',6'-Hexachloro-3,3 '_dicarboxydiphenyl.—The more soluble salt was
hydrolyzed in a manner similar to the less soluble salt. The acid thus obtained was
recrystallized from a mixture of ordinary ethyl acetate and petroleum ether, and melted
at 202-293°. )

Rotation. 0.4425 g. made up to 15 cc. in ethyl alcohol at 25° gave ap —0.09°% 1 =
2; [a]® —1.52°.

The acid was recrystallized and the rotation again taken.

" 0.4204 g. made up to 15 cc. in ethyl alcohol (95%) gave o 0.096°; 1 =2; [a]%®
—1.7°.

Racemization Experiments

1. A sample of the d-acid was dissolved in ordinary ethyl alcohol and refluxed in
a flask with a ground-glass joint for eight hours. No change in rotation was observed.

Rotation. 0.4464 g. made up to 15 cc. with ethyl alcohol at 25° gave ap +0.11;
1=2; [a]® +1.8°.

9. A second sample of the d-acid was dissolved in glacial acetic acid and the rota-
tion taken. 0.4520 g. of acid in 15 cc. of glacial acetic acid at 25° gave ap +0.18;
] = 2; [a]% +3.01.

3. After refluxing for periods of two and six hours, respectively, no change in rota-
tion occurred.

4. 0.4005 g. of acid was exactly neutralized with 36.3 cc. of 0.0554 N sodium hydrox-
ide and the solution concentrated 47 vacuo to dryness. This was made up with water
to 15 cc. of 25° and the rotation taken. ap +0.22; I = 2; [«]% +4.01 based on the
sodium salt of 0.4005 g. of acid.

The water solution was then refluxed at intervals of three hours, two hours and
nine hours. No change in rotation was observed.

2,4,6,2',4’,6'-Hexachloro-3,3’-dinitrodiphenyl.—To 60 g. of fuming nitric acid
(sp. gr., 1.50) cooled in an ice-bath was added slowly with rapid stirring 10 g. of hexa-
chlorodiphenyl.® The temperature was maintained at 0° and stirring continued for
one hour after all of the hexachlorodiphenyl had been added. The mixture was poured
into cracked ice and the precipitate was purified by recrystallization from hot alcohol,
m. p. 230-231°.

Anal. Caled. for CioHClgNzO4 (Parr Bomb): Cl, 47.23. Found: Cl, 47.38.

2,4,6,2',4',6'-Hexachloro-3,3’-diaminodiphenyl.—To a solution of 2 g. of 2,4,6,-
2’ 4’ 6'-hexachloro-3,3'-dinitrodiphenyl in 50 g. of glacial acetic acid and 5 g. of water
was added gradually with constant stirring 5 g. of zinc dust. The mixture was allowed
to heat up from the heat of reaction (about 80 °). It was then heated ona water-bath
for fifteen minutes to complete the reaction. The mixture was diluted with water and
filtered. The amine was separated from the excess of zinc by several extractions with

¢ Ullmann, Ann., 332, 40 (1904).
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hot 95% ethyl alcohol. It was purified by recrystallization from hot 60-70° petroleum
ether; white crystals, m. p. 167.5-168.5°.

Anal. Caled. for CsHeCLN, (Parr Bomb): Cl, 54.50. Found: Cl, 54.88.

2,4,6,2’,4',6’-Hexachloro-3,3’-chloroacetaminodiphenyl.—~A mixture of 2 g. of the
hexachlorodiaminodiphenyl and an excess of chloroacetyl chloride was refluxed for
several hours on a steam cone. The mixture was then cooled and the excess of chloro-
acetyl chloride was decomposed with cracked ice. The product was recrystallized from
70-80° petroleum ether as white crystals, m. p. 125-126°.

Anal. Caled. for CisH¢ClN;0; (Parr Bomb): Cl, 52.2. Found: Cl, 52.3.

Attempts to condense hexachlorodiaminodiphenyl with d-camphorsulfonic acid
and oxymethylenecamphor, respectively, proved unsuccessful.

Summary

1. 2,4,6,2’,4',6'—Hexaehloro-3,3’—dicarboxydiphenyl was prepared by
the condensation of 1-iodo-2,4,6-trichloro-3-methylbenzene with copper
and oxidation of the product.

2. The product was resolved through the brucine salt. The active
forms were stable to ordinary methods of racemization.

UrBANA, ILLINOIS

[CoNTRIBUTION FROM THE ScHOOL OF CHEMISTRY OF THE UNIVERSITY OF MINNESOTA ]

THE ACTION OF MERCURY ON ORGANIC IODIDES. 1. THE
FORMATION OF METHYLMERCURIC IODIDE AND
BENZYLMERCURIC IODIDE!

By J. LEwis MAYNARD

REecErvep FEBRUARY 12, 1932 PUBLISHED MAvY 7, 1932

Introduction

For over eighty years it has been known that when mercury is allowed
to stand in the sunlight with methyl or ethyl iodide, reactions occur with
the formation of organomercuric iodides, RHgl, and certain gaseous
products.? In addition to the instances cited, the direct action of mer-
cury with organic iodides has been noted only in the cases of allyl iodide,?
methylene iodide and iodoform,* and propargyl iodide.® With the higher
saturated alkyl iodides it is possible that a very slow reaction with mercury
takes place, but no accurate data are available.® Up to the present time,

1 A part of this material has been presented in a thesis submitted to the University
of Minnesota.

? Frankland, J. Chem. Soc., 3, 322 (1851); Anu., 111, 59 (1859); Strecker, ibid.,
92, 76 (1854).

3 Zinin, ¢bsd., 96, 363 (1855).

¢ Sakurai, J. Chem. Soc., 37, 658 (1880): 39, 485 (1881); 41, 360 (1882).

5 Henry, Ber., 17, 1132 (1884).

¢ Whitmore, ““Organic Compounds of Mercury,” A. C. S. Monograph Series,
The Chemical Catalog Co., New York, 1921, p. 26.
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no other halogen alkyls or any aryl halides have been found to react with
mercury to give organomercuric halides.

Preliminary Observations.—The preparation of a large quantity of
methylmercuric iodide, CHsHgI, was carried out by the action of mer-
cury on methyl iodide in the sunlight. During the course of this work
it was noted that in each batch there was a lag of from three to ten hours
before the presence of methylmercuric iodide could be detected in the
reaction mixture. The first observable mercury compound to be formed
was invariably found to be mercurous iodide, its presence being detected
by the appearance of green specks on the surface of the layer of mercury.
The formation of this compound resulted from the action of an excess of
mercury on iodine liberated photochemically from methyl jodide. After
a lapse of time of a few minutes, methylmercuric iodide in steadily increas-
ing concentration was found in solution in the methyl iodide. A reason
was sought for the failure of the organomercuric iodide to appear until
after the formation of mercurous iodide.

Discussion and Further Observations.—From the observed behavior
of a mixture of mercury and methyl iodide it was concluded that mercurous
jodide facilitated the formation of methylmercuric iodide.” Acceptance
of this conclusion demanded that there be no lag in the formation of methyl-
mercuric iodide on exposure of a mixture of mercury, mercurous iodide
and methyl iodide to the sunlight. This proved to be the case, for, after
a few minutes of exposure of such a mixture, methylmercuric iodide was
found to be present. Since the mixture did not react in the dark, and
since pure mercurous iodide alone reacted with methyl iodide in the light
in the absence of an excess of mercury, it was decided that the mercury
necessary for the reaction in either case was produced by the photochemi-
cal decomposition of mercurous iodide. Thus: Hg.I» —> Hg + Hgl.
The metal formed in this manner was in a finely divided condition.

The conclusion reached was supported by further experimental evi-
dence. Tt must be noted at this point that the course of the reactions
between mercury and methyl iodide was the same whether the source of
light was the sun, a mercury vapor lamp or a carbon arc. In this study
the arc was selected as the most convenient source of illumination. Light
from this source brought about the liberation of iodine from methyl iodide,
and, with an excess of massive mercury present, the formation of mercurous
jodide took place. This was followed shortly by the formation of methyl-
mercuric jodide. If, however, the photochemical decomposition of the
methyl iodide was prevented by passing the light through a screen of cod
liver oil, neither mercurous iodide nor methylmercuric iodide was formed
during an exposure of seventy-two hours. It was found also that the
photochemical decomposition of methyl iodide was not necessary for the

7 Cf. Maynard and Howard, J. Chem. Soc., 123, 963 (1923).
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reaction between mercury and the alkyl iodide, because a mixture of the
latter with mercurous jodide reacted behind a screen of cod liver oil to
form the organomercuric iodide. Mercurous jodide was photochemically
decomposed in the shielded system.

Conclusions.—Thus it has been shown that, while the reaction be-
tween massive mercury and methyl iodide must be extremely slow, the finely
divided metal reacted readily with the alkyl iodide. This was further
demonstrated by the fact that finely divided mercury prepared by the action
of ammonium hydroxide on mercurous chloride reacted with methyl iodide
protected by a screen of cod liver oil. From this experiment it seemed
logical to conclude that mercurous iodide functioned solely as a source of
supply of finely divided mercury in the reactions previously noted.

The Action of Mercury on Benzyl Iodide.—With a convenient source of
finely divided mercury at hand, it has seemed of interest to attempt to
broaden the scope of this action between the metal and an organic iodide
by its application to other iodides. Benzyl iodide was the first to be
selected for this study, and it was found to react readily and completely
with finely divided mercury to form benzylmercuric iodide. The latter
compound has been prepared previously in a pure condition only by the
actioa of mercuric jodide on mercury dibenzyl.3

(CeHsCH,):Hg + Hgl, —> 2C,H;CH,Hgl
This organomercuric iodide has proved to be interesting because work
now in progress shows that it reacts with acid chlorides, a reaction not
previously noted with a compound of the type RHgl. Studies of the ac-
tion of mercury with other organic iodides are also being made.

Experimental Part

Reaction between Mercury and Methyl Iodide in the Sunlight.—A stoppered
Pyrex test-tube containing 10 g. of mercury and 20 g. of methyl iodide was exposed
to direct sunlight at a temperature of 30°. Frequent tests over a period of three hours
showed an absence of methylmercuric iodide. At the end of this time the first speck of
mercurous iodide had appeared on the surface of the mercury. Ten minutes later,
evaporation to dryness of the methyl iodide left a small quantity of a slightly yellowish
crystalline solid. This was recrystallized from a small volume of alcohol, and was
identified as methylmercuric iodide by its melting point of 144°, The experiment was
repeated five times, and although the period of lag varied considerably because of the
obscuring of the sun by clouds during parts of the exposure, in no case was the presence
of methylmercuric iodide detected previous to the appearance of mercurous iodide.

The use of larger quantities of reactants, 45 g. of mercury and 80 g. of methyl iodide,
yielded 30.9 g. of methylmercuric iodide after an exposure of one week in a sealed Carius
tube. This represented a yield of 80.79, of that calculated for 45 g. of mercury reacting
in the following way

Hg,I, —> Hgl, + Hg (2
Hg + CH;I —> CH,Hgl 3)

8 Wolff, Ber., 46, 64 (1913).
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The iodine appearing in reaction (1) was formed by the photochemical decomposition of
methyl iodide. It can be seen that when the mercurous iodide reacted as shown in
equation (2) it was regenerated from the mercuric iodide and the excess of massive mer-
cury present. The methylmercuric iodide was obtained from the reaction product by
extraction with boiling benzene.

The Action of a Mixture of Mercury, Mercurous Iodide and Methyl Iodide in the
Sunlight.—To a solution of 1 g. of iodine in 10 ml. of methyl iodide contained in a Pyrex
test-tube there was added 13 g. of mercury. The mixture was shaken vigorously to ef-
fect the formation of mercurous iodide, and was then exposed to the sunlight at a tem-
perature of 31°. A sample taken after a five-minute exposure showed methylmercuric
jodide to be present in solution in the methyl iodide. The organomercuric iodide was
identified by its melting point of 144°,

The Action of Mercurous Iodide on Methyl Iodide in the Sunlight.—A mixture of
5 g. of pure yellow mercurous iodide® and 10 ml. of methyl iodide was exposed to direct
sunlight at 28° in a stoppered Pyrex test-tube. After a ten-minute exposure methyl-
mercuric iodide was found in solution in the methyl iodide.

Mercury and Methyl Iodide in a Shielded System.—A stoppered clear quartz test-
tube containing a mixture of 5 g. of mercury and 10 ml. of methyl jodide was suspended
in cod liver oil contained in a square, clear quartz container. This system was then ex-
posed to light from a carbon arc placed 25 cm. from the outer quartz container. The
light passed through a 3-mm. layer of cod liver oil and at the end of a seventy-two
hour exposure the contents of the test-tube remained unchanged. The temperature was
34°.

Mercurous Iodide and Methyl Iodide in a Shielded System.—A mixture of 10 g. of
mercurous iodide and 15 ml. of methyl iodide was placed in a stoppered quartz test-
tube shielded by a 3-mm. layer of cod liver oil. At the end of a fifteen-minute exposure
to light from the arc, methylmercuric iodide was found in solution in the methyl iodide.
The temperature was 34°. '

Finely Divided Mercury from Mercurous Chloride.—Mercurous chloride was pre-
pared by precipitating it from a 0.1 N solution of mercurous nitrate with dilute hydro-
chloric acid. The precipitate was washed repeatedly with water, and then added in
small portions to a concentrated solution of ammonium hydroxide. Mechanical stirring
maintained a fine state of division of the product. The black insoluble material was
filtered off, washed with water and then dried at room temperature.

Reaction of the Black Precipitate with Methyl Iodide.—A mixture of 10 g. of the
black precipitate prepared in the preceding experiment and 15 ml. of methyl iodide was
exposed in the shielded system to light from the arc at a temperature of 34 °, At the
end of a ten-minute exposure enough methylmercuric iodide was obtained for a melting
point determination.

The Preparation of Benzylmercuric Iodide.—To 5 g. of iodine dissolved in 10 ml. of
alcohol there was added 30 g. of mercury. The mixture was thoroughly shaken until a
dark green product was obtained. This was sucked free from alcohol on a Biichner
funnel, and then sealed up with 15 g. of benzyl iodide in a short length of Carius tubing.
The tube was exposed to light from the arc for three hours at a temperature of 50°.
The reaction product was found to be free from benzyl iodide, for no lachrymatory action
was noted on opening the tube. The benzylmercuric iodide was extracted with boiling
alcohol. The yield of pure product, melting at 117°, was 26 g. or 94.5%, of that cal-
culated for 15 g. of benzyl iodide.

9 Prepared according to directions given in Mellor, ‘““A Comprehensive Treatise
on Inorganic and Theoretical Chemistry,” Longmans, Green and Co., London, 1923,
Vol. IV, p. 896.
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and criticism given by Dr. William H. Hunter during the course of this
investigation.

Summary

1. Methylmercuric iodide is not formed from methyl iodide and mer-
cury on exposure to light until after the appearance of mercurous iodide
in the reaction mixture.

2. Finely divided mercury produced by the photochemical decompo-
sition of mercurous iodide enters into reaction readily with methyl iodide
to form methylmercuric iodide.

3. The action of mercury with organic iodides to form organomercuric
iodides has been extended to benzyl iodide.
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The rearrangement of symmetrical mixed pinacols of the type RR’(OH)-
CC(OH)RR’ has received considerable attention because the reaction
offers an excellent method for determining the relative migration apti-
tudes of groups. The groups R and R’ are in structurally identical posi-
tions, and the mode of water elimination from the molecule is therefore
immaterial; the principal factor determining the course of the rearrange-
ment is the relative migration aptitudes of the groups. Moreover, it
has been shown that in such pinacols each group may be assigned a definite
numerical value which represents the migration aptitudes of that group
relative to some other group. The most recent series! showing the migra-
tion aptitudes of a number of groups with respect to the phenyl group
taken as unity is the following: anisyl, 70 or more; p-tolyl, 15; p-biphenyl,
11.5; p-isopropylphenyl, 9; p-ethylphenyl, 5; m-tolyl, 1.95; p-fluoro-
phenyl, 1.85; p-iodophenyl, 1; phenyl, 1; p-bromophenyl, 0.7; p-chloro-
phenyl, 0.66; m-methoxyphenyl, 0.2; o-tolyl, o-bromophenyl and o-
chlorophenyl, very small. It has further been demonstrated that by
means of these values it is possible to calculate the course of rearrange-
ment of a symmetrical pinacol containing two of these groups.

We have now undertaken an investigation to determine whether the
same series holds in the rearrangement of unsymmetrical pinacols of the
type RR(OH)CC(OH)R'R’. Various investigators have pointed out that
in pinacols of this type the nature of the rearrangement depends practi-

! Bachmann and Moser, THIS JOURNAL, 54, 1124 (1932).
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cally entirely on the possible mode of elimination of water and not at all
on the migration aptitudes of the groups. From the following formula-
tion it is apparent that two isomeric pinacolins are possible, the nature
of which depends on the particular H and OH that are eliminated.

oy il
4 R—C—C—R' —> R—C—C R (A)
R R’ | I |
i e O— O R
R—C——C—R’
R R’ R

R~<]3———(‘)——-R’ —_ R—(‘:—C——R’ (B)
| $ l,
— K (0]

Meerwein? considered that formation of A is an indication that the OH
group attached to C? is held more loosely than the OH of C!. The strength
with which the OH group is held to the carbon atom is considered to be
dependent upon the nature of the radicals R and R’; if the radicals at-
tached to a particular carbon atom have large affinity capacities, then
the OH will be held proportionately loosely to that carbon atom. For-
mation of A exclusively is, therefore, an indication that R’ has a greater
affinity capacity than R. On this basis, the rearrangement offers a method
for studying affinity capacities and not migration aptitudes of groups.
The view is held by some that the elimination of the hydroxyl group oc-
curs preferentially from that carbon atom to which are attached the groups
with the greatest capacity for electron release.?® Whether these views can
be applied also to the unsymmetrical aromatic pinacols is not known be-
cause no simple aromatic pinacol of this type has been prepared previous
to this investigation. Meerwein studied mixed aliphatic-aromatic pina-
cols and also the unsymmetrical pinacol containing the phenyl and biphen-
ylene groups and recently Bergmann and Schuchardt! rearranged two addi-
tional pinacols of this type. In this paper are reported the results ob-
tained by rearranging three unsymmetrical pinacols containing only aryl
groups. In each pinacol one carbon atom holds two phenyl groups; to
the other carbon atom are attached two anisyl, two p-tolyl and two m-
tolyl groups, respectively, thus offering a comparison of four groups.

In the following table the results obtained previously in the rearrange-
ment of symmetrical pinacols are compared with the results obtained now
on unsymmetrical pinacols containing the same groups.

It is immediately apparent that the series representing the relative
migration aptitudes of the groups in symmetrical pinacols does not hold
for the unsymmetrical pinacols. The series for the latter type of mole-

2 Meerwein, Ann., 419, 121 (1919).

3 “Annual Reports,” Vol. 27, 1930, p. 117.
4 Bergmann and Schuchardt, Ann., 487, 285 (1931),
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TABLE 1
MIGRATION OF GROUPS
Groups RR’(OH)CC(OH)RR’ RR(OH)CC(OH)R'R’
R,R’ Migration, %,
p-CH;0C¢H, 98.6 28
CeH; 1.4 72
p-CH3C¢H, 94 49
CeHs ) 6 51
m—CH3C3H4 66 50
CeH; 34 50

cule may be represented as follows: phenyl, 1; m-tolyl, 1; p-tolyl, 0.96;
anisyl, 0.39. Tt is especially striking that the anisyl group, which in the
symmetrical pinacol migrates nearly exclusively with respect to the phenyl
group, migrates to a lesser extent than the phenyl group when these two
groups are in the unsymmetrical molecule. If these results are indica-
tions of affinity capacities, then the affinity capacities of the groups are:
anisyl, 2.57; p-tolyl, 1.04; m-tolyl, 1; phenyl, 1. It is evident that the
value representing the migration aptitude of a group in a certain type of
molecule cannot be applied indiscriminately to that group when situated
in a different type of molecule.

Work is in progress to determine the relative migration aptitudes of a
large number of groups in unsymmetrical pinacols. We wish, moreover,
to determine whether it is possible to predict the rearrangement of pina-
cols containing any two given groups when the relative migration apti-
tude of each group with respect to a third mutual group is known. Thus,
from the results given in Table I, one can calculate that the unsymmetri-
cal pinacols, di-p-tolyldianisylglycol, di-m-tolyldianisylglycol and di-p-
tolyldi-m-tolylglycol, will rearrange to pinacolins with migration of the
groups in the following ratios: p-tolyl, 71%; anisyl, 29%; m-tolyl, 729%,;
anisyl, 28%; p-tolyl, 49%; m-tolyl, 519,. Experiment will show whether
these predictions are justified and it is hoped that the results will throw
light upon the question of affinity capacities.

At this time we take the opportunity of pointing out certain facts which
were apparently overlooked by Bergmann and Schuchardtt when they
criticized adversely our interpretation of the mechanism of the reduction
of aromatic ketones to pinacols by the system magnesium and magnesium
iodide.® The failure to find benzophenone and benzhydrol on hydrolysis
of the reaction mixture does not prove that iodomagnesium ketyl is not
initially formed and is not present in small amount. Bergmann and Schu-
chardt entirely overlooked our formulation of an equilibrium between the
iodomagnesium ketyl radicals initially formed and the iodomagnesium
pinacolate, 2 R,COMgI = R,(OMgI)CC(OMgI)R,. Obviously, if
this equilibrium is nearly entirely in favor of the dimolecular form, then

® Gomberg and Bachmann, THIS JOURNAL, 49, 236 (1927).
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only pinacol will be formed on hydrolysis. The situation is analogous
to that of diphenyldibiphenyleneethane which in solution dissociates to
a very limited extent omly into phenylbiphenylene radicals. Bergmann
and Schuchardt attribute the color formation in the solution to a small
amount of a saturated ketone-magnesium compound, analogous to benzo-
phenone-disodium, R:C(ONa)Na, instead of to the free iodomagnesium

ketyl, RzCI/OMgI, which we consider is responsible. In doing so they
forget that the solution of pinacolate reacts with iodine and with oxygen
at room temperature, that in this reaction the color of the solution is dis-
charged and the ketone is formed; moreover, that even after 909, of the
pinacolate has been converted to ketone by this process, the color re-
turns to the solution provided that oxygen and iodine be excluded. They
agree with us that the magnesium pinacolatet R,C(OMgO)R; is capable
of dissociation into colored radicals but, curiously enough, they seem to
deny this property to the corresponding iodomagnesium pinacolate,
R(OMgI)CC(OMgI)R;. Finally, Bergmann and Schuchardt have over-
looked the fact that by the action of a Grignard reagent such as methyl-
magnesium iodide on pure pinacol, there is obtained the equilibrium
system, iodomagnesium pinacolate <=5 iodomagnesium ketyl, which ex-
hibits the same color and the same reactions as the system obtained by
reduction of the ketone by the binary mixture. It is evident that the
reaction between pinacol and Grignard reagent cannot possibly give rise
to a saturated ketone-magnesium compound analogous to the ketone-
disodium compound.

In this connection it was of interest to see whether the pinacolate of
an unsymmetrical pinacol would behave like the symmetrical pinacolates.
Accordingly, the pinacolate of as-diphenyldianisylglycol was made by
adding ethylmagnesium jodide to a solution of the pinacol. The pinacolate
solution absorbed iodine and the pinacolate was converted to a mixture
of benzophenone and 4,4’ -dimethoxybenzophenone. The behavior of
the pinacolate is best explained by the following formulations

(CeHs2C— I,
| —_— (CsHﬁ)2C=O

(CgHs)zC"‘“C(CsH.‘OCHa)z IMgO
IMgO OMgl < (CHOCsH:C— 1,
— (CHsOCqH4)2C=0
IMgO

The pinacolate obtained from as-diphenyldi-m-tolylglycol behaved in
a similar fashion. It remains to be seen whether it is possible for two
symmetrical pinacols, RR(OMgI)CC(OMgI)RR and R’'R’(OMgI)CC-

¢ Bergmann and Schuchardt confirm the results we obtained on the composition

of the reduction product; by indirect means they showed the presence of magnesium
pinacolate, a result that we had obtained by direct analysis.
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(OMgI)R'R’, to be formed by recombination of the radicals which are
formed by dissociation of the pinacolate of an unsymmetrical pinacol,
RR(OMgI)CC(OMgI)R'R’.

Experimental

Preparation of the Pinacols.—Acree? isolated benzopinacol from the reaction be-
tween methyl benzilate and an excess of phenylmagnesium bromide. Meerwein?
attempted the preparation of as-diphenylditolylglycol and as-diphenyldianisylglycol
by a similar reaction but he reported that the hydroxy ketone and not the glycol resulted.
We have employed Acree’s method with modifications and were able to synthesize
several unsymmetrical pinacols, including those which Meerwein wished to make,
although in two cases the hydroxy ketone and not the glycol was isolated.

The general procedure consists in adding a solution of 0.05 g. mole (12.1 g.) of
methyl benzilate in 50 cc. of benzene to the Grignard reagent which has been prepared
from 0.2 g. mole of the appropriate aryl halide (p-bromotoluene, bromoanisole, etc.).
After being refluxed for twelve hours the mixture is hydrolyzed with cold ammonium
chloride solution. The ether-benzene solution is filtered and evaporated. The crude
pinacol is digested with ligroin or alcohol in order to remove oily impurities and the
pinacol is filtered off and recrystallized.

Rearrangement of the Pinacols.—The pinacols were rearranged according to the
general procedure described in a preceding paper.! In the case of the diphenylditolyl-
glycols the rearrangement did not seem to be complete; in these cases the reaction was
completed by heating the partially rearranged material with acetic acid and iodine.$
The mixture of pinacolins was cleaved with potassium hydroxide in the customary
manner, RRRCCOR + KOH —> RRRCH - KOOCR; from the nature of the
mixture of acids so obtained it is possible to calculate the extent of migration undergone
by each group. Unlike the symmetrical pinacols, the acid which is isolated corresponds
to the group which has migrated; thus, the amount of benzoic acid in the mixture in-
dicates the extent of migration of the phenyl group. Itis noteworthy how closely the
results of several rearrangements agree with one another.

as-Diphenyldi-p-tolylglycol,’ (CsHs):(OH)CC(OH) (CeH,CHy),.—The pinacol was
recrystallized by adding alcohol to a hot acetone solution of the compound; the pinacol
crystallized in colorless needles; yield, 54%; m. p. 167-168° with decomposition. The
pinacol is not very soluble in hot alcohol but it dissolves readily in hot acetone and in hot
benzene.

Anal. Caled. for CygHpgOs: C, 85.2; H,6.6. Found: C,84.9; H, 6.6.

The mixture of benzoic acid and p-toluic acid which was obtained by cleavage of
the pinacolins was analyzed by oxidizing the p-toluic acid to terephthalic acid! which in
virtue of its insolubility in water is easily separated from benzoic acid. At the same
time a control oxidation was carried out on a synthetic mixture of the two acids of ap-
proximately the same composition. The mixtures from two rearrangements were
found to have the following compositions by weight: benzoic acid, 47.9%, 47.79,;
p-toluic acid, 52.1%, 52.3%,; average composition by moles: benzoic acid, 50.79%;
p-toluic acid, 49.3%. Yield of acids: 939, 949 of the theoretical amount based on the
pinacol employed; yield of triarylmethanes: 97 %%, 989%,.

7 Acree, Ber., 37, 2761 (1904).

8 According to Tiffeneau and Lévy, Bull. soc. chim., [4] 49, 1650 (1931), Erdmann
[Thesis, Rostock, 1910] prepared diphenyldi-p-tolylglycol but did not study its re-
arrangement. We did not have Erdmann’s thesis at hand and have been unable to
find any reference in the literature to the pinacol. )
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From the mixture of pinacolins which is formed on rearrangement of the pinacol
it was possible to isolate one of them in a pure state. Three and one-half grams of pina-
col was heated with 10 cc. of acetic acid and 0.5 g. of iodine for ten minutes; the solution
was cooled and decolorized with sulfur dioxide. On standing for several days, the solu-
tion deposited 1.1 g. of benzoyldi-p-tolylphenylmethane, CeH:CO(CeHCHjs):CeHis.
After recrystallization from acetic acid, the compound melted at 133-135° and was found
to be identical with the compound of known structure, which is formed on rearrangement
of symmetrical diphenyldi-p-tolylglycol. The jsomeric pinacolin which was obtained
from the mother liquors was difficult to obtain in a pure state.

as-Diphenyldi-m-tolylglycol, (CHs)2(OH)CC(OH) (CsH,CHs)e.—By recrystalliza-
tion from a mixture of acetone and alcohol the pinacol was obtained in the form of
needle-like prisms; yield, 56%; m. p. 156-158° with decomposition. The pinacol is
very soluble in hot benzene and in hot acetone, but it is not very soluble in alcohol.

Anal. Caled. for CosHy0:: C, 85.2; H, 6.6. Found: C, 85.1; H, 6.6.

The amount of m-toluic acid present in the mixture of acids was determined by
oxidizing the toluic acid to isophthalic acid which, being little soluble in water, can be
readily separated from benzoic acid. Composition by weight of acid mixture (two re-
arrangements): benzoic acid, 47%, 48%; m-toluic acid, 53%, 52%; average composi-
tion by moles: benzoic acid, 50.2%; m-toluic acid, 40.8%; yield of acids: 90%, 91%;
yield of triarylmethanes: 98%, 100%.

as-Diphenyldianisylglycol, (CsHs)z(OH)CC(OH)(C5H40CH3)2.—Recrysta11ization
of the crude pinacol from a mixture of acetone and alcohol gave colorless needles;
yield, 60%; m. p. 166-168°. The pinacol is not very soluble in hot alcohol but it dis-
solves readily in hot acetone and in hot benzene.

Anal. Caled. for CosHpOs: C, 78.8; H, 6.1. Found: C, 788; H, 6.1.

The mixture of benzoic acid and anisic acid was analyzed by making a methoxyl
determination. Composition of acid mixture by weight: benzoic acid, 67 .19, 66.8%;
anisic acid, 32.9%, 33.1%; average composition by moles: benzoic acid, 71.6%;
anisic acid, 28.4%. Yield of acids: 92%, 97%; yield of triarylmethanes: 102%, 100%.
By recrystallization of the mixture of triarylmethanes from alcohol, pure phenyldianisyl-
methane (m. p. 100°) was isolated.

Diphenyl-o-toluylcarbinol, (CeHjs)2(OH)CCOCH,CH;—The action of o-tolyl-
magnesium bromide on methyl benzilate gave an oil from which a small amount of crys-
tals was isolated. These crystals proved to be not the pinacol but the hydroxy ketone,
diphenyl-o-toluylcarbinol, resulting by the addition of only one molecule of Grignard
reagent to the ester group. Recrystallization from acetone and alcohol gave colorless
needles; m. p. 116-117°. The compound was split quantitatively into benzhydrol
and o-toluic acid when it was heated with three parts of a 25% solution of potassium
hydroxide in methyl alcohol? for five minutes. The carbinol gives an orange-red color
with concentrated sulfuric acid.

Anal. Caled. for CyHis0.: C, 83.4; H, 6.1. Found: C, 83.5; H,6.1.

Diphenyl-a-naphthoylcarbinol, (CeHy):(OH)CCOCH7.—The reaction between
methyl benzilate and a-naphthylmagnesium bromide gave an oil and several grams of
crystals of diphenyl-a-naphthoylcarbinol. Recrystallization from a mixture of acetone
and alcohol gave colorless needles; m.p. 156-157°. On being heated with a methyl alco-
hol solution of potassium hydroxide the carbinol was cleaved quantitatively into benz-
hydrol and a-naphthoicacid. The carbinol gives a dark brown color with sulfuric acid.

Anal. Caled. for CoHisOs: C, 85.1; H, 54. Found: C, 84.7; H, 5.3.

9 Acree, Am. Chem. J., 29, 597 (1903).
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It is planned to prepare the desired as-diphenyl-o-tolylglycol and as-diphenyldi-a-
naphthylglycol by the action of phenylmagnesium bromide on the esters of o-tolilic acid
and a-naphthilic acid, respectively.

Reaction between Iodomagnesium—diphenyldianisylglycolate and Iodine.—Two
grams of as-diphenyldianisylglycol was added to a solution of ethylmagnesium iodide in
a mixture of ether and benzene; a red color developed but quickly disappeared. The
solution absorbed iodine, slowly at room temperature, much more rapidly when heated.
The solution was finally warmed with iodine for several hours, then cooled and hydro-
lyzed. The ether-benzene solution yielded a mixture of benzophenone and 4,4’-
dimethoxybenzophenone. The benzophenone was extracted by warming the mixture
of ketones with 10 cc. of petroleum ether and filtering the hot mixture. The residual
dimethoxybenzophenonue after recrystallization from benzene and ligroin melted at 142
144°; vyield, 1.0 g. or 87%,.

Summary

Three unsymmetrical aromatic pinacols, as-diphenyldi-p-tolylglycol, as-
diphenyldi-m-tolylglycol and as-diphenyldianisylglycol, have been synthe-
sized and rearranged to pinacolins.

These pinacols rearrange to pinacolins with migration of the groups
in the following ratios: p-tolyl, 499, phenyl, 51%,; m-tolyl, 509, phenyl,
50%; anisyl, 289%, phenyl, 729,.

ANN ARBOR, MICHIGAN

NOTE
Note on the Preparation of Mercury Dibenzyl

By J. LEwis MAYNARD

The preparation of this substance in a pure condition and in good yields
has heretofore presented certain difficulties. An attempt to prepare it
by a reaction of general application to this type of compound failed to
yield the desired substance. Benzyl bromide and sodium amalgam do not
react to form mercury dibenzyl.! It was first prepared by the Grignard
reaction between benzylmagnesium chloride and mercuric chloride.?
The product was slightly impure, as was shown by the melting point
of 104°, seven degrees below the true melting point. No yield was given,
and the substance was said to possess a characteristic sweet odor. This
is not shown by the pure substance.

Other investigators have also used the Grignard reaction to prepare
mercury dibenzyl, but the yields either have not been given, or have not

! Wurtz, Compt. rend., 68, 1300 (1869); Dreher and Otto, Anz., 154, 93 (1870).
Cf. Campisi, Compt. rend., 61, 861 (1865). The product obtained by the latter melted

over 90 ° higher than pure (CsHsCH,),Hg.
? Pope and Gibson, J. Chem. Soc., 101, 735 (1912).
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exceeded 109,.% L. W. Jones reported a yield of 40 g. of mercury dibenzyl
by the action of 35 g. of benzylmercuric chloride on benzylmagnesium
chloride, but this is obviously an error because the theoretical yield is
only 38 g.* Apparently the Grignard reaction does not go to completion
because it is reported that by means of fractional crystallization it is im-
possible to separate the mixture of mercury dibenzyl and benzylmercuric
chloride formed as a reaction product.sb However, treatment of the
mixture with copper is said to produce a 759, yield of mercury dibenzyl.%
This method has a disadvantage in that it is necessary to carry on the
reaction with copper in an inert atmosphere of either nitrogen or carbon
dioxide.

A convenient reaction that has been used by the author to prepare
mercury diphenyl in excellent yield from phenylmercuric iodide,? has been
applied successfully to the preparation of mercury dibenzyl. Sodium
stannite is one of many reagents used to transform organic mercury com-
pounds of the type RHgX to those of the type R;Hg.® The reaction of the
reagent with benzylmercuric iodide is

2CH;CH:Hgl + NapSnO: + H:0 —> (C¢HsCH,):Hg + Hg + 2Nal + NasSnO;

Experimental Procedure.—Fifteen grams of benzylmercuric iodide, pre-
pared by the action of mercury on benzyl iodide,” was suspended in a
solution of 10 ml. of alcohol in 225 ml. of water. A solution containing
25 g. of sodium hydroxide in 125 ml. of water was added to 10 g. of stannous
chloride dissolved in 125 ml. of water. This reagent was added to the
suspension of benzylmercuric iodide, and the mixture was stirred vigor-
ously with a mechanical stirrer for a period of one hour. At the end of this
time the precipitate was filtered off, washed with water, and allowed to dry
at room temperature. The mixture was then extracted with acetone.
Difficulty was experienced in obtaining a clear filtrate with the extract,
so a few grams of powdered:zinc was added to amalgamate the finely
divided mercury present. After this treatment a clear filtrate was ob-
tained by filtering through an asbestos pad in a Gooch crucible. Water
was added to the filtrate until a permanent turbidity was obtained, where-
upon cooling to —15° caused the’ separation of long, needle-like, colorless
crystals of mercury dibenzyl, m. p. 111°. The total yield was 64 g. or
03.29, of the theoretical yield.

It has been noted previously in this article®* that the reaction between

3 (a) Wolff, Ber., 46, 64 (1913); (b) Bantis, Anales soc. espafi. fis. quim., 20, 667
(1922); (c) Hein and Wagler, Ber., 58B, 1499 (1925).

4 Jones, THIS JOURNAL, 40, 1257 (1918).

5 Maynard, ibid., 46, 1510 (1924).

¢ Whitmore, “Organic Compounds of Mercury,” American Chemical Society Mono-

graph Series, The Chemical Catalog Co., New York, 1921, p. 40.
7 Maynard, THIS JOURNAL, 54, 2108 (1932).
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benzylmagnesium chloride and mercuric chloride leads to a mixture of
mercury dibenzyl and benzylmercuric chloride. Since sodium stannite
will convert benzylmercuric chloride to mercury dibenzyl, it is suggested
that the product of the Grignard reaction be treated with sodium stannite.
This procedure would not only eliminate the difficulty of separating the
two mercury compounds, but would increase the yield of the desired
mercury dibenzyl.

CONTRIBUTION FROM THE RECEIVED FEBRUARY 12, 1932
ScHOOL OF CHEMISTRY OF THE PUBLISHED MAY 7, 1932
UNIVERSITY OF MINNESOTA

MINNEAPOLIS, MINNESOTA

COMMUNICATIONS TO THE EDITOR

THE RELATION BETWEEN THE ACTIVITY OF THE WATER AND THE
POTENTIALS OF THE GLASS ELECTRODE
Sir:

In the differential thermodynamic equation recently used to explain the
potentials of the glass electrode [M. Dole, THIS JOURNAL, 53, 4260 (1931)]
the correction for possible transference of solvent [see P. B. Taylor, J.
Phys. Chem., 31, 1480 (1927)] was purposely omitted for two reasons. In
the first place it was not certain that water could be carried through the
glass by ions on the passage of an electrical current, and in the second place
the activity of the water was maintained in the actual experiments nearly
the same and constant on both sides of the glass membrane; hence if there
had been any transfer of water, there would have been no increase or de-
crease in the free energy of the water as it passed through the glass from one
solution to the other and consequently no contribution to the total e. m. f.
due to this effect. MacInnes and Belcher [THIS JourNAL, 53, 3315 (1931)]
have shown that water may be drawn out of the glass, and there have also
been recently published [G. Buchbéck, Z. physik. Chem., Abt. A, 156, 232—
236 (1931); D. A. Maclnnes and D. Belcher, THIS JOURNAL, 53, 3315
(1931)] data of experiments performed under conditions in which the
activity of the water was not maintained constant, but was reduced by the
addition of concentrated acids. The observed potentials did not agree
with those of the hydrogen—platinum electrode, the resulting error being
negative in sign in contrast to the errors of the glass electrode in alkaline
solutions which are positive in sign [Dole, loc. cit.]. Considering a possible
transfer of water, the equation for the glass electrode in acid solutions
(where only hydrogen ions are assumed to carry the current across the
boundary) becomes

RT ay RT . apyo
E1=—Fln—§+5-—iln;§ (1)
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In this equation ay is the hydrogen ion activity, S is the number of moles of
water carried across the boundary by one mole of hydrogen ions and am,0
is the activity of the water. If the glass electrode acted as a perfect
hydrogen electrode, the equation would be

(2

Subtracting E; from E,, an equation for the error of the glass electrode in
acid solutions is obtained, namely

AE = By — B = S 2 1n 420 3)

F [:¢'6)
If the activity of the water is decreased in solution ("), the error will be
negative, as is actually observed (Ref. 4). In order to test equation (3)
further experiments have been carried out in alcoholic solutions and in acid
solutions of various salts; they will be fully described in a paper to be
submitted shortly for publication. At this time it should be emphasized
that this apparent connection between the activity of the water and the
proper functioning of the glass electrode must be considered by those who
are using or hope to use the glass electrode for determining the PH in non-
aqueous solutions.

CHEMICAL LABORATORY MaLcoLM DOLE
NORTHWESTERN UNIVERSITY
EvVANSTON, ILLINOIS

REeceIveED FEBRUARY 16, 1932
PuUBLISHED MAY 7, 1932

THE CATALYTIC INFLUENCE OF DRIED CELLULOSE ON THE HYDROLYSIS
OF SUCROSE
Sir:

The writers have found that the rate of hydrolysis of sucrose in aqueous
solution is subject to a many-fold increase in the presence of dried cellulose
fiber at elevated temperatures.

The cellulose fiber which was used as a catalyst in these studies was
prepared from the purest quantitative filter paper (Whatman number 43).
The paper was disintegrated to a pulp by boiling with distilled water.
This treatment was repeated five times with fresh supplies of water. The
pulp was pressed into a cake on a Biichner funnel and dried in air at atmos-
pheric pressure at 130-135° for eighteen hours. The fiber was pulled
apart with tweezers into a fluffy mass. It was reheated at the same
temperature for several hours, and placed in a desiccator over a fresh charge
of Dehydrite. Ash determinations on this fiber showed no more than
0.10% of non-volatile matter. '
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The hydrolysis of the sucrose was brought about by heating a 109,
solution of the sugar at 80-85° in a thermostat for several hours. The
increase in the rate of hydrolysis of the sucrose was studied originally by
the quantitative determination of the ratio between the amount of re-
ducing sugar formed in the control solution (containing no cellulose) and
the amount formed in the solution containing cellulose. In later experi-
ments the effect was studied by comparison of the specific rotation of the
unhydrolyzed (unheated) sugar solution with that of the control solution,
and that of the solution containing cellulose, respectively.

In a typical determination of the relative amounts of reducing sugar
formed in the catalyzed and uncatalyzed hydrolysis of sucrose, the controls
showed less than 0.019%, of reducing sugar, whereas the cellulose catalyzed
solutions showed 0.1 = 0.02%, of reducing sugar. This corresponds to
a ten-fold difference. A one hundred and thirty-fold difference was ob-
served in an hydrolysis carried out at 96-98°.

The writers are at present investigating the catalytic properties of dried
cellulose fiber for the purpose of determining: (1) the conditions best
suited to the activation of cellulose fiber; (2) the relationship (if any)
between the structure of disaccharides and the effectiveness of dried
cellulose fiber in promoting their hydrolysis; (3) the nature of the effect
herein described.

A full account of this investigation will be submitted shortly to THIs

JOURNAL.
DEPARTMENT OF CHEMISTRY MARrY L. MORSE
UNIVERSITY OF NEBRASKA W. E. Craic

LINcoOLN, NEBRASKA

RECEIVED MARrCH 10, 1932
PuBLISHED MaAY 7, 1932

THEBAINONE
Sir:

The investigations of Clemens Schopf have shown that the ketone origi-
nally called thebainone, resulting from reduction of thebaine with stannous
chloride in concentrated hydrochloric acid, contains a new structural
skeleton, differing from that present in the starting material. The ketone
has been renamed metathebainone. In a recent publication [Schopf and
Hirsch, Ann., 489, 224 (1931)] the isolation of the true thebainone from the
mother liquors of metathebainone preparation is described. In a footnote
the statement is made that the true thebainone is undoubtedly different
from the “sulfur-free ketone’ obtained by Pschorr in 1910 by hydrolysis
of B-ethylthiocodide.

In the course of studies which we have been conducting in the thiocodide
series we have prepared a quantity of the ‘“‘sulfur-free ketone” and find it to
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be identical in every respect with Schopf’s true thebainone. A sample of
the latter, generously supplied by Professor Schopf, showed no depression
in melting point with the “sulfur-free ketone.” Schopf’s base shows
(@)X —45.7°, while Pschorr’s shows [a]® —46.4°, —46.9° in 95%, alcohol.
Schopf bases his statement that the two ketones are different upon dis-
crepancies in the melting points of the methiodide and hydriodide, and the
fact that Pschorr’s hydriodide is hydrated. The methiodide which we ob-
tain from Schopf’s thebainone sample melts at 250-251°, that from the
“gulfur-free ketone”’ at 251°.  When the hydriodide of Schépf’s thebainone
is crystallized from a large amount of water, it separates hydrated, and
shows two melting points, 163-165° and 257-260°, like the “sulfur-free
ketone” hydriodide, whose melting point it does not depress.

The structure of Pschorr’s “sulfur-free ketone” is thus settled, and an-
other case of supposed isomerism in the thebainone series eliminated.
The true thebainone is obtained in nearly quantitative yield by the hy-
drolysis of B-ethylthiocodide, which constitutes a very convenient prepara-
tive method.

CoBB CHEMICAL LABORATORY LynpoN F. SMALL
UNIVERSITY OF VIRGINIA Davip E. MORRIS
UNIVERSITY, VIRGINIA

REcCEIVED MARCH 17, 1932
PUBLISHED MAY 7, 1932

THE HEAT OF DISSOCIATION OF THE SODIUM MOLECULE
Sir:

The original determination of the heat of dissociation of Na, from the
band spectrum indicated a value of about 1 volt (= 23,000 cal.). If
this were the case saturated sodium vapor should show an abnormal
density at all pressures. Rodebush and Walters [THIS JOURNAL, 52,
2654 (1930)] found this to be true but the abnormality is small and the
value of the heat of dissociation calculated from their best results is 0.79
volt (= 18,200 cal.).

Lewis [Z. Physik, 69, 786 (1931)] calculated the heat of dissociation
from a vapor density determination by a molecular ray method and ob-
tained the value 0.73 volt (= 16,900 cal.). Recently Nusbaum and
Loomis [Phys. Rev., 39, 179 (1932)] have carried out an accurate analysis
of the vibrational bands and find the heat of dissociation to be 0.76 volt
(= 17,500 cal.) with an uncertainty of 0.02 volt. It seems quite certain
that 0.76 volt is the lower limit and that the true value is in the interval
of 0.76-0.78 volt.

CHEMISTRY DEPARTMENT W. H. RODEBUSH
UNIVERSITY OF ILLINOIS
URBANA, ILLINOIS

RECEIVED MarcH 28, 1932
PUBLISHED MaAvY 7, 1932
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FERRYL ION, A COMPOUND OF TETRAVALENT IRON
Sir:

Several independent kinetic investigations in this Laboratory have
furnished evidence that a compound of tetravalent iron, F eO*+, is formed
as an intermediate. The results are in agreement with the theory that

2Fet++ 4 Hy0 = Fet+ + FeO++ 4 2H+

is a reversible and fairly rapid reaction. The equilibrium constact has
the form K = (Fe**)(FeO++)(H*)2/(Fet+++)2,
If H,0, reacts with both Fe++ and “ferryl ion” but not directly with
Fet+++
Fet* + H;0; —> FeO+* 4 H;0, —d(Fe++)/dt = ky(H,0,)(Fe*+)

FeO** 4 Hy0; —> Fe** + H;0 + Oy, d(Fet*)/dt = ky(Hy0,)(FeO*+)
then a steady state will be reached in which (FeO++) /(Fe*t+) = ky/by =
a constant, and the above equilibrium is maintained. The rate of cata-
lytic decomposition of H;0,, —d(H,0s)/dt, is then equal to

2ki(Fe**)(Hi0) = 2(v/Kkiks)(Hy0p)(Fe+++)/(H*) = k(Hz0p)(Fe*++)/(H)

This rate law was determined by von Bertalan in 1920 and has been con-
firmed in this Laboratory [Bray, Chem. Rev., 10, 171 (1932), £ = 0.125
(not 125) at 40°]. The proposed mechanism explains also the decomposi-
tion of H>O; during the very rapid oxidation of Fe++ to Fe+++,

If in the reduction of Fe*++ by a stannous salt Sn++ reacts with FeOQ++
but not with Fet++, and the equilibrium between 2, 3 and 4-valent iron
is established relatively rapidly, the rate law will be —d(Sntt)/dt =
k'(Snt++)(Fet++)2/(Fet+)(H+)2. This has now been established as a
limiting law in solutions in which the only negative ion is ClO;~. Also,
by raising the temperature and lowering the concentration of Fe++,
another limiting condition has been found where the rate is independent
of the concentration of Sn*+, and the indicated rate-determining re-
action is 2Fe(OH) *+ —> Fe++ + FeO++ + H,O.

Other investigators have already observed and studied the retarding
effect of ferrous salts during the reduction of ferric salts by hydroxylamine
and by iodide. The results of Mitchell [J. Chem. Soc., 336 (1926)] with
hydroxylamine and Fet++, published in 1926, are in accord with the
ferryl ion mechanism. In the case of the reactions of iodide with ferric
salt and with ferricyanide, Wagner [Z. physik. Chem., 113, 271 (1924)]
in 1924 postulated the formation of I,~ as an intermediate. There seems,
however, to be no supporting evidence for the existence of this compound.

In order to obtain more information about the reaction between Fe++
and I-, Bray and Hershey are studying the reverse reaction between Fe++
and I,. The first experiments, in the presence of Agl, AgBr and Br-,
i. e., at very low concentrations of I-, are in agreement with the rate law,
—d(Is)/dt = k"(Fet*) (L)/(I7)(H*). This result and the analogy with
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other reactions of iodine in aqueous solution have led to the conclusion
that the rate-determining reaction is Fet* + HIO —> FeO++ 4 H*
+ I

Additional experiments have been planned which, it is hoped, will
furnish further information about the properties of ferryl ion.

DEPARTMENT OF CHEMISTRY WiLLiam C. Bray
UNIVERSITY OF CALIFORNIA ) M. H. GOorIN

BERKELEY, CALIFORNIA
RECEIVED MARCH 28, 1932
PuBLISHED May 7, 1932

THE EXISTENCE OF NEUTRONS IN THE ATOMIC NUCLEUS
Sir:

In my article on the Arrangement of Protons and Electrons in the Atomic
Nucleus [THIs JoUurNaL, 53, 981 (1931)] the discussion was limited to nu-
clei in which the numbers of protons and electrons are multiples of four and
two, respectively. These atoms are by far the most abundant and in
terms of the proposed coupling pattern represent the highest symmetry
attainable. Although it is not yet possible to make a definite extension to
the other nuclear series, it is of interest to discuss the problem briefly in
reference to recent investigations.

It appears significant that the next most abundant nuclear type is that
which resembles the symmetrical or 4n proton type most closely and may
be derived from it by the removal of a single proton. T his series, 7. e., with
4n—1 protons, follows very closely the 4n series: the first and second
“extra electron pair’ enter at the corresponding atomic numbers. All
other nuclei, 3. e., those with 4n—2 and 4n—3 protons and those with un-
even numbers of electrons constitute but a fraction of one per cent. of the
atoms of the earth’s crust and appear in general to owe their instability to
the presence of incomplete or unsaturated groups. More information
about nuclear spins and a knowledge of the coupling rules in these cases are
necessary before definite conclusions can be drawn regarding these struc-
tures. At present we can only discuss certain possibilities.

As an illustration we may consider carbon 13. In the accompanying
figure, this nucleus is pictured in the same symbols formerly employed, a
proton, or the direction of the proton spin vector, by a bar and an electron
pair by a ball. The structure is the same as that of carbon 12 plus one
proton and one electron (half ball). Of course we do not know where the
extra proton is coupled but we do know that such a bond of two protons
and one electron as suggested in the figure (two bars and the half ball) is
stable from the existence of the hydrogen isotope [Urey, Brickwedde and
Murphy, Phys. Rev., 39, 154 (1932)] of mass 2. Beryllium 9 must also con-
tain such a group and when it captures a high speed alpha particle to form
carbon 13 it is not difficult to imagine that occasionally the loosely bound



2126 COMMUNICATIONS TO THE EDITOR Vol. 54

proton and electron are detached and emitted as a neutron leaving carbon
12, as postulated by Chadwick [Nature, 129, 312 (1932)].

The essential point may be stated in this way. Inthe proposed structure
alpha particles and neutrons do not exist as such in any nucleus, merely
protons and electrons coupled in a certain definite pattern. When these
couplings are broken, alpha particles and electrons in pairs are normally
formed as in the radioactive series. However, it should also be possible to
break the bonds in such a way as to give neutrons, mass one or two, hydro-
gen, mass one or two, helium mass 5, etc., and it is to be expected that such
particles would be formed more readily from nuclei containing unsym-
metrical or unsaturated groups.

DEPARTMENT OF CHEMISTRY WENDELL M. LATIMER
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA

RECEIVED APRIL 4, 1932
PUBLISHED MaAy 7, 1932

ROTENONE. XXI. THE STRUCTURE OF ISOROTEN ONE,
B-DIHYDROROTENONE AND DEHYDROROTENOL
Sir:

In a recent publication [S. Takei, S. Miyajima and M. Ono, Bul. Insi.
Phys. and Chem. Research (Tokyo), 11, 1-4, Feb. 1932] Takei and his
associates proposed a formula for rotenone which differs from the one (D
proposed by us [F. B. LaForge and H. L. Haller, Ta1s Journar, 54, 810
(1932)] only in the point of attachment of the isopropenyl side chain on
the substituted dihydrocoumarone ring as indicated in formula II.

CH,;O

CH:;O—— 4’ , 3
3 2
; H
H
NN NN (l)

H—IC—C——HQ

/N
CH; CH,
I II

The formula of Takei takes no account of the loss of optical activity by
cleavage of the oxygen bridge with the resultant formation of the phenolic
hydroxyl in position 4 by hydrogenation of tubaic acid and the analogous
formation of tetrahydro derivatives from other rotenone derivatives.
Moreover, the mechanism suggested by us is strongly supported by analogy
with that of certain codeine derivatives, which is referred to in a previous
article [H. L. Haller and F. B. LaForge, THIS JOURNAL, 54, 1988 (1932)].
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Both these results are to be expected from the groupings present in formula
1 but would not be possible according to Takei’s formula II.

As the complete formula for rotenone is now known, it is possible to
propose a formula for isorotenone [S. Takei, Biochem. Z., 157, 1 (1925);
Ber., 61, 1003 (1928)] and for B-dihydrorotenone. [H. L. Haller, THIS
JOURNAL, 53, 733 (1931)]. However, a modification of the structure pro-
posed for dehydrorotenol [H. L. Haller and F. B. LaForge, THIS JOURNAL,
53, 2271 (1931); F. B. LaForge, H. L. Haller, and L. E. Smith, THIs
JOURNAL, 53, 4403 (1931)] is necessary.

It has been shown that rotenone and isorotenone differ from each other
in the position of a double bond. Therefore, structure I, which accounts
for all the facts, is proposed for isorotenone.

CH,0. o CHO\ o
CH30—< S ~ cmo—( >
Y | \H
e} H 1o} H
< 0 H 0/ o
Y W A ¥ N
H CH, H, H, “CH
1801 TIV
CH{O\ o
l \HJ ’
0 H
OH
\H/ Y
2 CH,
C—C=C
H H CH,
'

B-Dihydrorotenone (IV), an isomer of dihydrorotenone, which gives
many of the typical reactions of dihydrorotenone, is obtained when
rotenonic acid (V) is dissolved in a solution of acetic and sulfuric acids.
The formation of 8-dihydrorotenone is in a measure analogous to the forma-
tion of a saturated lactone by the isomerization of an unsaturated acid.

Dehydrorotenol, which is obtained on mild oxidation of rotenol, is color-
less, unlike all other dehydro derivatives of the rotenone series, which are
yellow. It also differs from these in that it can be reconverted into rotenol
by reduction.

Dehydrorotenol, like rotenol, can be hydrogenated to a tetrahydro de-
rivative which is alkali soluble but which differs from the tetrahydrorotenol
(dihydrorotenolic acid) in that it is not cleaved by alkaline hydrogen perox-
ide. Rotenol possesses a free hydroxyl group in the tubaic acid half of the



2128 COMMUNICATIONS TO THE EDITOR Vol. 54

molecule, and this free hydroxyl group is essential for the cleavage of the
carbonyl group with alkaline hydrogen peroxide. It follows therefore that
this group is not present in dehydrorotenol. Rotenol gives a color test
with ferric chloride, whereas dehydrorotenol does not. Thus it follows
that the hydrogen atom of the free hydroxyl group is involved in the forma-
tion of dehydrorotenol. If the original ether linkage in rotenone was re-
formed in the formation of dehydrorotenol from rotenol, dehydrodihydro-
rotenolic acid and dl-dihydrorotenonic acid [H. L. Haller and F. B. La-
Forge, THIs JoURNAL, 53, 3426 (1931)] should be identical as the asym-
metric center I [¢bid., p. 3427] is racemized in the formation of rotenol.
Besides, dehydrorotenol does not react with iodine and alcoholic potassium
acetate to lose two hydrogen atoms and to form dehydrodihydrorotenone.
It is possible, therefore, that the structure for dehydrorotenol is either
VI or VII. )

The product obtained from dehydrodihydrorotenolic acid and acetic
anhydride, which was thought to be a mixed anhydride [H. L. Haller and
F. B. LaForge, THIS JOURNAL, 53, 2271 (1931)], is in fact a true acetyl
derivative, the hydroxyl group in the 4 position having been acetylated.

CHiO\ o CH,0 o
CH, > CH30—<\ >\)
] 7 Yo
o |9 o

N
NN NI NN
" é & ! (I: &
H H \CH H H \CH
VI VII
INSECTICIDE DIvisioNn H. L. HaLLer

BUREAU OF CHEMISTRY AND SOILS
WasHINGTON, D. C.

RECEIVED APRIL 4, 1932
PUBLISHED MAY 7, 1932

THE RELATION BETWEEN THE DISSOLUTION OF METALS IN ACIDS AND
THE ELECTROLYTIC EVOLUTION OF HYDROGEN
Sir:

The finding of Bronsted and Kane [THis JOURNAL, 53, 3624 (1931)] that
the velocity of the reaction of sodium amalgam with aqueous solutions is
proportional to a fractional power of the concentration of sodium in the
amalgam suggests strongly that the rate of hydrogen evolution on a sodium
amalgam surface is essentially the same as on a mercury surface polarized
electrically to a potential equal to that established by the sodium-sodium
ion equilibrium. From the precise and definitive work of Bowden [Trans.
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Faraday Soc., 24, 473 (1928)] we know that the coefficient 7 in the Tafel
polarization equation

RT
E = oF In I + constant
is 0.5 on mercury surfaces at current densities below about 10~ amp. per
sq. cm., and changes discontinuously at higher current densities to 0.27.
Since

and since current is proportional to reaction velocity, the above hypothesis
indicates such a fractional order of reaction as was found.

. [Napr
[Na T

This assumes, of course, that these amalgams are so dilute that there is
approximate proportionality between activity and concentration of the
sodium.

It also follows that the reaction velocity should vary inversely as the same
fractional power of the sodium-ion activity. While Bronsted and Kane
seem not to have expected any such effect, and report no quantitative re-
sults on the effect of sodium ion, they do report that addition of sodium
chloride decreases the reaction velocity.

It should therefore be possible to apply to the amalgam reaction all of the
electrochemical evidence that the reaction H*+ + ¢ —— H is reversible and
very rapid compared with the process of formation of He from the atomic
hydrogen or its alloy with the metal. In particular it is extremely difficult
to understand the saturation effects observed in the electrochemical oxida-
tion of hydrogen to hydrogen ion [see Hammett, THIS JOURNAL, 46, 7
(1924) ] on the basis of any other mechanism.

The contrary conclusion of Bronsted and Kane that the first step in the
formation of molecular hydrogen from hydrogen ion is the rate-determining
one depends upon their observation of a direct effect of the concentration
of the reacting acid upon the velocity. This would be strong evidence if it
could be proved that diffusion was not a factor in the determination of the
reaction velocity in their experiments and in those of Kilpatrick and Rush-
ton [J. Phys. Chem., 34,2180 (1930)]. Certainly Bowden showed that the
electrolytic evolution of hydrogen on mercury is determined by hydrogen-
jon concentration and is subject to no generalized acid effects when the re-
action velocity is so low that diffusion is not a significant factor.

DEPARTMENT OF CHEMISTRY Louls P. HAMMETT
CoLuMBIA UNIVERSITY ARrRTHUR E. LORCH
New YORK, N. Y.

RECEIVED APRIL 5, 1932
PuBLISHED MaAY 7, 1932
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THE ELECTROMOTIVE FORCE OF CELLS CONTAINING DILUTE
HYDROCHLORIC ACID
Sir:

In a recent paper Carmody [THIS JOURNAL, 54, 188 (1932)] has published
the results of some very accurate measurements of the e.m.f. of cells
containing dilute solutions of hydrochloric acid. Mainly owing to the
use of silica vessels these results differ from those of Linhart [THIS JOURNAL,
41, 1175 (1919)] and of Nonhebel [Pkil. Mag. [7] 2, 1085 (1926)] but it
can be shown that the results of these earlier workers are not incom-
patible with those of Carmody. :

It has been suggested elsewhere [J. Phys. Chem., 31, 1647 (1927)] that
the conductivity data for strong acids and bases in d<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>